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Preface 

The ability of bacteria to grow on different surfaces is a huge concern in hospitals and 

households due to the increased risk of microbial infections. The thesis, divided into nine 

chapters, deals with the design and development of various cationic antimicrobial polymers 

and hydrogels as antimicrobial materials for the prevention of infections on both abiotic and 

biotic surfaces.  

 

Chapter 1 introduces the role of surfaces in spreading microbial infections and 

describes the different strategies to create antimicrobial coatings for prevention of infections.   

Chapter 2A describes a new methodology to functionalize a synthetic polymer, 

polyethyleneimine, with cationic and hydrophobic moieties to develop water-insoluble and 

organo-soluble antimicrobial paints. The polymers when coated onto surfaces killed both 

bacteria and fungi upon contact and were shown to retain activity when mixed with medically 

relevant polymer such as poly-lactic acid and with commercial paints. Various spectroscopic 

and microscopic studies suggested that microbial membrane stability was compromised upon 

interaction with the polymer. Microbes (bacteria) in multiples passages were unable to 

develop resistance against the polymer. Although these polymers can be potentially used to 

paint walls or hospital equipment, their non-biodegradability hinders their use inside the 

body. Chapter 2B addresses this unmet need and describes a unique synthetic approach to 

introduce cleavable groups such as amide or esters into the side alkyl chains of the cationic 

PEI based polymers. These side chain degradable polymers were shown to hydrolyze both 

chemically and enzymatically into water-soluble, non-toxic zwitterionic polymers. The 

polymers also showed potent antimicrobial and antibiofilm efficacy against both bacteria and 

fungi when coated onto surfaces. The possible hydrolysed products were shown to be non-

toxic both in-vitro and in-vivo. Medical grade catheter when coated with the polymer showed 

4.2 log reduction of MRSA burden in a murine model of subcutaneous infection.  

Chapter 3A is aimed in developing biodegradable antimicrobial coatings based on 

water-insoluble and organo-soluble polymers from naturally occurring polymer chitin. This 

novel approach introduced quaternary ammonium group with different alky chains into C-6 

position of chitin thus resulting in organo-soluble polymers with degradable backbone. The 

polymeric coating inactivated both bacteria and fungi and inhibited microbial colonization 

onto surfaces. The polymers were shown to be degradable both in-vitro and in-vivo (in rat 
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subcutaneously). In a mice model of MRSA infection, polymer coated medical grade catheter 

showed 3.2 log reduction of bacterial burden in comparison to uncoated catheter. Chapter 

3B deals with in-situ development of silver polymeric nanocomposites using the cationic 

chitin derivatives developed in Chapter 3A. The composites were shown to act on microbes 

by both release and contact based mechanism. Further, when coated onto surfaces, the 

composites showed enhanced activity, killed microbes rapidly and inactivated pathogens for 

an extended period of time. The composite coated surfaces could also inhibit microbial (both 

bacterial and fungal) colonization on them. Composite coated medical grade catheter reduced 

MRSA count (4.8 log on the catheter surface and 5.1 log in the surrounding tissue) in 

comparison to uncoated catheter in a murine model. 

In Chapter 4A development of broad spectrum cationic small molecular biocides 

for topical infection has been described. The molecules were designed by optimizing 

hydrophobic/hydrophilic balance and by spatial positioning of hydrophobicity. Importantly, 

unlike antibiotics, bacteria find it difficult to develop resistance against these membrane-

active molecules. The molecules with more confined and less pendent hydrophobicity were 

selectively active towards bacteria and capable of eradicating established bacterial biofilms. 

In MRSA model of skin infection, one of the potent molecules reduced bacterial burden by 

5.2 logs in comparison to untreated skin. Chapter 4B describes the development of an 

antibacterial hydrogel capable of delivering the most potent small molecular biocide 

developed in Chapter 4A over time. Biocide loaded hydrogels were shown to have potent 

antibacterial activity without causing toxicity to mammalian cells. Further, the gels showed 

negligible skin toxicity in various animal models (e.g., rat, guinea pig and rabbit). They were 

also shown to annihilate established bacterial biofilms both in-vitro and in-vivo in murine 

model of MRSA skin infection (bacterial burden was reduced by 4.8 logs). 

Infection at wound sites due to surgery or accident represents a major threat as it 

delays healing and in severe cases, leads to sepsis. Injectable bioadhesive materials are often 

used non-invasively to close wounds. However, such injectable bioadhesives materials rarely 

come with both antibacterial, hemostatic and wound healing properties. Chapter 5A presents 

the development of an injectable hydrogel with innate bioadhesive, antibacterial, hemostatic 

and wound healing capabilities. An antibacterial polymer was first developed from naturally 

occurring polymer chitosan and subsequently used to prepare the gel with a bioadhesive 

polymer, polydextran aldehyde. The polymers formed gel within a few seconds upon mixing. 

The gel was shown to have strong adhesive and antibacterial activities. Further, it was shown 

to prevent sepsis, cease bleeding and promote healing at the wound sites in-vivo. Infection 
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into sites of no or lesser vascularity is a huge threat since antibiotics cannot reach these 

places. Chapter 5B deals with the development of an injectable hydrogel for local and 

controlled delivery of antibiotics. Vancomycin, one of the most potent antibiotics, was loaded 

into a injectable hydrogel developed in Chapter 5A both covalently and non-covalently. The 

gel was found to release the antibiotic for more than a month and shown to have excellent 

antibacterial activity. The activity of the gel was further validated in a mice model and a 

reduction of 5.2 logs MRSA burden was observed compared to non-treated mice. In addition 

to these, it showed excellent hemostatic and wound healing properties. 
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1.1 Infectious diseases: A global threat to human life 

Infectious diseases are a serious threat public health and a significant burden on global 

economies.
1
 Infectious diseases led to more human deaths than any other disease and are 

responsible for more than 25% of all fatalities world-wide (about 8.2 million of the total 28.3 

million deaths).
2
 In India the situation is even poorer as the burden of infectious diseases in 

India is among the highest in the world.
3
 These diseases are caused mainly by the 

microorganisms such as bacteria, viruses, fungi, parasites, etc. Among all these causative 

organisms, bacterial infectious diseases contribute almost 54.3% to overall global infectious 

disease burden (6.6 million deaths).
2
 Bacteria are responsible for causing various diseases 

like respiratory infections, chronic diseases (such as gastric ulcers and gastric cancer), 

tuberculosis, diarrhoea, sepsis, pneumonia, endocarditis, skin and soft tissue infections, etc. 

In addition to bacterial infections, fungi are also identified as major pathogens in human 

especially in bloodstream infections (6.3% of overall infectious diseases are caused by 

fungi).
2
 Superficial infections of the skin are the most common fungal diseases in humans 

and affect 25% (or 1.7 billion) of the general population worldwide.
4
 Of particular concern 

is the high rate of mortality associated with invasive fungal infections (e.g., candidiasis, 

aspergillosis, meningitis, etc.) which often exceeds 50% despite the availability of several 

antifungal drugs.
2,4

  

 

1.2 Modes of spreading of infections: Community- and hospital-acquired 

infections 

There are many ways via which the infectious diseases spread: person-to-person spread (e.g., 

sexual transmission, needle injection, fomites or contaminated surfaces, etc.), common 

vehicle spread (food-borne, water-borne, fecal-oral blood products, etc.), zoonoses (animal 

bites e.g., rabies virus or hepatitis from primates, airborne) and vector borne: mosquitoes, 

flies, etc.).
5-7

 However among all these modes, it is the contaminated surface or fomite which 

is responsible for more than 50% of all microbial infections.
8
 Microbe contaminated surfaces 

may act as reservoirs of microbes which could in turn lead to the spread of infection upon 

being touched by a healthy individual. Common objects from community such as door knobs, 

linen, public telephones, children toys etc. are touched by infected people, pathogenic 

microorganism are deposited onto surfaces. Moreover, coughing, sneezing, breathing or even 

talking generate aerosolized droplets of moisture containing bacteria which upon disposition 

onto objects lead to surface contamination. When these contaminated surfaces are touched by 
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healthy individuals, microbial infections can be transmitted.
9-12

 Infections caused by 

contaminated objects from community are called as community acquired infections (CAIs).  

Infectious microbes (e.g. bacteria, fungi, etc.) can be traced to several sources in 

hospitals including the ambient atmosphere of the operating room, surgical equipment, 

clothing worn by medical professionals, resident bacteria on the patient‟s skin, and bacteria 

already in the body.
13-15

 In addition, increase in the usage of biomaterials and medical devices 

such as catheters, cardiac pacemakers, hip implants, and contact lenses, etc. can cause serious 

implant-associated infections resulting from the implant contaminations.
16

 Although 

sterilization and the use of aseptic techniques greatly reduces the levels of bacteria found in 

hospital settings, pathogenic microorganisms are still found at the site of approximately 90% 

of all implants. Infections caused by contaminated objects from hospital are known as 

hospital-acquired infections (HAIs) or nosocomial infections and it is estimated that almost 

60% of all nosocomial infections are related to medical device and implants.
17

 Device-related 

infection may result in substantial clinical complications, including death, as well as 

economic consequences such as increased healthcare costs generated by prolonged hospital 

stays or revision surgery. Many different sources contribute to the HAIs starting from 

surgical site infections (SSIs), urinary tract infections (UTIs), blood stream infections, 

pneumoniae, etc. and cost a heavy financial burden in addition to patient‟s sufferings (Figure 

1.1). In the United States alone, recent estimates of direct costs for healthcare-associated 

infections were estimated to range from US$28 billion to $45 billion in 1 year.
18

  

 

 

Figure 1.1: Sites of the most common nosocomial infections. 

 

1.3 Microorganisms causing CAIs and HAIs  

The Gram-positive bacteria Staphylococcus aureus is responsible for most of the HAIs and 

CAIs.
19

 Other Gram-positive bacteria such as Enterococcus spp. and Streptococcus spp. and 

Gram-negative bacteria such as Klebsiella spp., Escherichia spp., Enterobacter spp., 
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Pseudomonas spp., Acenetobacter spp. are also responsible for hospital associated infections. 

Among these microorganisms, staphylococci, particularly Staphylococcus epidermidis and 

other coagulase-negative staphylococci, Staphylococcus aureus, Enterococcus spp. account 

for the majority of infections in both of temporarily inserted and of permanently implanted 

biomedical devices. Among the various pathogenic fungi, Candida spp. are the most common 

cause of bloodstream infection in hospitalized patients.
4
 The other fungal spp. that cause 

serious infections are Cryptococcus spp. (e.g., Cryptococcus neoformans that causes 

meningitis).  

 

1.4 Surface contamination and microbial biofilms  

Contamination of surfaces involves via the adhesion of microbial (e.g., bacterial) cells on the 

surfaces. The basic stages of bacterial adhesion are generally described by a two-stage 

binding model: an initial, rapid, and reversible interaction between the bacterial cell surface 

and the material surface, followed by a second irreversible stage that includes specific and 

nonspecific interactions between so-called adhesion proteins expressed on the pathogen 

surface (fimbriae or pilli) and binding molecules on the material surface (Figure 1.2).
20

 

Several quantifiable material surface features have been proposed to directly impact stage I 

bacterial adhesion.
20,21

 These factors include material surface roughness, charge, degree of 

hydrophobicity, Lewis acid-base character, and hydrogen bonding capacity, etc. However, 

across the range of studies reported, some of these factors appear to enhance adhesion 

consistently. For example, increased surface roughness is proposed to increase bacterial 

adhesion due to the higher available surface area.
21

 However, other studies which have 

observed a potential influence of surface roughness do not quantify these effects to a degree 

of statistical significance and have not identified a threshold roughness metric below which 

adhesion is mitigated.
22

 Likewise, some studies have shown surface charge and/or 

hydrophobicity as critical to stage I adhesion efficiency, given the conditions that these 

surface properties modulate long- and mid-range forces and the capacity of bacteria to access 

the material surface in aqueous environments.
23

 However, other studies with similar or 

different bacterial species find no correlation with hydrophobicity and suggest that the Lewis 

acid-base character (capacity for charge transfer between bacterial cells and material surface 

functional groups) as the key determinant.
24

 A strong correlation between the mechanical 

stiffness of a material surface and the adhesion of bacteria has also been demonstrated.
25
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Figure 1.2: Schematic of prokaryotic, prototypical bacterial cell structure and the two-stage 

bacterial adhesion model that precedes organization of a mature biofilm (Figure was taken 

from reference 20 with the permission from American Chemical Society). 

 

Infectious biofilms can be divided into surface-related (abiotic, e.g., implant‟s surface 

and biotic surfaces e.g., human skin) and tissue-associated or mucus-embedded cellular 

aggregates.
26

 Most, if not all, medically important microorganisms can grow in biofilms, 

including bacteria (Gram-positive and Gram-negative; aerobic and anaerobic) and fungi (both 

moulds and yeast).
26

  It has now been recognized that biofilms can potentially form on any 

foreign object inserted into the human body, such as implants or catheters, as well as in any 

place in the human body, such as in the lungs of patients with cystic fibrosis, or in chronic 

wounds that have an impaired blood supply. During biofilm formation, microbes secrete an 

exopolysaccharide layer that retains nutrients and protects the microorganisms from the 

immune response. With the protective polysaccharide coating and sequestered nutrients, 

microorganism in biofilms exhibit extreme resistance to antibiotics. In some cases, it has 

been found that killing bacteria in a biofilm requires roughly 1000 times the antibiotic dose 

necessary to achieve the same results in a suspension of cells. It has been found that nearly 

99% of bacteria on earth live in biofilms and are associated with nearly 80% of all bacterial 

infections in humans.
26,27

 Clearly, to prevent infections one needs to inhibit microbial 

colonization and subsequent biofilm formation onto surfaces possibly by interfering with 
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either stage I or stage II. More importantly, it would be idyllic to kill the microorganism 

immediately upon their adhesion onto surfaces thereby eliminating the chances of re-

infecting the surface. If by chance the microbes are able to form biofilms on surface, the 

surfaces must be able to eradicate the established biofilms possibly by disrupting the 

protective exopolymeric layer as well as killing the embedded microbial cells.     

 

1.5. Strategies to prevent infections: antimicrobial surface 

The tremendous resistance of microbial biofilms to conventional antibiotic therapy and 

exceptionally high infecting ability of biofilms have prompted a great deal of research on 

developing antimicrobial surfaces and coatings that resist bacterial colonization.
28,29

 Despite 

the potentially intimidating complexity of bacterial populations and of materials surface 

characteristics, there has been significant progress in the development of three general 

strategies to limit microbial colonization onto material surfaces: adhesion resistance (non-

fouling strategy), biocide releasing (release-based strategy) and contact killing (contact-based 

strategy) (Figure 1.3).
20

 

 

 

 

Figure 1.3: Three chief strategies for antibacterial surface design (Figure was taken from 

reference 20 with the permission from American Chemical Society). 
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1.5.1 Antifouling surface (adhesion resistance surface) 

Antifouling fouling surface focuses on inhibiting microbial adhesion or reducing the capacity 

of microbes to achieve stage I and/or stage II adhesion. Such „low-fouling‟ coatings also 

reduce the ability of planktonic microbes to adhere, thereby interfering with the earliest 

stages of biofilm formation (Figure 1.4A).
30

  

 

 

Figure 1.4: Mode of action of antifouling surface and various adhesion resistant materials. 

(A) Schematic representation of an antifouling polymer modified surface repelling bacteria. 

(B) Structures of some adhesion resistant polymers used in developing antifouling surface. 

 

Different materials with microbial repelling properties have been successfully applied 

onto surfaces to yield antifouling coatings. One well established method for preventing 

microbial adhesion to surfaces is to coat them with a layer of poly(ethylene glycol), or PEG. 

It involves deposition of a self-assembled monolayer on a substrate (usually a gold surface), 

followed by fictionalization of the SAM to contain the required PEG functionality (Figure 

1.4B).
31

 Antifouling surface has also been developed by catecholic initiator from metal 

surfaces via surface-initiated polymerization of methyl methacrylate macromonomers with 

oligo(ethylene glycol) (OEG).
30

 PEG polymeric surfaces are antifouling because of mainly 
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the hydrophilic interaction with the microbial cell, which does not favour microbial 

attachment to the surface. PEG, and modified PEG surfaces have been shown to inhibit the 

adhesion of microbes by up to a 3 log reduction.
8
 The major drawback of this technology is 

that the deposition of PEG requires multiple synthetic steps and can only be done to a surface 

during manufacture. 

Diamond-like carbon (DLC) films comprised of metastable, amorphous carbon with 

significant sp
3
 character, containing small quantities of hydrogen hence known as amorphous 

hydrogenated carbon, was shown to possess microbe repelling properties. DLC, being 

biocompatible, has been used in surface coating for biomedical devices such as stents or 

replacement joints.
32

 Reduction in microbial adhesion of more than 10
6
 CFU/cm

2
 was shown 

to be achieved by such coatings.
33

 However, like other antifouling materials, poor 

antimicrobial activity of DLC and extensive chemical method (such as chemical vapor 

deposition) to coat the surfaces limit its application in antimicrobial coatings.   

Water droplet contact angle is a measure of surface energy (i.e. hydrophilicity or 

hydrophobicity) thus can be used as an indicator of how easy it is for a microbe to colonize a 

surface. For self-cleaning surfaces, either an exceptionally hydrophilic (less than 10˚) or a 

highly hydrophobic (>140˚) surface is required.
8
 Intermediate contact angles of 30-100˚ do 

not have easy clean features and are significantly easier for microbes to stick to, and 

conceivably form a biofilm. Hydrophobic materials (130˚ contact angle) were shown to 

significantly reduce microbial adhesion to a sample submerged in a microbial suspension.
34

 

The major drawback of the hydrophobic easy clean materials is that whilst preventing 

microbial contamination in the area treated, it does not address the problem of pathogenic 

microbes which are incident upon the surface. It merely moves them elsewhere and therefore 

does not offer fully effective solution of microbial contamination. 

Recently polymers with zwitterionic head groups such as poly(phosphorylcholine), 

poly (sulfobetaine) and poly(carboxybetaine) polymers have been shown to inhibit bacterial 

adhesion and biofilm formation on surfaces (Figure 1.4B).
35,36

 It is postulated that the 

zwitterionic head can associate a large amount of water making the material heavily 

hydrophilic. This leads to reversible interactions between the incident microbes and the 

surface-discouraging adhesion of microbial cells. These zwitterionic surfaces was shown to 

be promising for coating medical devices such as catheters, because of their biomimetic 

nature which firstly provides biocompatibility by reducing attachment of human cells to the 

device and secondly offers protection against bacterial biofilm formation. However, these 
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types of surfaces, like the easy clean technologies discussed earlier, still do not fully address 

the problem of microbial contamination as they have no antimicrobial functionality. 

 

1.5.2 Release-based coating (biocide releasing)  

The release based approach is focused on biocide leaching, in which antimicrobial 

compounds are released and diffused over time from a material surface, inducing death either 

of nearby (but nonadhered) bacteria or of adhered bacteria (Figure 1.5A).
17

 A variety of 

active antimicrobials such as antibiotics, metal salts or nanoparticle, bioactive species (e.g., 

phage virus), etc. has been impregnated onto surfaces to develop biocide-releasing 

antimicrobial surfaces.
8
 

 

 

Figure 1.5: Release-based antimicrobial surface. (A) Schematic representation of a release-

based antimicrobial coating wherein the active antimicrobial kills microbes upon release. (B) 

Structures of various antibiotics used in developing release-active surface.  

 

One of the most heavily marketed and most widespread products for suppressing 

microbial growth is Microban. Microban incorporates Triclosan (5-chloro-2-(2,4-
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dichlorophenoxy)- phenol), a broad spectrum phenolic antimicrobial, into a surface (Figure 

1.5B). The antibiotic then leaches from the surface to perform the antimicrobial function. 

Triclosan is found in many products such as hand wash soaps, toothpastes as well as on touch 

surfaces and items like chopping boards and cling film, etc. Microban has been shown to 

suppress bacterial growth within the domestic, especially kitchen, environments also; though 

it is not widely used within hospitals.
8
 Other antibiotics such cephalothin, gentamicin, etc. 

have also been utilized in developing release-active surfaces.
8
 However, there has been 

significant concern about possible development of antibiotic resistance. Furthermore 

Triclosan can, under the action of UV light, produce dioxins, which are extremely hazardous 

to humans.  

Silver has long been known to be an antimicrobial and the metal ions (Ag
+
) have a 

significant antimicrobial activity against a variety of microorganism and have found uses in a 

number of commercial applications.
37,38

 These include the silver sulfadiazine creams, 

successfully applied topically to burns patients. This cream consists of 1% silver sulfadiazine 

and 0.2% chlorhexidine digluconate and is effective as a result of the synergistic action of 

these antimicrobials. Silver has also been successfully used in wound dressings and as an 

additive in catheters and other medical devices.
39

 When it comes to available commercial 

coating products; AgION Technology‟s AgION
TM

 and AcryMed‟s SilvaGard
TM

 are two of 

the most well known products. Both of these silver-containing products rely on the diffusion 

of Ag
+
 ions from the substrate material and their subsequent action on adherent microbes as 

antimicrobials. It is believed that the effectiveness of Ag
+
 as an antimicrobial is due to its 

ability to bind with thiol (–SH) groups on proteins and enzymes of microbes thereby 

inactivating them. Despite the initial effectiveness of these existing antimicrobial coatings, 

they have one major drawback-they are non-permanent, relying on diffusible antimicrobials 

to which microbes can develop resistance. Another possible drawback of silver based 

antimicrobials is the possibility of Ag
+
 cytotoxicity towards mammalian cells.  

Like silver, copper has long been considered to be a hygienic material.
40

 It has been 

known since the 1980s that copper, along with other heavy metals such as cadmium and lead, 

is toxic to microbes. The antimicrobial activities of copper and some of its alloys have been 

assessed. A number of microbes of clinical importance, including methicillin-resistant S. 

aureus, E. coli, C. difficile, etc. have been shown to be inactivated by the copper containing 

surfaces.
40,41

 Despite its excellent antimicrobial response however, copper may not be a 

suitable because of its instability in ambient conditions. Further, cytotoxicity towards 
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mammalian cells and unwanted release could further reduce its application in biomedical 

arena.  

Another important way of developing release-active surfaces is by immobilizing 

bacteriophage viruses that infect prokaryotic cells.
42

 Phages usually target individual species 

of bacteria, bind to their surface, inject their genetic material and replicate within the bacterial 

host. If the replication of the phage is a „„lytic‟‟ process, the eventual result is the lysis of the 

host cell, and the release of more phages. The replication process is self propagating until 

there is no more host organism available. Developments of a phage containing wound 

dressing, hydrogel-coated silicone catheter, etc. with lytic bacteriophages have been well 

documented.
43,44

 It was shown that phage-modified catheter surface reduced biofilm 

formation significantly. A phage-modified surface is certainly an interesting antimicrobial 

approach, in particular because organisms resistant to antibiotics do not show resistance 

towards phages. Equally, it only needs one phage to infect a host cell for a cascade in phage 

production thus is a very efficient way of disinfecting a surface without significantly 

deactivating the surface.
45

 There are, however, a number of potential problems exist. The first 

is the inherent specificity of the phage for individual bacterial species. One other area of 

concern is that of phage resistance-bacteria can become resistant to a phage through 

mutations.  

 

1.5.3 Contact killing 

The contact-killing approach is focused on killing microbes upon contact, which seeks to 

biochemically induce death (e.g., via cell lysis) of microbes that have adhered stably to a 

surface (Figure 1.6A).
46

 This is generally achieved via conjugation of an active antimicrobial 

(e.g., antibiotics, antimicrobial peptide, quaternary ammonium compounds, etc.) with the 

surface (Figure 1.6B).
46-50

 However, because of the pathogen specific activity and resistance 

development, antibiotic based coatings are severely limited. Antimicrobial peptide (AMP) 

based coatings, on the other hand, suffer from high production cost of AMPs, low stability 

under in-vivo conditions and high toxicity towards mammalian cells. Antimicrobial surface 

coatings based on quaternary ammonium compounds (QACs) having high antimicrobial 

efficacy and the ability to withstand microbial resistance development were therefore largely 

reported.
51
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Figure 1.6: Contact-based antimicrobial surface. (A) Schematic representation of a contact-

based antimicrobial coating wherein the active antimicrobial immobilized covalently kills 

microbes upon contact. (B) Structures of various quaternary polymers used in developing 

contact-active surface.  

 

Surfaces with cations deposited upon them were shown to kill microbes upon contact 

in the early 1970s.
47

 Recently surfaces treated with hydrophobic polycations were 

demonstrated to kill microbes in a similar manner upon contact with the modified surface 

possibly by causing physical damage to the microbe‟s cell envelope.
52

 The basic premise of 

these materials is to target microbes by taking into account of two most important features of 

the microbial cell envelope which are hydrophobic and negatively charged. By developing a 

coating consisting of hydrophobic polymer chains, interaction with the microbe cell envelope 

is favored. However, the polymer chains will not tend to stand erect from the surface to 

interact with an incident microbe without some form of repulsive interaction between them. 

To this end, a positively charged moiety is required which would keep the hydrophobic 
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chains separated and erect from the surface, and also electrostatically attract microbes, due to 

the net negative charge on their surface. In effect, the hydrophobically modified cationic 

materials attract a microbe towards the modified surface, resulting in the puncturing of the 

microbial cell envelope, and subsequent death of the cell. The following sections deals with 

various charged polymers and hydrogels and their applications as antimicrobial coatings in 

preventing (biotic and abiotic) surface associated infections.  

 

1.6 Charged polymers and hydrogels as antimicrobial coatings 

The first examples of non-leaching surfaces capable of killing microorganisms on contact 

were described in the early 1970s.
47

 Researchers from Dow Corning Corporation found that 

3-(trimethoxysilyl)-propyldimethylalkyl ammonium chlorides with alkyl chain lengths 

varying from 6 to 22 carbons have high activity against algae in solution. However, when 

such compounds, e.g., 3-(trimethoxysilyl)-propyldimethyloctadecyl ammonium chloride (Si-

QAC), were immobilized on surface. The modified surfaces were shown to be algicidal, 

bactericidal and fungicidal. In the early 1980‟s, a high throughput approach was 

demonstrated where solids upon chemisorption of organic or inorganic cations killed 

different microorganisms.
47

 Remarkably, cations that had no antimicrobial activity in solution 

were capable of forming antimicrobial surfaces. Substance which formed a cation other than 

a proton was found to actively kill microorganisms. Non-cationic or acidic materials were 

generally shown to be inactive. More recent efforts focus on the development of new 

strategies for the immobilization of conventional antimicrobial agents (e.g. antimicrobial 

polymers, hydrogels, etc.) as described below. 

 

1.6.1 Covalently immobilized non-leaching polycationic chains 

1.6.1.1 Non-natural polycations  

A significant number of non-natural polycationic compounds with antimicrobial properties 

have been developed and were used in developing antimicrobial surfaces upon covalent 

immobilization onto surfaces (Figure 1.6B).
53-55

 The polymeric chains with an optimal 

balance of charge and hydrophobicity resisted hydrophobic inter chain aggregation via 

electrostatic repulsion and were able to penetrate microbial cell membranes effectively. To 

illustrate, surfaces containing immobilized long-chain alkylated cationic polyvinylpyridines 

(PVP) and alkylated cationic polyethylenimines have been reported to be lethal to microbes.
53

 

For example, glass slides or biomedical non-bactericidal polymers upon covalent 

modification with poly(vinyl-N-hexylpyridinium bromide) was found to kill 90 to 99% of 
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Gram-positive and Gram-negative bacteria. Further, the length of the alkyl chains was found 

to have significant effect on antimicrobial efficacy of the immobilized polymers and was 

shown optimum hydrophobicity (Figure 1.7).
53

 Remarkably, these coatings do not promote 

microbial resistance. Unfortunately less is known about their cytotoxicity and 

biocompatibility i.e., their biological behaviour when implanted in-vivo. However, very 

recently, the biocompatibility and in-vivo activity of alkylated cationic polyethylenimines 

based coatings have been described wherein the coatings were shown to be compatible 

towards cornea or bone tissue in-vivo and shown to be active in both cornea and bone 

infections model.
5657

  

 

 

Figure 1.7: The percentage of bacterial (S. aureus) colonies grown on the surfaces of glass 

slides modified with PVP that was N-alkylated with different linear alkyl bromides relative to 

the number of colonies grown on a commercial NH2-glass slide (used as a standard). The 

bacterial cells were sprayed from an aqueous suspension (10
6
 cells per ml) onto the surfaces 

(Figure was taken from the reference 53 with permission from Proceedings of the National 

Academy of Sciences, USA). 

 

Another approach to render medical device surfaces antimicrobial involves the 

silanization with quaternary ammonium-containing silane agents (Figure 1.6B). For example, 

the modification of micro-fibrillated cellulose with alkoxysilane octadecyldimethyl-(3-

trimethoxysilylpropyl)-ammonium chloride rendered the material highly microbiocidal.
58

 In 

another example, hydrolytically stable polymer, N-alkylmethoxysilane pyridinium based 

coating on glass surfaces was shown to be lethal against various bacteria tested.
55

 However, 

the success rate of obtaining high quality silane coatings is not particularly high. The problem 
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lies in exceptional sensitivity of the silane coating chemistry to experimental conditions, such 

as the solvent, humidity, the concentration of the trace amount of water in the solvent, surface 

cleaning, temperature, etc. Competitive reactions can easily lead to polymer and aggregate 

formation due to cross linking in the solution phase before being immobilized onto surface. 

As a result, the quality of the silane coating varies greatly from lab to lab and from person to 

person. The precise antimicrobial mechanism of cationic polymers immobilized onto surfaces 

remains ambiguous. However, it is thought that the mechanism of action involves penetration 

of the long cationic polymer into the cell membrane leading to cell membrane disruption.
52

 

Another proposed mechanism of action involves ion exchange between the positive charges 

on the surface and structurally critical mobile cations within the membrane.
23

 The loss of 

these structural cations results in the loss of membrane integrity. Further investigation is 

required to unravel the mechanism behind the antimicrobial properties of polycationic chains. 

 

1.6.1.2 Natural polycations  

Among the various natural biopolymers, chitosan has been mostly used in developing 

antimicrobial surface. Being a polycationic polymer, chitosan can be an alternative to the 

non-natural polycationic polymers described above as antimicrobial agents for biomedical 

devices. Chitosan, a derivative of naturally occurring chitin and composed of -(1-4)-linked 

2-amino-2-deoxy-D-glucopyranose and 2-acetamido-2-deoxy-D-glucopyranose units, is 

inherently antimicrobial, non-toxic and biodegradable which make this polymer an suitable 

candidate for use in biomedical device coating.
59

 Several biomedical devices containing 

chitosan including wound dressings and devices for artery closure have been approved by the 

Food and Drug Administration (FDA). The immobilization of chitosan to confer 

antimicrobial and cell adhesive properties to orthopaedic and craniofacial implant devices has 

also been described.
60

 Notably, surfaces coated with chitosan have been shown to resist 

biofilm formation by both bacteria and yeast.
61

 Though found to be effective, insolubility in 

organic or aqueous solvents and poor antimicrobial activity of chitosan limit its applications 

as broad spectrum and effective antimicrobial coatings. Moreover, the antimicrobial activity 

of chitosan is mostly pH dependent which can further reduce its efficacy. For example, 

chitosan has been shown to be inactive in contact with bile fluids (pH above 7.0) possibly due 

to the deprotonation of amine groups in the polymer.  
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1.6.2 Physically adsorbed non-leaching polycationic chains 

In general, the immobilization of polycationic chains described in the previous section 

requires different chemical strategies for different surfaces which might be an obstacle for the 

scaling-up of the coating process. Further, it requires several chemical steps that might affect 

the physical properties of biomedical devices and ultimately their biological performance. An 

alternative approach has been described recently in which antimicrobial surfaces were 

fabricated by a simple dip-coating or a “painting” methodology.
62,63

 Instead of covalently 

immobilizing the polycations to a surface, the polymer was physically immobilized by 

noncovalent hydrophobic interactions. To illustrate, polymeric coatings of water-insoluble 

and organo-soluble N,N-dodecylmethyl-polyethyleneimine on glass surfaces has been 

described by  simple „painting‟ of the polymer from their organic solvents (Figure 1.8).
63

 The 

coating was able to eliminate influenza virus as well as E. coli and S. aureus with 100% 

efficiency. Broadly applicable coating method based on emulsion polymerization using 

water-insoluble antimicrobial emulsifiers has also been developed. In this case, a water-

insoluble diblock copolymer, PS-b-P4VMP, which consists of a hydrophobic (polystyrene, 

PS) and an antimicrobial hydrophilic (poly(4-vinyl-N-methylpyridinium iodide), P4VMP) 

block, was used as an emulsifier in the aqueous emulsion polymerization of mixtures of 

styrene and butyl acrylate.
64

 Coatings prepared from stable aqueous suspensions of these 

polymers were shown to act as contact-active antimicrobial surfaces against S. aureus. More 

recently, a non-covalent coating based on cellulose-graft-poly(2-ethyl-1,3-oxazoline) 

terminated with an antimicrobial N,N-dimethyldodecylammonium (DDA) which killed 

microbial cells on contact has been developed.
65

 

 

 

Figure 1.8: Structures of various cationic polymers used in developing antimicrobial paint 

non-covalently. 
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The microbicidal mechanism of these paintings is thought to be the same as the one described 

for the covalent immobilization of polycationic polymers. It requires the physical contact of 

the microorganism with the painting. In addition, bactericidal effect has also been observed to 

be related to the molecular composition and organization in the top 2-3 nm of the surface and 

increases with increasing hydrophilicity and pyridinium concentration of the surface. It 

should be mentioned that antimicrobial paint using two different antimicrobial materials have 

been developed and were shown to be highly efficacious in removing microbial infection.
66-68

 

For example, silver bromide-poly(4-vinylpyridine)-co-poly(4-vinyl-N-hexylpyridinium 

bromide) (AgBr/NPVP) nanocomposites were prepared via on-site precipitation of AgBr 

nanoparticles from poly(4-vinyl-N-hexylpyridinium bromide) polymer which yielded dual 

action antimicrobial coating materials.
66

 The polymeric nanocomposites were shown to act 

via both release-active as well as contact-active mode of action thereby displaying long 

lasting activity and enhanced biofilm inhibition ability. 

 

1.6.3. Antimicrobial hydrogel for prevention of infection 

Hydrogels are a class of materials formed from natural or synthetic polymers that exhibit 

three-dimensional (3D) networks with high to ultra-high degree of water content. Hydrogels 

have been used in many biomedical applications, including drug and protein delivery, tissue 

engineering, cell culture, antimicrobial coatings and wound dressing. Importantly, due to 

their high water content, gels provide a moist, heavily hydrated environment to the wound 

area thus facilitating cellular immunological activity essential to the wound healing process. 

However, this same hydrated environment can also facilitate microbial infection. Thus, gels 

capable of imparting antimicrobial action are desirable. Many antimicrobial hydrogel have 

been developed by imparting various antimicrobial agents (e.g, quaternary ammonium 

groups, antibiotics, metal nanoparticles, etc.) directly or indirectly into the hydrogel matrix 

made up of either natural or synthetic polymers.   

 

1.6.3.1. Natural polymeric hydrogels 

Naturally occurring polymers because of their inherent biocompatibility and biodegradability 

have been utilised extensively to develop antimicrobial hydrogels.
69

 To illustrate, soft 

positive charge containing polyelectrolyte complex hydrogel system based on chitosan-γ-

poly(glutamic acid) was shown to possess antimicrobial activities against bacteria, and at the 

same time demonstrated effectiveness in promoting 3T3 fibroblasts cell proliferation. The 

hydrogels were also evaluated and proved useful for wound-healing capabilities.
70
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Permanently positive charge containing and broad spectrum antimicrobial hydrogel based on 

dimethylalkylammonium chitosan (with various degrees of quaternization)-graft-

poly(ethylene glycol) methacrylate (qC-g-EM) and poly(ethylene glycol) diacrylate has been 

developed (Figure 1.9).
69,71

   

 

 

Figure 1.9: (A) Synthesis of modified chitosan-based antimicrobial polymers. (B) Schematic 

diagram of the „anion sponge‟ model showing parts of the negatively-charged bacterial 

membrane being „suctioned‟ into the pores of the hydrogel (Figure was reproduced from the 

reference 69 with the permission from Elsevier). 

 

Chitosan because of its biocompatible and intrinsic antimicrobial activity was used as 

precursor polymer. Furthermore, quaternization and fictionalization was shown to enhance 

the polymer's solubility in water and activity against pathogenic microbes. The cationic 

nanoporous hydrogels obtained via UV polymerization of dimethylalkylammonium chitosan-

graft-poly(ethylene glycol) methacrylate have been successfully immobilized onto contact 

lenses and were shown to be biocompatible. The mechanism of the gel is thought be a 

membrane-active action: the anionic bacterial cell wall/membrane would first interact with 
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the cationic hydrogel surface at several fixed points via electrostatic attraction, followed by 

insertion of the hydrophobic segments of the hydrogel into the hydrophobic regions of the 

lipid membrane, thereby inducing leakage of cell contents and subsequent lysis. Synthesis 

and antimicrobial activity of chitosan hydrogels which were cross-linked with various 

concentrations of oxalyl bis-4-(2,5-dioxo-2H-pyrrol-1(5H)-yl)benzamide.
72

 Although natural 

polymeric hydrogels have seen significant success in antimicrobial activity, batch-to-batch 

variation in molecular weights of natural polymers may compromise reproducibility and 

affect physical properties. Immunogenecity is often reported with the use of natural polymers, 

which is caused by impurities in natural polymers. 

 

1.6.3.2. Synthetic polymeric hydrogels 

Synthetic cationic polymers have emerged as important antimicrobial alternatives to 

antibiotics.
73,74

 These materials can be synthesized in a variety of ways and can be composed 

of either biodegradable or non-biodegradable polymer backbones. A plethora of antimicrobial 

synthetic cationic polymers have been reported such as poly(acrylate) and poly(norbornene) 

systems, poly(ethyleneimine)s (PEIs), poly(arylamide)s,  poly-β-lactams, poly-α-amino acids 

and polycarbonates (Figure 1.10).
69,73

  

  

 

Figure 1.10: Structures of various synthetic antimicrobial polymers used in developing 

antimicrobial hydrogel (Figure was reproduced from the reference 69 with the permission 

from Elsevier).  

 

In spite of this, there have only been a few attempts to develop hydrogel from synthetic 

cationic polymers in which the gel would be intrinsically antimicrobial. For example, 
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antimicrobial and antifouling hydrogels were developed in-situ from cationic polycarbonate 

and four-arm poly(ethylene glycol) (PEG) via Michael addition and shown to display strong 

antimicrobial properties.
75

 These gels were also successfully coated onto catheter and shown 

to be active against pathogen. In another example, the synthesis of physically cross-linked 

broad-spectrum antimicrobial hydrogels derived from the stereocomplexation of 

biodegradable polymers PLLA-PEG-PLLA (PLLA = poly(L-lactide)) and polycationic 

PDLA-CPC-PDLA (PDLA = poly(D-lactide), CPC = cationic polycarbonate) was 

described.
76

 Notably, these gels were not antimicrobial but also found to destroy established 

microbial biofilms. Dual action antimicrobial and antifouling hydrogels were also prepared 

by UV-photopolymerization in the presence of carboxybetaine dimethacrylate (cross-linker), 

2-hydroxy-2-methylpropiophenone (initiator).
77

 Here, a cationic six-membered N,N-

dimethyl-2-morpholinone (CB-ring; antimicrobial) was used wherein the ring due proton 

abstraction switched to a zwitterionic carboxy betaine (CB-OH; antifouling) moiety. An 

impressive killing efficiency was demonstrated for the cationic hydrogel while the 

zwitterionic gel upon deprotonation showed non-fouling activities. In addition, 

acrylate/methacrylate, poly(allylamine) polymer based systems have been modified into 

antimicrobial hydrogels by simple cross-linking.
78,79

 However, synthetic complexities, high 

production cost along with multiple synthetic steps are some of the limitations of synthetic 

polymer based hydrogels. 

 

1.6.3.3. Peptide-based hydrogels 

In addition to the polymer-based hydrogel systems described above, several notable peptide-

based antimicrobial hydrogels have also been reported. For example, β-hairpin hydrogel 

scaffold based on the self-assembling 20-residue peptide MAX1 (2 wt%) was developed 

whereby the hydrogel was shown to possess intrinsic broad-spectrum antibacterial activity.
80

 

This is possibly a result of the polycationic, lysine-rich hydrogel surface having the ability to 

disrupt negatively-charged bacterial cell membranes via electrostatic interactions. Notably, 

the hydrogel was also shown permit mammalian cell adhesion and proliferation while 

simultaneously inhibiting bacterial growth.  

An injectable β-hairpin hydrogel based on the 20-residue peptide MARG1 was also 

developed which was shown to be capable of killing MRSA on contact.
81

 Activity towards 

MRSA was thought to be from arginine residues in addition to lysine, which possibly brings 

about specific interactions with the bacteria. Modified epsilon-poly-L-lysine (EPL), an 

antimicrobial peptide produced by Streptomyces albulus, with methacrylamide moieties, were 
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cross-linked with PEG diacrylate to form biocompatible antibacterial hydrogels.
82

 EPL was 

selected for its edibility, non-toxicity, biodegradability, and low production costs. The 

resulting hydrogel materials were found to exhibit excellent activity against a number of 

clinically relevant bacteria and fungi. Furthermore, the hydrogels could be immobilized onto 

plastic surfaces via UV-generated surface radicals cross-linked to free 

acrylates/methacrylates, making them excellent candidates for use as antimicrobial coatings 

for medical devices and implants. 

 

1.6.4. Hydrogel releasing active agents  

Though antimicrobial hydrogel systems were shown to have incredible efficacy in destroying 

multi drug-resistant microbes and breaking down biofilms upon contact, the interactions 

between the antimicrobial polymers and microbial cell membranes are non-specific, and in 

most cases the hydrogels also result in mammalian cell death above certain concentrations. In 

addition, many applications (avascular, e.g., cartilage tissue or less vascular, e.g., bone tissue 

infections where antibiotics cannot reach effectively) still require the incorporation of 

antibiotics in combination with hydrogels to fight bacterial infections without compromising 

human cell viability. Penicillins and cephalosporins are the most widely used antibiotics 

followed by fluoroquinolones.
69

 However, their overuse and misuse have led to an increasing 

number of resistant pathogens. Thus a combination of synthetic antimicrobial polymers and 

antibiotics could potentially evade problems of drug resistance by virtue of the polymer's 

membrane-lytic mechanism while mitigating polymer toxicity since the co-usage of 

antibiotics allows for a smaller amount of polymer to be used.  

To illustrate, combined PVA/chitosan hydrogels together with minocycline, a broad-

spectrum antibiotic, was described with improved wound healing activity due to both 

minocycline and the antifungal effect of chitosan.
83

 In spite of the advantages of utilizing 

antimicrobial hydrogels for the delivery of antibiotics, in most of the studies, hydrogels 

themselves do not possess any antimicrobial activity. Several other polysaccharides have 

been used for the delivery of therapeutics due to their biocompatibility and biodegradability. 

For example, dextran-based hydrogels containing the broad-spectrum antifungal drug 

amphotericin B was shown to kill C. albicans efficiently without causing hemolysis.
84

 

Recently, there have been substantial advances towards the use of silver ions and silver 

nanoparticles (AgNPs) in hydrogels for wound treatment. The antimicrobial activity of silver 

and other metal salts has been attributed to the metal cation causing cell membrane disruption 
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and subsequent lysis. Potential applications for metal containing hydrogels include the use of 

silver-impregnated gels for medical devices, coatings, water purification, and contact lenses. 

 

1.6.5. Injectable bioadhesive hydrogel 

Injectable bioadhesives hydrogels containing a group of liquid or semiliquid compounds are 

applied to a tissue incision for the purpose of closing wounds, adhering to soft tissues and 

hemostasis.
85

 They comprise natural substances and/or synthetic chemicals, typically in the 

form of monomers, pre-polymers, or non cross-linked polymers. When delivered to a tissue at 

the surgical site components undergo polymerization or cross-linking reaction among 

themselves as well as react to the components of extracellular matrix (ECM) leading to an 

insoluble adhesive matrix. However, infection at the incision sites (e.g., surgical site 

infections, SSI) can often lead to many complexities such as prolonged wound healing, 

wound dehiscence, abscess formation and, in severe cases, sepsis. SSIs thus represent a 

significant clinical burden in patients that are typically readmitted, often into intensive care 

units. Thus an ideal adhesive hydrogel should rapidly solidify in the physiological condition 

to minimize bleeding and demonstrate strong tissue bonding, tissue healing and activity in 

controlling infections at the site applications.  

However commonly used adhesive gels generally lack antibacterial properties and 

demands extensive antibiotics usage to prevent or control infections. For example, the fibrin-

based adhesive containing fibrinogen and thrombin does not have any antibacterial activity. 

Further, these materials are prone to cause immunogenic reaction because of the usage of 

natural proteins. Biocompatible bioadhesive materials were therefore developed either from 

natural or synthetic polymers and antibacterial activity have been imparted by using 

additional antimicrobials or by making polymeric components inherently antimicrobial. 

Many antibacterial injectable hydrogels been described by encapsulating various antibacterial 

agents such as antibiotics, metal nanoparticles, etc. into the matrix and were shown to kill 

microorganism upon releasing the active materials.
85

 However, the materials lack permanent 

antibacterial activity and might suffer from uncontrolled and unwanted release of the 

antibacterial agents. Injectable hydrogel with inherent antibacterial activity have also been 

developed. To illustrate, an antimicrobial chitosan-dextran (CD) hydrogel was found to be 

active against a variety of microorganism.
86

 Syringe-injectable bioadhesive hydrogels with 

inherent antibacterial properties prepared from mixing polydextran aldehyde and branched 

polyethylenimine was also described.
87

 These adhesives killed both Gram-negative and 

Gram-positive bacteria, while sparing human erythrocytes. The cationic adhesive was also 
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effective in a cecal ligation and puncture model, preventing sepsis and significantly 

improving survival. 

 

 

Figure 1.11: Design of injectable bioadhesive hydrogels with inherent antibacterial activity. 

The precursor components such as bioadhesive PDA and an antibacterial PEI, define the 

material‟s bioadhesive and antibacterial properties, respectively (Figure was taken from the 

reference 87 with the permission from Nature Publishing Group).  

 

1.7. Unmet challenges in antimicrobial coatings and prevention of infections 

Antimicrobial coatings developed by impregnating antibiotics, metal nanoparticles or various 

other biocides for the abiotic surfaces such as medical devices and implants are limited due to 

cumulative toxicity, increased development of microbial resistance and unwanted release of 

biocides. In contrast, contact-active antibacterial coatings developed by immobilizing 

antibacterial agents, e.g., antibacterial polymers, do not leach out from the surface and are 

less likely to allow bacterial resistance development.  However, covalent immobilization of 

antibacterial polymers on surfaces is limited due to several synthetic steps, using of harsh 

reagents and elevated temperatures. Non-covalent modification of surfaces, on the other 

hand, is simple, facile and easy to apply. Despite evidences of antimicrobial activity of 
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polymers coated non-covalently, there are no clear-cut reports on the structure-activity 

relationship of the quaternary polymers used for antimicrobial coatings for the prevention of 

infection. It is therefore necessary to understand the structure-activity relationship and 

mechanism of action of the polymers at the molecular level. Also, microbial resistance, one 

of the major threats at present time, is yet to be understood against the water-insoluble and 

organo-soluble antimicrobial polymers. Further, the antimicrobial activity of cationic 

polymers has been mostly investigated against bacteria although the fungal infections remain 

as a key hazard to human health. When associated with the bacterial infections, fungal 

proliferation has been shown to induce an increased frequency or severity of diseases.
38,39

 

Hence it is meaningful to develop polymers with both antibacterial and antifungal activity 

and study their structure-activity relationship for the future development of broad spectrum 

multifunctional coating materials. 

Further, to be suitable for use in biomedical devices and implants, the antimicrobial 

polymers should be degradable and biocompatible. Unfortunately, commonly used polymers 

are mostly non-degradable and often lack biocompatibility. The long-term exposure of non-

degradable coatings might results in unpredictable cytotoxicity and can create hindrance in 

implant-tissue integration for many indwelling devices applications. Ideally, an antibacterial 

coating should kill bacteria and prevent microbial colonization on medical devices or 

implants for desired period of time and disappear after its intended use. Thus developing 

biodegradable antimicrobial coatings and determining their biocompatibility and 

biodegradability require comprehensive investigation. The lack of in-vivo activity also limits 

the usage of the currently developed antimicrobial coating materials. It is therefore necessary 

to understand and evaluate the in-vivo activity of the materials along with their biofilm 

inhibition properties.  

Biomedical devices that are used in less vascular tissue (e.g., bone infection due to 

bone fixture devices) or in avascular tissue (e.g., cartilage infections due to joint replacement 

devices) often suffer from many complications. Microbial contamination of these devices can 

lead to severe infections which are difficult to treat because of the limited penetration of 

antibiotics. It requires revision surgeries which further bring about new infections along with 

the suffering of patients and enhanced cost. Antimicrobial device coatings which act by both 

release- and contact-active mechanisms thus removing bacteria both from the device surface 

and surrounding tissue will be more suitable for such applications. Moreover, coating with 

dual mechanism of action should be developed in-situ to overcome the synthetic complexity 

mainly associated with the dual action antimicrobial coatings. Further, the materials would be 
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easily applicable onto device surfaces non-covalently for easy fabrication. It is therefore 

desirable to develop antimicrobial coatings with both release- and contact-active mechanisms 

especially from a highly active and biodegradable antimicrobial polymer and a release-active 

antimicrobial which act relatively more selectively towards microbes and capable of 

withstanding microbial resistance development.  

Biodegradable antimicrobial polymer- or peptide-loaded gels are more attractive than 

gels encapsulated with antibiotics or metal nanoparticles as antibiotics easily develop drug 

resistance and it is relatively more difficult to mitigate toxicity of metal nanoparticles due to 

their nondegradability. Particularly, when hydrogels are used to simultaneously co-deliver 

antimicrobial polymers/peptides and conventional antimicrobial agents, a strong synergistic 

effect can be achieved. This co-delivery approach significantly mitigates antimicrobial 

polymer/ peptide-associated toxicity toward human tissue and normal human flora by 

allowing for smaller amounts of polymer/peptide to be used. The polymer/peptide in turn 

enhances the potency of the conventional antimicrobial agents, and together, they can reduce 

the incidence of drug resistance. For future clinical applications, it is important to test 

hydrogels against clinically-isolated microbes, especially multidrug-resistant strains, and 

evaluate the in vitro and in vivo biocompatibility of hydrogels and encapsulated cargo. With 

rational design, synthetic polymer chemistry, and comprehensive in vitro and in vivo 

evaluation, hydrogel systems having broad-spectrum antimicrobial activity against multidrug-

resistant microbes, high selectivity and negligible toxicity, would find great potential in the 

prevention and treatment of infections.    

Superficial infections associated with the topical biotic surfaces such as human skin 

represent a continuous threat because of the regular and harsh exposure of such surfaces 

towards open environments. Topical ointments and gels that are applied to treat such 

infections generally use antibiotics or antimicrobial peptides as antimicrobial component. 

However, these agents are increasingly becoming ineffective in treating the superficial 

infections. While the usage of antibiotic is largely limited by the resistance development in 

microbes, use of antimicrobial peptides or lipopeptides, though being highly effective, are 

limited due to their high cost of production and synthetic complexicity. To overcome these 

challenges, significant progress has been made in developing antimicrobial gels suitable for 

topical applications. These materials generally include either metal or metal oxide 

nanoparticles as antimicrobial components which act on microbes by releasing active ions or 

include a cationic polymer with quaternary ammonium groups which act on microbes upon 

contact. While the toxicity and microbial resistance development still remain the major issues 
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for the inorganic nanoparticle containing gels, antimicrobial activity of cationic hydrogels 

depends on cross-linking degree, hydrophobicity, and charge density. Moreover, these gels 

are generally are incapable of eradicating bacterial biofilms. For treating superficial 

infections, a highly active yet non-toxic antimicrobial compounds capable of eradicating 

established microbial biofilms (e.g., membrane-active cationic small molecules in simple 

synthetic methodology thus overcoming the synthetic challenges associated with AMPs) can 

be developed. These molecules can subsequently be loaded into a biocompatible hydrogel 

wherein the compounds upon gradual release from the gel will kill microorganism and 

annihilate biofilm without resistance development.  

To seal the leakage and cease the bleeding from the damaged tissue at the wound site, 

bioadhesives antimicrobial hydrogels capable of fixing themselves with the tissue are used as 

non-invasive sealants. These materials offer numerous advantages over traditional wound 

management techniques not only by controlling bleeding but also by acting as void fillers 

thereby facilitating a faster wound healing. However, infections at the wound site due to 

surgical contamination or diffusion of skin microbes can be severely life threatening and can 

cause whole body infection known as sepsis. Given the capacities of bioadhesive materials, 

more investigations are expected to focus on improving upon existing adhesives and 

developing new antimicrobial sealants. Challenges of making ideal tissue adhesives, which 

can be utilized in various clinical applications, are multi-fold. Strong adhesion, safety and 

biocompatibility, ease of accessibility and use in clinical environment, and last but not least 

the high antimicrobial efficacy are among the challenges to be addressed. Considering their 

promising performances, new tissue adhesives with enhanced antimicrobial activity and 

higher wound healing capacity might be the solution to many of those challenges. In addition, 

inherently active tissue adhesives than can deliver antibiotics locally in a controlled manner 

can be more effective as these material will not only act synergistically but also be effective 

in reducing infection in avascular or less vascular tissue level by delivering antibiotics at the 

target site more efficiently.  

 

1.8. Scope of the thesis 

Microbial contamination on both biotic and abiotic surfaces is the major cause of deadly 

community-acquired and hospital-acquired (nosocomial) infections.
 
Thus there is an ever-

growing demand to develop antimicrobial surfaces which can effectively prevent microbial 

colonization on the desired surface without causing mammalian cell toxicity. In addition, 
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growing microbial resistance with diminishing antibiotic pipeline urges the need for 

antimicrobial coating materials that can withstand microbial resistance development. Current 

methods of developing antimicrobial surfaces involve usages of either various release-active 

antimicrobials such as antibiotics, inorganic nanoparticles, etc. which are limited due to 

resistant development in microbes and toxicity or covalent immobilization of cationic 

antimicrobial polymers which require several chemical synthetic strategies with multiple 

number of synthetic steps thus limiting their practical feasibility. It is therefore necessary to 

develop coating materials which can be applied onto surfaces non-covalently via simple one-

step painting method. Lack of proper structure-activity relationship of the coatings further 

requires detailed investigation of the cationic antimicrobial polymers at the molecular level. 

Also, to be suitable in biomedical device coatings, biocompatible and/or biodegradable 

coating materials that can be applied onto surfaces non-covalently are required which after 

their use would disappear. Also, by combining two different coating strategies (such as 

release and contact active methods) there is still a chance to improve the antimicrobial 

efficacy and long lasting activity of the materials. In addition, to be suitable for biotic surface 

associated infections (e.g., superficial or dip tissue level), coating materials with high 

antimicrobial activity and biocompatibility are required to overcome the poor efficacy under 

in-vivo conditions and biocompatibility of the currently used topical and bioadhesive 

antimicrobials. Because of their high biocompatibility and capacity in delivering 

antimicrobials into the target sites, hydrogels with potent yet non-toxic antimicrobial agents 

are to be developed. This thesis therefore aims at the design and development of various 

cationic antimicrobial polymers and hydrogels as antimicrobial materials to combat infections 

on both abiotic and biotic surfaces.                

Chapter 2A describes the preparation of novel antimicrobial coating materials based on 

polyethylenimine (PEI) and study their structure-activity relationship and the mechanism of 

action at the molecular level. Synthesis of colorless water-insoluble and organo-soluble PEI 

derivatives by Eschweiler-Clarke methylation of PEIs and subsequent quaternization of N-

methyl PEIs with alkyl bromides was reported for the first time. The method allowed the 

synthesis of cationic PEIs with known structure and high reproducibility. Further, structure-

activity relationships of the cationic PEI derivatives were studied by preparing a library of 

polymers with different molecular weights, molecular architecture and varying 

hydrophilic/hydrophobic balance. Linear polymers with octadecyl chain were found to be more 

active than the branched polymers. The polymers, when painted onto surfaces, inactivate both 

airborne and waterborne bacteria completely including drug-resistant bacteria and pathogenic 
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fungi. These polymeric materials showed excellent compatibility with other polymers and 

commercial paint thus could be useful for the development of self-defensive “microbicidal 

paint”. The cationic polymers were shown to inactivate both bacteria and fungi by disrupting the 

membrane integrity and were shown to stall development of microbial resistance. Further, the 

polymers showed negligible hemolytic activity towards human erythrocytes. Thus the cationic 

polymeric materials developed in this chapter could potentially be used as microbicidal paint 

in hospital walls, floors, surgical equipments, etc.  

However, the non-biodegradability of the alkylated cationic PEIs hinders their use inside 

the body. Chapter 2B addresses this unmet need and describes a unique approach to introduce 

cleavable groups such as amide or esters into the side alkyl chains of the cationic PEI based 

polymers. Introduction of cleavable groups such as amide or ester between the positive charge 

and hydrophobic alkyl chain of cationic PEI polymers led to the synthesis of side-chain 

degradable polymers. The length of side chains of these polymers was much closer to the 

octadecyl chain (a hexadecyl chain along with the amide or ester group) which allowed 

synthesizing water-insoluble and organo-soluble yet antimicrobial polymers with cleavable 

groups. The polymers also showed potent antimicrobial and antibiofilm efficacy against both 

bacteria and fungi when coated onto surfaces. Medical grade catheters were shown to be 

effective in reducing bacterial count and inhibiting biofilm formation in-vivo upon coating with 

these polymers. Notably, the hydrolysed polymers were shown to exceptionally biocompatible 

under both in-vitro and in-vivo conditions. The method of developing cationic PEI derivatives 

with amide and ester groups in the alkyl chain thus provided side-chain degradable coatings 

materials. However, as the PEI is non-degradable in nature the polymers (backbone) were not 

fully biodegradable.      

Chapter 3A is thus aimed in developing biodegradable antimicrobial coatings from a 

naturally occurring polymer chitin which backbone is degradable in the presence of enzymes 

(lysozyme and chitinase). This novel approach introduced quaternary ammonium group with 

different alky chains into C-6 position of chitin thus resulting in organo-soluble cationic chitin 

polymers. The effect of degree of quaternization (DQ) and length of hydrophobic alkyl chain on 

the material‟s solubility and antimicrobial activity were systematically evaluated. The 

polycationic materials were able to kill both drug-sensitive and drug-resistant bacteria including 

multi drug-resistant (MDR) clinical isolates and shown to inhibit biofilm formation upon coating 

onto various surfaces. Not only against bacteria, the polymers showed excellent efficacy against 

various human pathogenic fungi and were also shown to be effective in inhibiting fungal biofilm 
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formation on the coated surface. Notably, the polymers were non-toxic towards mammalian 

cells and susceptible towards hydrolytic enzymes under both in vitro and in vivo upon 

subcutaneous implantation in mice. Upon painting these polymers, medical grade polyurethane 

catheter was shown to be effective in reducing bacterial burden and inhibiting biofilm formation 

in vivo. The polymeric coatings developed so far inactivate microbes only upon contact (contact-

active killing). 

Chapter 3B describes the successful development of biocompatible and dual action 

antimicrobial polymer-silver nanocomposites via in-situ reduction of silver ions using the 

quaternary chitin derivatives. As the quaternary chitin polymers contain terminal aldehyde 

groups (came from the naturally occurring chitin) reduction silver ions to metallic silver 

occurred in-situ. In addition, the polymers with its electron donating atoms such as nitrogen or 

oxygen acted as potent capping agent to the silver nanoparticle and therefore can lead to 

polymer-silver nanocomposites. The organo-soluble nanocomposites when coated onto surfaces 

were shown to be highly active against both Gram-positive and Gram-negative bacteria 

including various human pathogenic fungi. Importantly, the composites were found to kill both 

bacteria and fungi at a much faster rate than the polymer alone and showed remarkably long-

lasting activity. Further, the composites inhibited both bacterial and fungal biofilm formation on 

the coated surfaces even after repeated challenges. Negligible toxicity towards mammalian cells 

was observed both in-vitro and in-vivo. The composites upon coating to a medical grade catheter 

showed excellent efficacy in reducing microbial burden both on the catheter and in the 

surrounding tissues in a mice model of subcutaneous infection. Further coated catheter was also 

shown to be effective in inhibiting bacterial biofilm formation under in-vivo conditions. 

Chapter 4A describes development of cationic small molecular biocides featuring two 

positive charges, multiple non-peptide amide groups placed in different places of the molecules 

and variable hydrophobic/hydrophilic character which mimics the action of natural microbicidal 

peptides yet stable under plasma conditions and non-toxic towards mammalian cells. The 

molecules synthesized via facile inexpensive methodology not only displayed good antibacterial 

activity against wild-type bacteria but also showed activity against various drug-resistant 

bacteria. The biocides were also shown to eradicate established biofilms. Mechanistic studies 

revealed that the cationic molecules inactivated bacteria by disrupting the membrane integrity 

and were shown to hinder the propensity of bacterial resistance development. Negligible toxicity 

against human erythrocytes and human embryo kidney cells were observed for the most active 

molecules. Further the molecules showed high 50% lethal doses in-vivo and no skin toxicity 

upon application on skin. Notably, the optimised molecule was shown to reduce bacterial burden 
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and eradicate preformed bacterial biofilm in a murine model of superficial skin infection. 

Development of new classes of non-toxic small molecules with high antibacterial and 

antibiofilm activities thus could lead to the new generation of therapeutics which would find 

applications in various healthcare especially topical treatments.  

Chapter 4B describes development of antibacterial and antibiofilm hydrogels capable of 

eradicating established topical bacterial biofilms without causing substantial skin toxicity. The 

hydrogels were prepared using dextran methacrylate (Dex-MA), a highly biocompatible and 

photopolymerizable polymer, and the optimised cationic biocide developed in chapter 4A via 

direct loading of the biocide with desired and controlled amounts. The biocide impregnated gels 

displayed strong antibacterial activity against both drug-sensitive and drug-resistant bacteria. 

The gels were shown to release the biocide for an extended period of time and killed bacteria by 

releasing the biocide into the surroundings. Moreover, the gels not only eradicated established 

bacterial biofilms in-vitro but also shown to be highly efficacious in clearing established 

bacterial biofilm in superficial skin infection in mice model. Notably, excellent skin 

compatibility was observed for all the hydrogel formulations in different animal models (high 

lethal dose in rat model, no skin sensitization in guinea pig model and negligible skin irritation 

in rabbit model). The biocompatible antibiofilm gels developed in this chapter might hold great 

promise to be used in removing bacterial biofilms and treating topical infections. 

Infection at wound sites due to surgery or accident represents a major threat as it delays 

healing and in severe cases, leads to sepsis. Injectable bioadhesive materials are often used non-

invasively to close wounds. However, such injectable bioadhesives materials rarely come with 

both antibacterial, hemostatic and wound healing properties. Chapter 5A describes the 

development of a biocompatible injectable hydrogel with inherent bioadhesive, antibacterial, 

wound healing and hemostatic capabilities suitable in wound sealing and wound infection 

treatment at the tissue level. The two component injectable hydrogels were prepared in-situ from 

an antibacterial N-(2-hydroxypropyl)-3-trimethylammonium chitosan chloride (HTCC) and 

bioadhesive polydextran aldehyde (PDA). The components upon mixing reacted with other via 

imine bond formation leading to hydrogelation and also reacted with the amine groups of 

extracellular matrix (ECM) when present thus providing the bioadhesive properties. The gels 

were shown to be active against both Gram-positive and Gram-negative bacteria. Mechanistic 

studies revealed that the gels killed bacteria upon contact by disrupting the membrane integrity 

of pathogen. Importantly, the gels were shown to be efficacious in preventing sepsis in a cecum 

ligation and puncture (CLP) model in mice. The gels were also shown to be effective in 

facilitating wound healing in rats and ceasing bleeding from a damaged liver in mice. Notably, 
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the gel showed negligible toxicity towards human red blood cells and no inflammation to the 

surrounding tissue upon subcutaneous implantation in mice thereby proving it as a safe and 

effective antibacterial sealant. 

Infections in relatively less vascular tissues (e.g., bone tissue infections), in avascular 

tissues (e.g., cartilage tissue infections) or in necrotic tissues (e.g., surgical site infections, SSI) 

are very challenging because of the limited penetration of antibiotics into the target tissues. 

Chapter 5B deals with the development of a dual action antibacterial injectable hydrogel for 

controlled release of antibiotics and delivering the drug locally to treat such infections. The 

syringe deliverable bioadhesive hydrogel was prepared by mixing the buffer solution of PDA 

containing antibiotic vancomycin and aqueous solution of the antibacterial polymer HTCC 

developed in Chapter 5A. The antibiotic was loaded via primarily covalent (imine) bond formed 

between the aldehyde group of PDA and amine group of vancomycin. The gel was shown to 

release the antibiotic over an extended period of time at different pH. Importantly, antibiotic 

loaded gels showed much higher activity than the gel alone against bacteria for an extended 

period of time. The gels were also shown to be impressively active under in-vivo conditions. 

Further, when bacteria were injected at a distal site far from the gel, the vancomycin loaded gel 

was shown to eradicate infection completely in-vivo. No toxicity towards human red blood cells 

(hRBC) and to the surrounding tissue was observed under in-vivo conditions. The dual action 

injectable bioadhesive gel prepared in this chapter therefore might hold promise in combating 

infections at less vascular or avascular tissue level. 
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Abstract 

Chapter 2A describes the synthesis of water-insoluble and organo-soluble quaternary 

polyethylenimine derivatives via a new synthetic methodology aimed at developing highly 

effective antimicrobial paint materials, and demonstrates their structure-activity relationship 

(SAR) by varying molecular architecture, molecular weight and length of the alkyl chain 

against various bacteria and fungi. Simple brush, dip or spin coating were employed to coat 

the polymers on different surfaces such as glass, polystyrene, silicon, etc. The coated surfaces 

were shown to completely inactivate (5 log reductions) human pathogenic bacteria 

including drug-resistant strains such as methicillin-resistant Staphylococcus aureus (MRSA), 

vancomycin-resistant enterococci (VRE) and beta lactam-resistant Klebsiella pneumoniae 

(K. pneumoniae) and fungi such as Candida spp. and Cryptococcus spp. upon contact. 

Notably, linear polymers were more active and found to have higher killing rate than the 

branched polymers as expressed by minimum inhibitory amount (MIA) of the polymers 

required per unit area. The polymer coated surfaces also exhibited significant activity in 

various complex mammalian fluids such as serum, plasma and blood and showed negligible 

hemolysis at an amount much higher than MIA. The polymers also showed excellent 

compatibility with other medically relevant polymers (polylactic acid, PLA) and commercial 

paint. Surfaces coated with the cationic hydrophobic coatings were shown to disrupt the lipid 

membrane of both bacteria and fungi thereby displaying membrane-active mode of action. 

Further, microbe (bacteria) found difficult to develop resistance against these membrane-

active polymers in sharp contrast to conventional antibiotics and lipopeptides. This approach 

of developing cationic organo-soluble and non-degradable polymers thus leads to coating 

materials that can be used to create permanent antimicrobial paint in domestic and hospital 

areas.  

 

 

 

 

Publication based on this work 

1. Hoque, J. et al.  Broad spectrum antibacterial and antifungal polymeric paint materials: synthesis, structure-

activity relationship and membrane-active mode of action. ACS Appl. Mater. Interfaces 2015, 7, 1804. 
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2A.1 Introduction 

Cationic antimicrobials are well known for the development of self-sterilizing surfaces and 

used for a number of applications such as at hospital surfaces, surgical equipments, protective 

clothes in hospitals, medical implants, wound dressings, food packaging materials, and 

everyday consumer products.
1-4

 Among the various positively charged antimicrobials, 

cationic polymers with quaternary ammonium groups show great promise in the field of 

antimicrobial coatings. In order to achieve this, a number of polycations possessing 

antimicrobial properties such as N-alkylated poly (4-vinyl pyridine), quaternized 

polyethylenimine, quaternary derivatives of acrylic acid, poly(ester-carbonate), cellulose,
 
etc., 

were applied covalently or non-covalently onto the surfaces.
5-7

 However, covalent 

modification requires different chemical modification strategies for different surfaces.
 
The 

harsh reaction conditions required for such modifications may alter the surface properties of 

the biomaterials/common objects such as mechanical properties, transparency, etc. Further, 

involvement of multiple synthetic steps in this method limits its practical usage.
8
 To 

overcome these difficulties, water insoluble and organo-soluble cationic antimicrobial 

polymers have been developed, and the solutions of these polymers in various suitable 

organic solvents are coated onto surfaces in the form of paint.
9,10

 The non-covalent strategy to 

create “microbicidal paint” is thus facile, straightforward and easy to apply.  

Despite evidences of antimicrobial activity, there are no clear-cut reports on the 

structure-activity relationship of the non-covalently coated polymers. It is therefore necessary 

to understand the structure-activity relationship at the molecular level in order to develop 

exactly known and future antimicrobial coating materials. Also, microbial resistance, one of 

the major threats at present time, is yet to be understood against the water-insoluble and 

organo-soluble antimicrobial polymers. Further, the antimicrobial activity of cationic 

polymers has been mostly investigated against bacteria although the fungal infections remain 

as a key hazard to human health. Moreover when associated with the bacterial infections, 

fungal proliferation has been shown to induce an increased frequency or severity of 

diseases.
11,12

 Hence it is meaningful to develop polymers with both antibacterial and 

antifungal activity and study their structure-activity relationship for the future development of 

broad spectrum multifunctional coating materials. 

In this chapter, novel antimicrobial coating materials were therefore developed from a 

commercially available polymer polyethylenimine (PEI) and detailed structure-activity 

relationship along with the membrane-active mode of action was demonstrated. The cationic 
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water-insoluble and organo-soluble polymers were synthesized by a new two-step synthetic 

methodology (Eschweiler-Clarke methylation of PEIs and subsequent quaternization of N-

methyl PEIs with alkyl bromides). The antimicrobial activities of the polymer-coated surfaces 

were evaluated against various human pathogenic bacteria and fungi, including drug resistant 

strains. Structure-activity relationship was studied by varying the molecular architecture 

(branched vs linear), molecular weight (750, 25 and 2 kDa branched PEI and 217, 87 and 22 

kDa linear PEIs) of the PEIs and also by varying the length of hydrophobic alkyl chain in 

quaternary PEIs. The effectiveness of these polymers as antimicrobial coating was also 

evaluated along with the conventional polymers and commercial paint. Hemocompatibility of 

the polymeric coating was evaluated with human red blood cells (hRBC). Bacterial 

propensity to develop resistance against these polymers was studied against both Gram-

positive and Gram-negative bacteria by the challenging the polymer coatings repeatedly. 

 

2A.2 Results and discussion  

2A.2.1 Synthesis and characterization of cationic PEI derivatives  

A new synthetic methodology has been introduced to prepare water insoluble and organo-

soluble polymers from polyethylenimines (PEIs) using Eschweiler-Clarke methylation and 

subsequent quaternization (Scheme 2A.1 and 2A.2).  

 

 

Scheme 2A.1: Synthesis of water-insoluble and organo-soluble branched cationic PEI 

derivatives. 

 

Branched PEIs (Mw = 750, 25 and 2 kDa) were first converted into N-methyl PEIs (1a, 2a 

and 3a) where all the primary and secondary amino groups were fully converted to the 

tertiary amines using excess formic acid and formaldehyde. The reaction was carried out at 
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90 ˚C for 60 h. The structures of the resultant polymers (N-methyl PEIs) were confirmed by a 

combination of 
1
H-NMR and FT-IR spectroscopy.  

 

 

Figure 2A.1: FT-IR spectra of N-methyl PEI derivatives. (A-C) Branched N-methyl PEIs 

obtained from PEI of molecular weight 750, 25 and 2 kDa respectively. (D-F) Linear N-

methyl PEIs obtained from PEI of molecular weight 217, 87 and 22 kDa respectively. 

 

The proton spectra showed that the polymers had a peak at 2.2 ppm corresponding to –

N(CH3) group in addition to the peaks from 2.3-2.6 ppm for the N(CH2CH2) groups. 

However, complete methylation was confirmed from FT-IR spectra. The IR spectra of all the 

branched N-methylated PEIs showed complete disappearance of the peaks at 3282 cm
-1

 and 
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1600 cm
-1

 corresponding to the NH bond stretching and bending respectively, which were 

observed in the parent PEIs (Figure 2A.1A-C).  

 

Scheme 2A.2: Synthesis of water insoluble and organo-soluble linear cationic PEI 

derivatives.  

 

To prepare linear N-methyl PEIs, first commercially available poly(2-ethyl-2-oxazoline) 

(PEOZs) (500, 200 and 50 kDa) were deprotected by hydrochloric acid and then deprotonated 

with aqueous KOH to obtain linear PEIs (4a, 5a and 6a; Mw = 217, 87 and 22 kDa 

respectively). Finally, linear N-methyl PEIs (4a, 5a and 6a) were obtained from linear 

PEIs following the same procedure as described for the branched N-methyl PEIs (Scheme 

2A.2) Like the branched polymers, linear N-methyl PEIs also showed complete 

disappearance of the NH bond stretching and bending peaks at 3280 cm
-1

 and 1600 cm
-1

 

respectively ( 2A.1D-F). 

 

As the antimicrobial activity and solubility of cationic polymers are known to depend 

not only on charge density but also on degree of hydrophobicity, the polycationic PEI 

derivatives must possess optimum hydrophilic/hydrophobic balance to ensure high activity as 

well as water insolubility. Thus various quaternary PEI derivatives with varying alkyl chain 

length were prepared (Scheme 2A.1 and 2A.2). Further, to obtain polymers of different 

architectures and molecular weights, all the branched and linear N-methyl PEIs were fully 

quaternized by reacting with alkyl bromides at 95-130 ˚C for 96 h (this allowed precise 

control of hydrophobic/hydrophilic balance). Quaternization of the tertiary amine groups of 

N-methyl PEIs was confirmed via 
1
H-NMR and also verified by elemental analyses. Notably, 

the proton NMR spectra of all the cationic PEI derivatives showed no peaks at 2.2-2.6 ppm 

which correspond to the peaks for –N(CH3) and  N(CH2CH2) groups in N-methyl PEIs 

(Figure 2A.2). The structure of the polymers was also confirmed by means of elemental 

analysis. By this method it was possible to determine structures of all the cationic PEI 

derivatives at the molecular level. All the final cationic hydrophobic polymers were found to 
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be almost colorless and thermally stable. Thermal stability of all the derivatives was 

measured by thermogravimetric analysis and was found to be stable even above 200 ˚C. 

 

 

 

Figure 2A.2: 
1
H-NMR spectra of PEI derivatives. (A) 

1
H-NMR spectrum of N-methyl PEI 

(1a); (B) 
1
H-NMR spectrum of quaternized PEI (1c) obtained from N-methyl PEI (1a) and 

octadecyl bromide.  

 

Since the goal was to develop of water-insoluble and organo-soluble polymers which 

can be simply be coated onto surfaces non-covalently, the solubility of all the polymers was 

checked in water as well as in various organic solvents. The hydrophobic polycations 1a 

(bearing C12H25 alkyl chain and branched PEI of Mw = 750 kDa) and 1b (bearing C16H33 

alkyl chain and branched PEI of Mw = 750 kDa) were found to be partially soluble in water 

whereas all other derivatives 1c (bearing C18H37 alkyl chain and branched PEI of Mw = 750 

kDa), 1d (bearing C20H41 alkyl chain and branched PEI of Mw = 750 kDa), 1e (bearing 

C22H45 alkyl chain and branched PEI of Mw = 750 kDa), 2 (bearing C18H37 alkyl chain and 

branched PEI of Mw = 25 kDa), 3 (bearing C18H37 alkyl chain and branched PEI of Mw = 2 

kDa), 4 (bearing C18H37 alkyl chain and linear PEI of Mw = 217 kDa), 5 (bearing C18H37 

alkyl chain and linear PEI of Mw = 87 kDa) and 6 (bearing C18H37 alkyl chain and linear PEI 

of Mw = 22 kDa) were found to be completely insoluble in water. On the other hand, the 

polymers were found to be soluble in chloroform, dichloromethane, n-butanol, N,N-dimethyl 
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formamide (DMF) and dimethyl sulfoxide (DMSO). The polycations were soluble in 

chloroform up to the highest tested concentration 200 mg/mL. Since the polymers 1a and 1b 

were partially soluble in water, no further experiments were performed with these polymers. 

 

2A.2.2 Antibacterial activity  

2A.2.2.1 Activity by spray method  

In order to evaluate the ability of these polymers to serve as antibacterial paint, glass slides 

were coated with solutions of the polymers in chloroform by brush coating/drop-casting/spin 

coating. This method of painting the polymers onto surface non-covalently allowed simple, 

straightforward and facile coating. Further to mimic the scenario of natural deposition of 

bacteria onto surfaces, bacteria were sprayed onto the polymer coated glass surfaces along 

with the non-coated glass surface (control).
13

 Bacterial growth was seen on non-coated glass 

surface as indicated by the presence of colonies, whereas no colony (at least 5-log reductions 

with respect to control) was observed on polymer-coated surfaces (Figure 2A.3). In order to 

evaluate the role of hydrophobicity and hence the hydrophobic/hydrophilic balance, surfaces 

coated with polycations (100% DQ with PEI of Mw = 750 kDa) of varying long chain (1c 

bearing C18H37, 1d bearing C20H41 and 1e bearing C22H45) were assayed for antibacterial 

activity. These polymers with different hydrophobic/hydrophilic balance showed different 

activities. Polymer 1c coated surface showed 100% activity at 0.4 g/mm
2 

against S. aureus 

and at 12.5 g/mm
2
 against E. coli respectively whereas polymers 1d and 1e showed 100% 

activity at 0.6 g/mm
2
 and 1.2 g/mm

2
 against S. aureus and did not show any activity till 

12.5 g/mm
2
 against E. coli. Thus polymer 1c with C18H37 long chain was found to be most 

effective.  

In order to evaluate the effect of molecular architecture and molecular weight of the 

polymers on antibacterial activity, bacteria were sprayed onto the glass surfaces coated with 

branched and linear polymers of different molecular weights having same C18H37 alkyl 

chain (1c, 2, 3, 4, 5 and 6). It was observed that linear polymers were more active than the 

branched ones (e.g., surfaces coated with branched polymer 1c exhibited 100% activity (5-

log reductions) against S. aureus at 0.4 g/mm
2
 and against E. coli at 12.5 g/mm

2
 whereas 

surfaces coated with linear polymer 6 exhibited 100% activity against S. aureus at 0.2 

g/mm
2
 and against E. coli at 6.25 g/mm

2
 respectively (Figure 2A.3A-F). It was also 

observed that among the branched polymers, 1c with highest molecular weight (PEI of 750 

kDa) and among the linear polymers, 6 with lowest molecular weight (PEI of 22 kDa) were 
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the most active (Figure 2A.3A-F). These results clearly showed that different molecular 

architecture and molecular weight have different impact on the antibacterial activity of the 

polymers when coated onto the surface. 

 

 

Figure 2A.3: Antibacterial activity of polymer coated glass surface. Photographs of 

microscopic glass slides: (A) and (D) non-coated glass slides (controls); (B) and (E) slides 

coated with 1c (0.4 g/mm
2 

and 12.5 g/mm
2
); (C) and (F) slides coated with 6 (0.2 g/mm

2 

and 6.25 g/mm
2
); (G) and (J) slides coated with PLA (2.55 g/mm

2
); (H) and (K) slides 

coated with 1c along  with PLA (0.4 g/mm
2
 + 2.55 g/mm

2
 PLA and 12.5 g/mm

2
 + 2.55 

g/mm
2
 PLA); (I) and (L) slides coated with 6 along with PLA (0.2 g/mm

2
 + 2.55 g/mm

2
 

PLA and 6.25 g/mm
2
 + 2.55 g/mm

2
 PLA). Slides A-C and G-I for S. aureus and slides D-F 

and J-L for E. coli respectively. Each white dot corresponds to a bacterial colony grown from 

a single surviving bacterial cell. 

 

Further, in order to find the utility of these polycations to be used as antimicrobial 

coating materials in house-hold and biomedical applications, the polymers were coated along 

with medically relevant polymer PLA and commercial paint, and the surfaces were similarly 

assayed for antibacterial activity. Surfaces coated with branched polymer 1c along with PLA 

(2.55 g/mm
2
) exhibited 100% activity against S. aureus at 0.4 g/mm

2
 and against E. coli at 

12.5 g/mm
2
 whereas surfaces coated with linear polymer 6 along with PLA (2.55 g/mm

2
) 

exhibited 100% activity against S. aureus at 0.2 g/mm
2
 and against E. coli at 6.25 g/mm

2
 

respectively (Figure 2A.3G-L). Notably, when polymers 1c and 6 were brush-coated onto 

glass surface along with the commercial paint solution (10 wt% and 5 wt%; w/v) for 1c and 6 

respectively), both branched and linear polymers showed 100% antibacterial activity even 

after loading with commercial paint against both S. aureus and E. coli (Figure 2A.4). Further, 
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1c and 6, when coated onto the glass surface along with PLA, retained antibacterial activity 

against both S. aureus and E. coli. These results thus indicated that these polymers could 

potentially be used to develop self-defensive biomaterials and paint. 

 

 

 

Figure 2A.4: Photographs of microscopic glass slides showing antibacterial activity of 

polymers coated with commercial paint: (A) and (D) non-coated glass slides (controls); (B) 

and (E) slides coated with 1c along with paint (10 wt% and 5 wt% loading respectively); (C) 

and (F) slides coated with 6 (5 wt% and 2.5 wt% loading respectively). Aqueous suspensions 

of S. aureus   (slides A-C) and E. coli (slides D-F) respectively  were sprayed onto the slides, 

followed by drying in air for 2 min, covering with solid growth agar, and incubating at 37 °C 

for 48 h. Each dot corresponds to a bacterial colony grown from a single surviving bacterial 

cell. 

 

2A.2.2.2 Activity against water-borne bacteria (Minimum inhibitory amount) 

To simulate the natural conditions of water-borne bacteria and to establish the efficacy of 

polymer coatings against these bacteria, antibacterial efficacy of the polymers was also 

evaluated with bacterial suspensions.
14

 The polymer coated surfaces were found to inhibit 

both S. aureus and E. coli and the minimum inhibitory amounts (MIAs) per unit area of 

polymer coated surfaces were determined by measuring the optical density (OD) at 600 nm 

and also by inspecting visual turbidity (the minimum amount of polymer coated onto surface 

at which no visible bacterial growth observed) (Table 2A.1). As observed in case of the spray 

method, polymer with C18H37 alkyl chain (1c) was found to be most active among the 

polymers obtained from PEI of 750 kDa with varying chain length (1c, 1d and 1e) (Figure 

2A.5A). When polymers with different molecular architecture and weights having same 

C18H37 alkyl chain were evaluated against both Gram-positive and Gram-negative bacteria, 

linear polymers were found to be more active than the branched ones. The MIAs for the 

branched polymers 1c, 2 and 3 were 0.98 g/mm
2
, 0.98 g/mm

2
 and 1.95 g/mm

2
 

respectively whereas MIAs for the linear polymers 4, 5 and 6 were 0.24 g/mm
2
 each against 

S. aureus. The MIAs for 1c, 2 and 3 were 15.6 g/mm
2
, 31 g/mm

2
 and 31 g/mm

2
 whereas 
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for 4, 5 and 6 were 7.8 g/mm
2
, 3.9 g/mm

2
 and 3.9 g/mm

2
 against E. coli respectively 

(Table 2A.1). However, all the polymers were more active towards Gram-positive S. aureus 

than the Gram-negative E. coli. This might be due to the high hydrophobic character of these 

polymers conferred by higher alkyl chain length which causes polymer aggregation, which in 

turn causes poor interactions with the cell surface of the Gram-negative bacteria composed of 

an additional outer lipid membrane made up of lipopolysaccharides.
15

 Further, these 

polymers were also found to be active against P. aeruginosa, a bacterium which forms 

biofilm onto surface most frequently and is difficult to treat (Table 2A.1).  

 

Table 2A.1 Antibacterial and hemolytic activities of polymer coated surfaces 

 

 

 

Polymers 

MIA (g/mm
2
)  

HA50 

(g/mm
2
) 

Drug sensitive bacteria Drug resistant bacteria 
S. aureus E. coli P. aeruginosa MRSA VRE K. pneumoniae 

1c 0.98 15.6 3.9 0.98 0.98 15.6 31 

2 0.98 31 7.8 0.98 0.98 31 31 

3 1.95 31 7.8 0.98 0.98 31 31 

4 0.24 7.8 1.95 0.24 0.24 7.8 31 

5 0.24 3.9 1.95 0.24 0.24 7.8 31 

6 0.24 3.9 1.95 0.24 0.24 7.8 23 

MRSA = Methicillin-resistant S. aureus (ATCC 33591); VRE = vancomycin-resistant 

Enterococcus faecium (ATCC 51559); K. pneumoniae = beta lactam-resistant K. pneumoniae 

(ATCC 700603); HA50
 
= amount of the polymer (g/mm

2
) coated in well at which 50% 

hemolysis occurs. 

 

When tested against drug-resistant bacteria, these polymers were found to inhibit 

MRSA, VRE and beta lactam-resistant K. pneumoniae (Table 2A.1) thus showing their broad 

spectrum antibacterial activity. The MIA values of the most potent polymer 6 were found to 

be 0.24 g/mm
2
 against MRSA and VRE and 7.8 g/mm

2
 against K. pneumoniae. Next, to 

find out whether these polymers are bacteriostatic or bactericidal, aliquots from the wells that 

appeared to have less or no turbidity were plated on agar plate and minimum bactericidal 

amount (MBA, g/mm
2
) were determined where no colony was observed. These polymers 

showed bactericidal effect against both Gram-positive and Gram-negative bacteria including 

drug-resistant ones. For example, the MBA of the most potent polymer 6 were found to be 

0.24 g/mm
2
 against S. aureus and 7.8 g/mm

2
 against E. coli respectively. 
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2A.2.2.3 Bactericidal kinetics  

To establish how fast these polymers kill bacteria upon contact and also to understand the 

effect of molecular architecture on killing rate, the rate of action were investigated towards 

both S. aureus and E. coli using branched polymer 1c and linear polymer 6 at the respective 

MIAs and 6  MIAs. Linear polymer 6 killed S. aureus (5 log reduction) at 30 min at 6  

MIA whereas branched polymer 1c killed S. aureus (5 log reduction) at 90 min at 6  MIA 

(Figure 2A.5B). Polymer 6, on the other hand, killed E. coli (5 log reduction) at 60 min at 6 

 MIA whereas 1c killed E. coli (5 log reduction) at 240 min at 6  MIA (Figure 2A.5C). 

These results thus indicate that the cationic hydrophobic polymer coatings have remarkably 

high killing rates against both the bacteria making them suitable for efficient antimicrobial 

coating. Further, linear polymer has higher killing rate than branched polymer against both 

Gram-positive and Gram-negative bacteria.  

 

 

 

Figure 2A.5: Antibacterial activities of cationic polymers. (A) Minimum inhibitory amounts 

of   1c, 1d and 1e toward S. aureus and E. coli. Antibacterial kinetics of the PEI derivatives 

(1c and 6) at two different amounts: MIA and 6  MIA towards S. aureus (B) and E. coli (C) 

respectively. Stars represent  50 CFU/mL. (D) Minimum bactericidal amount (g/mm
2
) of 

PEI derivatives (1c and 6) against methicillin-resistant S. aureus (MRSA) after exposure to 

various mammalian fluid systems.  
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2A.2.2.4 Activity in complex mammalian fluids  

A serious concern of the health industry is the infections caused due to contamination of 

surfaces of medical implants and devices, which upon implantation come in direct contact 

with body fluids.
16

 Hence, the antibacterial activity of the polymers in various mammalian 

fluids (50% serum, 50% plasma and 10% blood) was investigated against MRSA, a Gram-

positive drug resistant bacterium that causes many infections in humans undergoing implant 

surgery. Both 1c and 6 were found to be active in 50% serum, 50% plasma and 10% blood. 

The MBA values of 1c and 6 were 0.98 g/mm
2
 and 0.49 g/mm

2
 in 50% serum; 1.95 

g/mm
2
 and 0.98 g/mm

2
 in 50% plasma and 7.8 g/mm

2
 and 1.95 g/mm

2
 in 10% blood 

respectively (Figure 2A.5D). The above results thus suggest that these polymers could 

possibly be used in-vivo as antimicrobial coatings in various medical implants and devices.  

 

2A.2.3 Membrane-active mode of action 

To establish the mode of antibacterial action, disruption of cytoplasmic membrane potential 

was performed with the polymer coated surfaces against both S. aureus and E. coli using 

potential sensitive dye diSC3(5) by fluorescence spectroscopy. The dye was first added to 

bacterial cells and as the dye accumulated in the membranes, the fluorescence intensity 

decreased because of self-quenching.
17

 Upon addition to the coated surfaces and subsequent 

disruption of the membrane potential, an increase in fluorescence intensity was observed due 

to diSC3(5) being displaced into the solution. All the polymers coated surfaces except 1d and 

1e were found to depolarize the membrane potential of both bacteria (Figure 2A.6A and B). 

Interestingly, surfaces coated with linear polymers (4-6) were found to be more active in 

depolarizing the membrane potential compared the surfaces coated with branched polymers 

(1c, 2-3). Further, polymer 6, which is most active among all the polymers, showed 

maximum membrane dissipation effect. Also, surfaces coated with polymers 1d and 1e 

having C20H41 and C22H45 alkyl chain respectively were unable to dissipate the membrane 

potential thus proving to be ineffective against bacteria as also reflected from their high MIA 

values. 

Mechanism of antibacterial activity of the polycation coated surfaces against S. 

aureus and E .coli was further established by fluorescence microscopy.
18 

Fluorescence 

microscopy images showed high cell viability in case of the control samples by displaying 

green fluorescence of SYTO 9 which labels only the live bacteria (Figure 2A.6C and E for S. 

aureus and E. coli respectively). However, cells treated with the polymer coated surface 
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showed complete membrane permeabilization seen by red fluorescence of propidium iodide 

(PI) (Figure 2A.6D and F for S. aureus and E. coli respectively). Since PI is membrane 

impermeable and penetrates only when the bacterial membrane is compromised, the 

microscopy technique thus indicated that the cationic polymer interacted and subsequently 

disrupted the membrane integrity of the bacteria. 

 

 

Figure 2A.6: Mechanistic investigation of antibacterial activity of polymer coatings. 

Membrane depolarization for S. aureus (A) and E. coli (B) respectively. Fluorescence 

microscopy images of bacteria untreated (C: S. aureus; E: E. coli) and treated with the 

surface coated with 6 (D: S. aureus; F: E. coli) after staining with SYTO 9 and PI.  Each 

image is a result of superposition of an image taken for the green fluorescent dye (SYTO 9) 

and red fluorescent dye (PI) using the appropriate filters. Scale bar is 20 μm. Scanning 

electron microscopy images of S. aureus (G and H) and E. coli (I and J) cells after a 2 h 

exposure to the uncoated surfaces (G and I), surfaces coated with the polymer 6 (H and J). 

Scale bar 1 M for G and H and 5 M for I and J. 

 

In order to have better insight into the mechanism of action of the polymer coated 

surfaces, scanning electron microscopy (SEM) was also used to visually characterize the 

morphology of bacteria upon contact with polymer coated surfaces. The micrographs 

presented for non-coated wells (control) showed that bacteria retained well-defined 

morphology and surface smoothness characteristic of unperturbed cells (Figure 2A.6G and I 
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for S. aureus and E. coli respectively). In contrast, once treated with polymer (6) coated 

surface, bacteria exhibited morphological deformations (Figure 2A.6H and J for S. aureus 

and E. coli respectively). The appearance of irregularly shaped bacteria indicated a loss of 

structural integrity, thereby suggesting a specific and undermining interaction of hydrophobic 

polycations with the negatively charged bacterial cell membrane.
8
 Since the polymers are 

water insoluble and coated onto surfaces, it is best expected that when painted onto surfaces, 

the polymers killed bacteria on contact due to rupturing of bacterial cell membranes by erect 

fragments of the polymer chains. 

 

2A.2.4 Antifungal activity 

2A.2.4.1 Minimum inhibitory amount  

The antimicrobial activity of cationic polymers has been mostly investigated against bacteria 

although the fungal infections remain as a key hazard to human health. Furthermore, fungal 

proliferation has been shown to induce an increased frequency or severity of diseases upon 

association with the bacterial infections.
19

 Hence it is meaningful to develop polymers with 

both antibacterial and antifungal activity and study their structure-activity relationship for the 

future development of broad spectrum multifunctional coating materials. In order to find the 

utility of the cationic polymers developed herein to be used as antifungal coating materials, 

the antifungal efficacy of all the branched and linear polymers were evaluated against 

different pathogenic Candida spp. (C. albicans SC5314, C. dubliniensis CD36, C. tropicalis 

MYA3404) and Cryptococcus spp. (C. neoformans var. grubii (serotype A) H99, C. gattii 

(serotype B) WM276 and C. neoformans var. neoformans (serotype D) JEC21). First, the role 

of hydrophobicity and hence the hydrophobic/hydrophilic balance of the polycations (100% 

DQ with PEI of Mw = 750 kDa) with varying long chain (1c bearing C18H37, 1d bearing 

C20H41 and 1e bearing C22H45) were established. Like bacteria, the polymers with different 

hydrophobic/hydrophilic balance showed different activity against fungi as well (Figure 

2A.7A). Polymer 1c coated surface showed 100% activity at 0.98 g/mm
2 

against 

Cryptococcus neoformans ser A and at 3.8 g/mm
2
 against C. dubliensis respectively 

whereas polymers 1d and 1e showed 100% activity at 0.98 g/mm
2
 and 1.25 g/mm

2
 against 

Cryptococcus neoformans ser A and did not show any activity till 31 g/mm
2
 against C. 

dubliensis respectively (Table 2A.2 and Figure 2A.7A). Thus like bacteria, polymer 1c with 

C18H37 long chain was found to be most effective against fungi. The polymer coated 

surfaces were found to inhibit completely all the human pathogenic fungi species tested 
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(Table 2A.2). Linear polymers were found to be more active compared to branched polymers 

(e.g., MIA values of linear polymers 4, 5 and 6 are 0.63 g/mm
2
 for each polymer whereas 

the same for 1c, 2 and 3 are 3.75 g/mm
2
, 5 g/mm

2
 and 10 g/mm

2
 against C. tropicalis). 

Among the branched polymers, the polymer 1c, with the highest molecular weight and 

among all the linear polymers, polymer 6 with the lowest molecular weight showed 

maximum activity (Table 2A.2). However, among all the polymers, polymer 6 was found to 

be most active against all the fungi tested similar to the results obtained against bacteria. The 

MIA values for polymer 6 were 0.63-2.5 g/mm
2
 against Candida spp. and 0.13-0.25 

g/mm
2
 against Cryptococcus spp.  

 

Table 2A.2 Antifungal activity of polymer coated surfaces 

  

 

 

Polymers 

MIA (g/mm
2
) 

Candida spp. Cryptococcus spp. 
 

C. albicans 

 

 

C. dubliniensis 

 

 

C. tropicalis 

 

C. 

neoformans 

Ser A 

C. 

neoformans 

Ser B 

C. 

neoformans 

Ser D 

1c 10 3.8 3.8 0.98 0.98 0.49 

2 >31 >31 5.0 0.98 0.98 0.98 

3 >31 >31 10 0.98 0.98 1.95 

4 10 1.25 0.63 0.49 0.48 0.49 

5 10 0.63 0.63 0.25 0.25 0.49 

6 2.5 0.63 0.63 0.13 0.25 0.13 

C. albicans = Candida albicans; C. dubliniensis = Candida dubliniensis; C. tropicalis = 

Candida tropicalis; C. neoformans Ser A = Cryptococcus neoformans Ser A; C. neoformans 

Ser B = Cryptococcus neoformans Ser B; C. neoformans Ser D = Cryptococcus neoformans 

Ser D 

 

The cationic hydrophobic polymers were not only fungistatic but also fungicidal. For 

example, the minimum fungicidal amount (MFA) of the most potent polymer 6 was found to 

be 0.49 g/mm
2
 and 0.25 g/mm

2
 against C. tropicalis and C. neoformans Ser D 

respectively. However, it is noteworthy that both branched and linear polymers were found to 

be less active against C. albicans as evident from their high MIA or MFA values (Table 

2A.2).  

 

2A.2.4.2 Fungicidal kinetics  

To understand the effect of molecular architecture on fungal killing rate and to establish how 

fast these polymers kill fungi upon contact, the rate of action was investigated against C. 

dubliniensis using surfaces coated with both branched polymer 1c and linear polymer 6. 
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Surface coated with polymer 1c killed C. dubliniensis within 4-6 hours at 8  MIA whereas 

surfaces coated with polymer 6 killed C. dubliniensis in 6-8 hours at 8  MIA (Figure 

2A.7B). Even at their respective MIA values, polymers 1c- and 6-coated surfaces killed the 

fungal cells at 8 hours. Therefore, it was observed that both branched and linear polymers 

have similar antifungal kinetics. 

 

 

Figure 2A.7: Antifungal activities of cationic polymers. (A) MIA values of 1c, 1d and 1e 

against Cryptococcus neoformans ser A and Candida dubliniensis. (B) Antifungal kinetics of 

polymers 1c and 6 coated surfaces at different amounts (MIA and 8  MIA) against C. 

dubliniensis: representative cross section of the YPD agar plate showing the growth of fungal 

colonies at different times. (C) Mechanistic investigation of antifungal activity of polymer 

coatings. Fluorescence microscopy images of C. dubliniensis after staining with SYTO 9 and 

PI exposed to the uncoated surfaces (control), surfaces coated with the polymers 1c and 6 at 

MIA and 8  MIA respectively. Scale bar 5 m. 
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2A.2.5 Membrane-active mode of antifungal action 

It was observed that the cationic polymers interact with the cellular membrane of bacteria and 

thereby disrupts the membrane integrity causing cell death. To know whether these 

hydrophobic polycations interact with and damage the cell membrane of fungi, LIVE/DEAD 

assay was performed with the fungal cell using SYTO 9 and PI dyes by fluorescence 

microscopy.
20

 C. dubliniensis was used as a model fungus and treated with both branched and 

linear polymer 1c and 6 coated surfaces. The microscopy images showed the presence of 

viable cells in case of control samples (plain surface) as observed by green fluorescence 

(Figure 2A.7C). The cells treated with the polymer-coated surfaces on the other hand showed 

red color fluorescence of PI thus indicating the compromised cell membrane (Figure 2A.7C). 

These results indicate that the cationic polymers interact with the fungal cell membrane and 

disrupt the integrity of the membrane presumably leading to cell death. 

 

2A.2.6 Hemocompatibility 

To be used in community and healthcare settings, compatibility of the polymeric coatings 

should be addressed. Antimicrobial coatings thus should selectively kill only pathogenic 

microorganism over the other non-pathogenic cells such as mammalian cells. The 

compatibility of the polymer coatings were therefore evaluated against human red blood cells 

(hRBCs). Interestingly, it was found that these polymers are non-hemolytic even upto 6.25 

g/mm
2
. Only 25-35% hemolysis was observed at 31 g/mm

2
. Interestingly, the two most 

active polymers, 1c and 6, showed negligible hemolysis upto 6.25 g/mm
2
 which is 10-200 

times more than their MIA values (Table 2A.1). These results portrayed the non-hemolytic 

nature of these materials and enhanced their claim to be used as antimicrobial coatings in 

various bio-medical and self-defensive biomaterial applications. 

 

2A.2.7 Propensity of bacterial resistance development 

Due to the increasing growth of drug resistance in microorganism, the potential emergence of 

bacterial resistance against these polymers was assessed by serial exposure of bacteria to the 

polymer-coated surfaces.
21

 Both Gram-positive and Gram-negative bacteria were exposed to 

serial passages of branched polymer 1c and linear polymer 6 and the change in MIA values 

were monitored over a period of 20 passages. After 20 serial passages, the MIAs of polymers 

1c and 6 remained same whereas norfloxacin, a nucleic acid targeting antibiotic, showed 850-

fold increase in minimum inhibitory concentration (MIC) against sensitive S. aureus and 
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colistin, a lipid II targeting lipopeptide, showed 250 fold increase-in MIC against sensitive E. 

coli respectively (Figure 2A.8). These membrane-active polycations were thus able to stall 

the development of bacterial resistance and these studies demonstrated that these polymers 

could be used to create permanent microbicidal paint.  

 

 

Figure 2A.8: Development of bacterial resistance against: (A) S. aureus with polymers (1c 

and 6) and ciprofloxacin; (B) E. coli with polymers (1c and 6) and colistin. 

 

2A.2.8 Leaching test 

By 
1
H-NMR study, it was found that the polycations 1a and 1b were partially soluble in 

water whereas all other polymers (1c-1e, 2-6) were insoluble. However, to confirm further 

that these polymers kill bacteria on contact and not by leaching, zone of inhibition test was 

performed with polymer coated filter papers. Filter papers (0.5 cm diameter) coated with 

polymers were placed onto an agar plate where 200 L of 10
9
 CFU/mL of bacteria (S. 

aureus and E. coli) were spread by spread-plate method. Polymers 1a and 1b showed zone of 

inhibition against both S. aureus and E. coli thus confirming that these polymers are partially 

soluble in water and therefore leaches from the coated surface. On the other hand, no zone of 

inhibition was found for 1c-1e and 2-6 thus suggesting that these polymers remained onto the 

coated surface and kill microorganism on contact (Figure 2A.9). In order to prove further 

another experiment was performed by taking the two most active polymers (1c and 6). If 1c 

and 6 are soluble/partially soluble in water, enough of the polymer would be leached into the 

overlaid agar gels upon incubation. Further, the polymers would then leach out of gel slabs 

into the covered bacterial cells and kill bacteria upon placing these pre-incubated agar slabs 

onto non-coated glass surfaces sprayed with bacteria. However, the leaching test controls 

showed essentially as many colonies as the control slide (sprayed with bacterial suspension 
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and covered with fresh agar gel). So it can be concluded that the leaching of the polymers 

from the coated surface is negligible in terms of their bactericidal activity.  

 

 

Figure 2A.9: Leaching test: zone of inhibition of cationic PEI derivatives against both Gram-

positive bacterium S. aureus (A-C) and Gram-negative bacterium E. coli (D-F). 

 

 

2A.3 Conclusion 

In conclusion a simple method of developing water-insoluble and organo-soluble polymeric 

materials was demonstrated. The polymers, when painted onto surfaces, inactivated both 

airborne and waterborne bacteria completely, including drug-resistant ones and also various 

pathogenic fungi. The coated surfaces were found to be active in many complex mammalian 

fluids making them suitable for in-vivo applications. These polymeric materials showed 

excellent compatibility with other polymers and commercial paint thus could be useful for the 

development of self-defensive biomaterial and “microbicidal paint”. Structure-activity 

relationship studies indicated that the linear polymers are more active and have faster killing 

rate than the branched ones and an optimum alkyl chain length hence an optimum 

hydrophobic/hydrophilic balance is required for maximum activity of the water insoluble 

polymers. The cationic polymers were shown to inactivate bacteria and fungi by disrupting 
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the membrane integrity, which stalled the development of microbial resistance. Further, the 

polymers showed negligible hemolytic activity at concentrations much higher than the MIAs 

and are thus hemocompatible. Thus the cationic polymeric materials developed herein could 

potentially be used as microbicidal paint for a wide variety of biomedical and house-hold 

applications. 

 

 

2A.4 Experimental section 

2A.4.1 Chemicals and instrumentation 

Branched PEIs (Mw values of 750, 25, and 2 kDa), poly(2-ethyl-2-oxazoline) (Mw values of 

500, 200, and 50 kDa), 1-bromododecane, 1-bromohexadecane, 1-bromooctadecane, 1-

bromoeicosane and 1-bromodocosane were purchased from Sigma-Aldrich while formic acid 

(90% vol/vol), formaldehyde (37-40% vol/vol), potassium hydroxide (KOH), 

dichloromethane, chloroform, acetone, methanol, ethanol, n-butanol, tert-butanol, N,N-

dimethylformamide (DMF), dimethyl sulfoxide (DMSO), tetrahydrofuran (THF) (all ACS 

grade) were purchased from SD-FINE, India. Bacterial and fungal growth media and agar 

were supplied by HIMEDIA, India. Propidium iodide (PI) and SYTO 9 dyes were purchased 

from Sigma-Aldrich and Invitrogen respectively. Bacterial strains, S. aureus (MTCC 737), E. 

coli (MTCC 447) were obtained from MTCC (Chandigarh, India). P. aeruginosa (ATCC 

424), vancomycin-resistant enterococci (VRE) (ATCC 51559), beta lactam-resistant K. 

pneumoniae (ATCC 700603), methicillin-resistant S. aureus (MRSA) (ATCC 33591) were 

obtained from ATCC (Rockville, MD). The fungal strains used in this study are C. albicans 

(SC5314), C. dubliniensis (CD36), C. tropicalis (MYA3404), C. neoformans var. grubii 

(serotype A) (H99), C. gattii (serotype B) (WM276) and C. neoformans var. neoformans 

(serotype D) (JEC21). 
1
H-NMR (400 MHz) and 

13
C-NMR (100 MHz) spectra were recorded 

on a Bruker AMX-400 instrument. FT-IR spectra of the solid compounds were recorded on 

Bruker IFS66 V/s spectrometer using KBr pellets. IR spectra of all the liquid compounds 

were recorded on the same instrument using NaCl crystal. Elemental analysis was performed 

in a Thermo Finnigan FLASH EA 1112 CHNS analyzer. A WS5000 spin coater, Techno 

India, India was used to prepare polymer coatings. Leica DM2500 fluorescent microscope 

was used for bacterial imaging whereas Olympus microscope (Model BX51) and Olympus 

DP71 camera were used for the fungal imaging. Scanning electron microscope images were 

obtained using Quanta 3D FEG, FEI field emission scanning electron microscopy. 
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Thermogravimetric analyses were performed on a TGA 850C Mettler, Toledo 

thermogravimetric analyzer. 

 

2A.4.2 Synthesis of hydrophobic cationic polymers 

2A.4.2.1 Branched N-methyl-PEIs (1a, 2a and 3a)  

50% aqueous solution of PEIs (PEIs of 750, 25 and 2 kDa; 1a, 2a and 3a) (10 g, 0.12 

mol/repeating unit) was transferred to a round bottom flask to which 90% formic acid (24.5 

mL, 0.48 mol) was added followed by 37% formaldehyde (29.3 mL, 0.36 mol) and 20 mL of 

water (Scheme 1A). The reaction mixture was stirred at 90 C for 60 h. After cooling down to 

room temperature, the pH of the reaction mixture was adjusted to 11 using 8 M KOH 

solution. The deprotonated N-methylated PEI was extracted several times by chloroform and 

the entire organic solution was subjected to repeated water wash. Chloroform was then 

removed to yield yellow viscous product with 100% degree of methylation. 

 

1a: FT-IR ( 𝑣 ): 2945 and 2782 cm
-1 

(CH str), 1460 cm
-1

 (CH bend), 1030 cm
-1

 (CN str); 
1
H NMR (400 MHz, CDCl3, ): 2.253 (s, 3H, –N(CH3)), 2.424-2.603 (m, 4H, 

N(CH2CH2)).  

 

2a: FT-IR ( 𝑣 ): 2944 and 2782 cm
-1 

(CH str), 1461 cm
-1

 (CH bend), 1050 cm
-1

 (CN str); 
1
H NMR (400 MHz, CDCl3, ): 2.244 (s, 3H, –N(CH3)), 2.409-2.601 (m, 4H, 

N(CH2CH2)). 

 

 3a: FT-IR ( 𝑣 ): 2954 and 2792 cm
-1 

(CH str), 1463 cm
-1

 (CH bend), 1033 cm
-1

 (CN 

str); 
1
H NMR (400 MHz, CDCl3, ): 2.237 (s, 3H, –N(CH3)), 2.395-2.590 (m, 4H, 

N(CH2CH2)). 

 

2A.4.2.2 Branched N-alkyl N-methyl PEIs (1a-1e, 2, 3)  

Branched N-methylated-PEIs (1 g, 17.5 mmol/repeating units) were dissolved in 75 mL tert-

butanol in a screw-top pressure tube and 1-bromoalkanes (70 mmol) were added to it 

(Scheme 1A). The reaction mixture was heated at 95 C (for 1-bromododecane), 105 C (for 

1-bromohexadecane), 120 ˚C (for 1-bromooctadecane), 125 C (for 1-bromoeicosane) and 

130 C (for 1-bromodocosane) for 96 h. After the reaction, the solvent was removed to its 

one tenth of the initial volume. Then excess of acetone (200 mL) was added to the react ion 

mixture and the precipitate was filtered off. The precipitate was dissolved in CHCl3 and 

acetone was added to re-precipitate the product for further purification. Finally, excess 

solvent was decanted off and the precipitate was dried using high vacuum pump to yield 

colorless branched N-alkyl N-methyl PEI polymers (1a-1e, 2 and 3). 
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1a: 
1
H-NMR (400 MHz, CDCl3, ): 0.852 (t, 3H, terminal CH3), 1.228-1.348 (br m, 18H, 

(CH2)9), 1.823 (q, 2H, CH2CH2N
+
(CH2)2(CH3)), 3.272-4.047 (m, 9H, 

(CH2)2N
+
(CH2)(CH3)). Elemental analysis: Calculated C: 58.81; H: 10.53; N: 4.57; Found 

C: 58.20; H: 10.55; N: 4.51. 

 

1b: 
1
H-NMR (400 MHz, CDCl3, ): 0.858 (t, 3H, terminal CH3), 1.234-1.351 (br m, 26H, 

(CH2)13), 1.766 (q, 2H, CH2CH2N
+
(CH2)2(CH3)), 3.081-4.063 (m, 9H, 

(CH2)2N
+
(CH2)(CH3)). Elemental analysis: Calculated C: 62.96; H: 11.12; N: 3.86; Found 

C: 62.89; H: 11.07; N: 3.79. 

 

1c:
 1

H-NMR (400 MHz, CDCl3, ): 0.876 (t, 3H, terminal CH3), 1.202-1.358 (br m, 30H, 

(CH2)15), 1.761 (q, 2H, CH2CH2N
+
(CH2)2(CH3)), 3.270-4.109 (m, 9H, 

(CH2)2N
+
(CH2)(CH3)). Elemental analysis: Calculated C: 64.59; H: 11.36; N: 3.59; Found 

C: 64.50; H: 11.22; N: 3.51. 

  

1d: 
1
H-NMR (400 MHz, CDCl3, ): 0.877 (t, 3H, terminal CH3), 1.254-1.367 (br m, 37H, 

(CH2)17), 1.805 (m, 2H, CH2CH2N
+
(CH2)2(CH3)), 3.214-4.239 (m, 9H, 

(CH2)2N
+
(CH2)(CH3)). Elemental analysis: Calculated C: 66.002; H: 11.56; N: 3.35; 

Found C: 65.89; H: 11.30; N: 3.30. 

 

1e: 
1
H-NMR (400 MHz, CDCl3, ): 0.880 (t, 3H, terminal CH3), 1.226-1.367 (br m, 38H, 

(CH2)19), 1.767 (m, 2H, CH2CH2N
+
(CH2)2(CH3)), 3.179-4.059 (m, 9H, 

(CH2)2N
+
(CH2)(CH3)). Elemental analysis: Calculated C: 67.24; H: 11.73; N: 3.14; Found 

C: 67.18; H: 11.51; N: 3.09. 

 

2: 
1
H-NMR (400 MHz, CDCl3, ): 0.874 (t, 3H, terminal CH3), 1.251-1.350 (br m, 30H, 

(CH2)15), 1.766 (m, 2H, CH2CH2N
+
(CH2)2(CH3)), 3.240-4.010 (m, 9H, 

(CH2)2N
+
(CH2)(CH3)). Elemental analysis: Calculated C: 64.59; H: 11.36; N: 3.59; Found 

C: 64.48; H: 11.20; N: 3.50. 

 

3: 
1
H-NMR (400 MHz, CDCl3, ): 0.870 (t, 3H, terminal CH3), 1.212-1.348 (br m, 30H, 

(CH2)15), 1.751 (m, 2H, CH2CH2N
+
(CH2)2(CH3)), 3.161-3.949 (m, 9H, 

(CH2)2N
+
(CH2)(CH3)). Elemental analysis: Calculated C: 64.59; H: 11.36; N: 3.59; Found 

C: 64.47; H: 11.12; N: 3.47. 

 

2A.4.2.3 Deacetylated linear PEIs (4a, 5a and 6a)  

Fully deacylated linear PEIs were prepared by the acid-catalyzed hydrolyses of the 

commercial PEOZs (500, 200 and 50 kDa).
40

 Typically, 10.0 g of the PEOZs was added to 

400 mL of 24% (wt/vol) HCl, followed by refluxing for 96 h. The POEZ crystals dissolved 

completely in 2 h, but, 3 h later, a white precipitate appeared. The precipitate in each case 

was isolated by filtration and then air-dried. The resultant white powders were confirmed to 

be pure PEI hydrochlorides by a combination of NMR and elemental analysis. Protonated 

linear PEIs were then deprotonated using aqueous KOH solution. Briefly, 10 g of protonated 

linear PEIs were dissolved in distilled water (50 mL) and 6 M KOH was added till the pH of 



65 
 

the solution became 11. Deprotonated PEIs as white precipitates were filtered, and washed 

repeatedly with distilled water till it became neutral (pH7). Separately, 217, 87 and 22 kDa 

linear PEIs without N-acyl groups were obtained from commercial PEOZs of 500, 200 and 50 

kDa.   

4a: 
1
H NMR (400 MHz, D2O, ): 3.149 (s, N(CH2CH2)). 

5a: 
1
H NMR (400 MHz, D2O, ): 2.903 (s, N(CH2CH2)). 

6a: 
1
H NMR (400 MHz, D2O, ): 2.894 (s, N(CH2CH2)).   

 

 

2A.4.2.4 Linear N-methyl PEIs (4a, 5a and 6a) 

Linear N-methyl PEIs were prepared from linear PEIs following procedure similar to the 

synthesis of branched N-methyl PEIs.   

4a: FT-IR ( 𝑣 ): 2951 and 2794 cm
-1 

(CH str), 1454 cm
-1

 (CH bend), 1018 cm
-1

 (CN str); 
1
H NMR (400 MHz, CDCl3, ): 2.252 (s, 3H, –N(CH3)), 2.505 (s, 4H, N(CH2CH2)). 

  

5a: FT-IR ( 𝑣 ): 2944 and 2780 cm
-1 

(CH str), 1461 cm
-1

 (CH bend), 1033 cm
-1

 (CN str); 
1
H NMR (400 MHz, CDCl3, ): 2.245 (s, 3H, –N(CH3)), 2.495 (s, 4H, N(CH2CH2)). 

  

 6a: FT-IR ( 𝑣 ): 2944 and 2794 cm
-1 

(CH str), 1454 cm
-1

 (CH bend), 1028 cm
-1

 (CN 

str); 
1
H NMR (400 MHz, CDCl3, ): 2.242 (s, 3H, –N(CH3)), 2.491 (s, 4H, N(CH2CH2)). 

 

2A.4.2.5 Linear N-alkyl N-methyl PEIs (4, 5 and 6)  

Linear N-alkyl N-methyl PEIs were prepared from linear N-methyl PEIs following procedure 

similar to the synthesis branched N-alkyl N-methyl PEIs (4, 5 and 6). 

4: 
1
H NMR (400 MHz, CDCl3, ): 0.865 (t, 3H, terminal CH3), 1.257-1.359 (br m, 30H, 

(CH2)15), 1.744 (m, 2H, CH2CH2N
+
(CH2)2(CH3)), 3.175-3.879 (m, 9H, 

(CH2)2N
+
(CH2)(CH3)). Elemental analysis: Calculated C: 64.59; H: 11.36; N: 3.59; Found 

C: 64.53; H: 11.29; N: 3.44. 

 

5: 
1
H NMR (400 MHz, CDCl3, ): 0.896 (t, 3H, terminal CH3), 1.212-1.364 (br m, 30H, 

(CH2)15), 1.764 (m, 2H, CH2CH2N
+
(CH2)2(CH3)), 3.170-4.109 (m, 9H, 

(CH2)2N
+
(CH2)(CH3)). Elemental analysis: Calculated C: 64.59; H: 11.36; N: 3.59; Found 

C: 64.39; H: 11.16; N: 3.49. 

 

6: 
1
H NMR (400 MHz, CDCl3, ): 0.880 (t, 3H, terminal CH3), 1.192-1.358 (br m, 30H, 

(CH2)15), 1.748 (m, 2H, CH2CH2N
+
(CH2)2(CH3)), 3.179-4.012 (m, 9H, 

(CH2)2N
+
(CH2)(CH3)). Elemental analysis: Calculated C: 64.59; H: 11.36; N: 3.59; Found 

C: 64.48; H: 11.19; N: 3.49. 
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2A.4.3 Solubility of N-alkyl N-methyl PEIs  

A small portion (10 mg) of all the PEI derivatives were added in 1 ml of various organic 

solvents (chloroform, dichloromethane, methanol, ethanol, n-butanol, N,N-

dimthylformamide, dimethyl sulfoxide, tetrahydrofuran) and vortexed for about 10-15 min 

and observed visually to check the solubility. The solubility limit was also determined 

visually after vortexing for 10-15 min of different amounts (10, 20, 50, and 100 mg) of the 

PEIs derivatives in 1 ml of solvent. However, to test water solubility, 10 mg of the PEIs 

derivatives in 1 ml of water was vortexed for 10-15 min and kept for 12 h. The aqueous part 

was decanted and subjected to freeze drying. 
1
HNMR spectra were recorded with the freeze 

dried sample in CDCl3.  

 

2A.4.4 Preparation of the film  

PEI derivatives were first dissolved/suspended in n-butanol (50 mg/ml) and the solutions 

were serially diluted (2-fold serial dilution). Solutions of different concentrations (20 l) 

were added into wells of a 96-well plate. The solution was first air-dried and finally dried in 

vacuum oven at 50° C to prepare a film onto the flat-bottom surface of wells of 96-well plate. 

Each concentration was applied in triplicate for all the polymers for antimicrobial activity 

studies. In order to make films on surfaces such as microscopic glass slide as microbicidal 

coating, solution of PEI derivatives (in CHCl3, 350 l) were coated using a spin coater. 

Antimicrobial coating of these derivatives were prepared along with the medically relevant 

polymers such polylactic acid (PLA) using spin coater from the solutions (350 l) of PEI 

derivatives (of different concentrations) and PLA (10 mg/mL) in chloroform. In order to 

prepare microbicidal paint, different amount of PEI derivatives were brush coated along with 

the commercial paint solution (100 mg/mL and 50 mg/mL of PEI derivatives 1c and 6 

respectively in paint solution). 

 

2A.4.5 Antibacterial activity 

2A.4.5.1 Determination of antibacterial activity by spray method (air-borne bacteria) 

Bacteria were grown for 6 h in suitable nutrient media at 37 °C under constant shaking. The 6 

h grown bacteria (1 mL) was centrifuged down at a speed of 12000 rpm for 1 min. The 

bacterial pellet was then washed twice with 1X PBS (pH-7.4). Final concentration of the 

bacterial solution was then adjusted to 10
7 

CFU/mL for S. aureus and 10
6 

CFU/mL for E. coli 

and the volume was made to 10 mL. The bacterial solution was then sprayed onto the 
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polymers coated glass slides (2.5 cm  5.5 cm) at a spray rate of approximately 10 mL/min. 

The sprayed slides were then carefully transferred into a petridish and dried in air for about 2 

min. A slab of nutrient agar was then placed onto the glass slide and the pertidish was sealed 

and kept at 37 °C till visible colonies developed.
41

 The coated and non-coated slides were 

imaged using a Cell Biosciences Gel Documentation instrument. Images were captured under 

white light and processed using Alpha-imager software. A similar experiment was performed 

with (PLA/Paint + 1c) and (PLA/Paint + 6) coated glass slides, i.e., the glass slides were 

coated with the polymers 1c and 6 along with the PLA and paint individually and 

antibacterial efficacy of the coated slides were evaluated similarly. 

 

2A.4.5.2 Determination of antibacterial activity (water-borne bacteria)  

To determine the antibacterial activity of the polymers, 200 L of 10
5
 CFU/mL of bacteria 

were added to the polymers coated wells of 96-well plate following the coating procedure as 

described above. Two controls were made: in one control no solvent was added to the wells 

(blank wells) containing equal volume of bacteria (10
5
 CFU/mL) and the other one where 

initially coating solvent was added and then dried. The plates were then were incubated at 

37°C for 24 h. The visual turbidity was recorded before and after incubation to determine the 

minimum inhibitory amount, MIA (g/mm
2
 present in the well).  

 

2A.4.5.3 Antibacterial kinetics 

96-Well plate was coated with the polymers 1c and 6 at two different concentrations: MIA 

and 6  MIA for both S. aureus and E. coli respectively following the coating procedure as 

described above. Bacterial suspension (200 L) containing approximately 4.9  10
5
 CFU/mL 

S. aureus in nutrient broth and 5.1  10
5 

CFU/mL E. coli in Luria-Bertani (LB) broth were 

added, and the plates were incubated at 37 °C under constant shaking. The initial time of 

addition of the bacteria to the wells was taken as zero, and 10 L aliquots were withdrawn 

from each of the wells at definite time intervals. These aliquots were then added to 90 L of 

0.9% saline. These solutions were further diluted by a factor of 2, and 20 L of the final 

solutions was plated on nutrient or LB agar plates immediately. The plates were incubated at 

37 °C for 24 h, and bacterial colonies were counted. A plot of colony forming unit (CFU) in 

logarithmic scale versus time (Log10 CFU/mL vs min) was then plotted to determine the 

bactericidal kinetics. 
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2A.4.5.4 Antibacterial activity in mammalian systems  

Blood (sodium heparin as anticoagulant) was donated by a healthy human donor. Plasma was 

isolated by centrifugation of the blood at 3500 rpm for 5 min. Serum was obtained by using 

SST
TM

 II Advance tube (BD vacutainer) (Ref 367956) containing human blood and then 

centrifuging at 3500 rpm for 5 min. Methicillin resistant S. aureus (MRSA) was grown at 

nutrient media for 6 h ( 10
9
 CFU/mL). Finally, MRSA was diluted in minimum essential 

medium (MEM) and mixed with all three mammalian systems individually to obtain 10
5 

CFU/mL in 50% serum, 50% plasma, and 10% blood. 200 L of 50% serum, 50% plasma, 

and 10% blood containing 10
5
 CFU/mL of MRSA were added to the wells of 96-well plate 

coated with the polymers (1c and 6). Likewise the MIA experiment, two controls were made: 

in one control no solvent was added to the wells (blank wells) and the other one is solvent-

dried well. The plates were then placed in an incubator at 37 ˚C for 24 h. After incubation, 

aliquots from the each well (20 L) were plated on nutrient agar plates. The plates were then 

incubated at 37 °C for 24 h, and colonies were observed. 

 

2A.4.6 Mechanism of antibacterial action 

2A.4.6.1 Cytoplasmic membrane depolarization assay  

The 96-well plates were coated following the similar coating procedure as mentioned 

previously to give polymer concentration of 1.56 g/mm
2
 for S. aureus and 15.6 g/mm

2
 for 

E. coli. Midlog phase bacterial cells (S. aureus and E. coli) were harvested, washed with 5 

mM HEPES and 5 mM glucose and resuspended in 5 mM glucose, 5 mM HEPES buffer and 

100 mM KCl solution in 1:1:1 ratio (10
8
 CFU/mL).

42
 Measurements were made in black 96-

well plate containing 200 µL of bacterial suspension and 2 µM diSC3(5) (3,3′-

dipropylthiadicarbocyanine iodide). The fluorescence of the dye was allowed to quench for 

20 min for S. aureus and 40 min for E. coli and 0.2 mM EDTA was used in case of E. coli to 

allow dye uptake through the outer membrane. Bacterial suspension was then placed in 

polymer coated 96-well plate (black plate, clear bottom with lid) and fluorescence intensity 

was measured at every 2 minutes interval for 25 min at excitation wavelength of 622 nm (slit 

width: 10 nm) and emission wavelength of 670 nm (slit width: 20 nm).   

 

2A.4.6.2 Fluorescence microscopy  

Bacterial suspension (200 L, 10
9
 CFU/mL and 10

8
 CFU/mL for S. aureus and E. coli 

respectively) were added to the well of 96 well plate coated with polymer 6 (at 6  MIA). A 
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control was made similarly in non-coated wells. The 96-well plate was placed in incubator at 

37 °C under constant shaking for 4 h. After the incubation, the bacterial suspension was 

harvested and washed with PBS twice and finally resuspended in 100 µL PBS.  Then, 10 µL 

of the bacterial suspension was combined with 20 µL of a fluorescent probe mixture 

containing 3.0 µM green fluorescent nucleic acid stain SYTO 9 (Invitrogen, USA) and 15.0 

µM red fluorescent nucleic acid stain propidium iodide (PI) (Sigma Aldrich ,USA) (1:1 v/v).  

The mixture was incubated in dark for 15 min and a 5 µL aliquot was placed on a glass slide, 

which was then covered by a cover slip, sealed and examined under fluorescence microscope. 

Excitation was done for SYTO 9 at 488 nm and at 543 nm for PI respectively. Emission was 

collected using a band pass filter for SYTO 9 at 500-550 nm and a long pass filter for PI at 

590-800 nm. In all cases, a ×100 objective was used with immersion oil, giving a total 

magnification of ×1000. Images were captured with a Leica DM 2500 fluorescence 

microscope. 

 

2A.4.6.3 Scanning electron microscopy  

Bacterial suspension (200 µL, 10
8
 CFU/mL for both S. aureus and E. coli respectively) in 

suitable nutrient media were added to the wells of 96-well plate coated with polymer 6 (6  

MIA). Bacteria were incubated at 37°C for 2 h. After incubation, the bacterial suspension 

from the wells was transferred to 1 mL eppendrof tube and centrifuged. The bacterial pellet 

was resuspended in 30% ethanol and subsequently dehydrated with 50%, 70%, 90%, and 

100% ethanol. Finally, the bacteria were resuspended in 70% ethanol and 5 L of the 

bacterial suspension in ethanol was drop casted onto silicon wafer and dried. The samples 

were sputter coated with gold prior to imaging using Quanta 3D FEG, FEI field emission 

scanning electron microscopy. 

 

2A.4.7 Antifungal activity 

2A.4.7.1 Minimum inhibitory amount (MIA)  

The yeast cultures were grown overnight in 5 mL YPD (1% Yeast extract, 2% Peptone and 

2% Dextrose). The growth was measured by optical density (OD600) and cells were diluted in 

fresh media to get a concentration of 10
5
 cells/mL. After the dilution, 200 L of the fungal 

cell suspension (equal to 2 x 10
4
 cells) was added into the polymers coated wells of 96-well 

plate. The plates were incubated at 30 °C for 20 hours with shaking (180 rpm) to allow 

sufficient growth of the fungal cells. The growth of the fungi was measured at OD600 using 



70 
 

YPD wells as blank. The OD600 values were analyzed by calculating mean and standard 

deviation and further plotting the graph. The amount present in the well (g/mm
2
) where the 

OD of the test well matched with that of blank well was taken as MIA. To account for the 

optical density contributed by the polymer coating on the wells, only media (200 L) was 

added in the coated wells and used as blank for the respective concentrations.  

 

2A.4.7.2 Minimum fungicidal amount (MFA)  

To discriminate between the fungistatic and fungicidal effect of the polymers, aliquots from 

the wells that appeared to have less or no turbidity were plated on agar plates. For this, 3 L 

of the culture from each well was taken after the MIA experiment, and spotted on to the YPD 

agar plate. The YPD plates were then incubated for 24 hours at 30 °C to allow the growth of 

the live cells. The amount of the polymers present in the well (g/mm
2
) for which no colony 

was observed on agar plate was taken as the minimum fungicidal amount (MFA) for each 

fungus. 

 

2A.4.7.3 Kinetics of antifungal activity  

To determine the rate of fungal killing by the polymers coated surfaces, a time course 

experiment was performed and the antifungal activity of the most active polymers from 

branched and linear groups (1c and 6) was determined. For this, the cells were grown and 

added (10
5
 cells/mL) into the polymers coated wells of 96 well plate coated at two different 

concentrations (MIA and 8  MIA) as described above. At every 2 hours interval, 3 L of 

cells were spotted on YPD plate starting at 0 hour till 12 hours. The plates were then 

incubated at 30 °C for next 24 hours and growth was assayed to determine the time required 

to kill the fungus. 

 

2A.4.8 Mechanism of antifungal action  

In order to have insights into the mechanism of antifungal activity by the polymer coatings, a 

fluorescence based LIVE/DEAD assay was performed. C. dubliniensis cells were grown as 

described previously in polymers coated 96-well plates for 12 hours at different 

concentrations of a branched polymer 1c and a linear polymer 6 (MIA or 8  MIA). The cells 

were then collected from all wells and pelleted. Following, the cells were washed with 1 mL 

of autoclaved water and finally resuspended in 100 µL of Milli-Q water. The live and dead 

cells were stained by adding 1 L of propidium iodide (PI) and 1 L of SYTO 9 (3.0 µM 
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SYTO 9 and 15.0 µM PI). The mixture was then kept for incubation at room temperature for 

30 minutes in dark. The cells were then observed under microscope for the fluorescence 

signal. Bright field imaging was done for DIC images, SYTO 9 fluorescence was monitored 

using the green emission filter and PI fluorescence was determined in the red emission filter. 

The images were captured in Olympus microscope (Model BX51) using Olympus DP71 

camera. The images were further processed using Image Pro-Plus software, Image J and 

Adobe Photoshop. 

 

2A.4.9 Resistance development study  

MIA values of polymers (1c and 6) were determined against both S. aureus and E. coli 

following procedure as described previously. After the initial MIA experiment, serial 

passaging was initiated by harvesting bacterial cells grown at the sub-MIA of the polymers 

(at MIA/2) and was subjected to another MIA assay. After 24 h incubation period, cells 

grown in the sub-MIA of the polymers (at [MIA]/2) from the previous passage were once 

again harvested and assayed for the MIA.
43

 The process was repeated for 20 passages. 

Norfloxacin and colistin were chosen for S. aureus and for E. coli respectively as the 

controls. In case of norfloxacin and colistin, the initial MIC values were also determined 

against respective bacteria and the process was repeated for 20 passages following similar 

procedure as above. The fold increase in MIA/MIC values of the polymers and the controls 

was plotted against the number of passages. 

 

2A.4.10 Hemolytic assay  

Human red blood cells (hRBC) were isolated from freshly drawn, heparinized human blood 

and resuspended to 5 vol% in phosphate buffered saline (PBS) (pH 7.4). Then, 200 μL of 

hRBC suspension (5 vol% in PBS) was added to the wells of 96-well plate coated with 

polymers. Two controls were made, one non-coated well dried after using only solvent and 

another non-coated well with the solution of Triton X-100 (1 vol %). The plates were then 

incubated for 1 h at 37°C and were then centrifuged at 3500 rpm for 5 min. Following 

centrifugation, 100 μL of the supernatant from each well was transferred to a fresh 96-well 

plate, and absorbance at 540 nm was measured. Percentage of hemolysis was determined as 

(A - A0)/(Atotal -A0)  100, where A is the absorbance of the test well (wells coated with 

polymers), A0 the absorbance of the wells with negative controls (wells without any polymer 
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coating), and Atotal the absorbance of the well with 100% hemolysis (wells with Triton X-100, 

1 vol%), all at 540 nm. 

 

2A.4.11 Leaching test 

2A.4.11.1 Leaching test 1 (Zone of inhibition)  

Whatman filter paper (Whatman, cat. no. 1440125) was cut into a circular pieces (0.5 cm 

diameter) and each piece was dipped into the solutions of the polymers in chloroform (10 

mg/mL for S. aureus and 100 mg/mL for E. coli) to coat the paper. Bacteria (S. aureus and E. 

coli, 10
9
 CFU/mL) were spread onto the agar plate by spread plate method using sterile non-

toxic cotton swab and allowed to dry for 2-3 min. The coated filter papers were then placed 

on the agar plates and incubated at 37 °C for 24 h. After incubation, the zone of inhibition 

was examined to determine the leaching nature of the coating (not-suitable for permanent 

non-covalent coating). A non-coated filter paper (dipped into only chloroform) was used as 

control experiment. 

 

2A.4.11.2 Leaching test 2  

In order to prove further that the coated polymers kill bacteria on contact and not by leaching, 

the following experiment was also performed by taking the two most active polymers (1c and 

6). 1c and 6-coated glass slides not sprayed with a bacterial suspension were overlaid with the 

growth agar gel slabs, placed in a Petri dish, sealed, and incubated at 37 °C for 18 h. 

Consequently, the polymers coated onto glass slides were allowed to leach into the gel slabs. 

Then the bacterial (S. aureus) suspension was sprayed onto non-coated glass slides, followed 

by overlaying with the agar gel slabs that had been previously exposed to the 1c- and 6-

coated slides and a subsequent incubation at 37 °C for 24 h. A similar experiment was 

performed with a non-coated glass slide sprayed with a bacterial suspension where a fresh 

agar gel slab was placed onto it (as control). The amount of the polymers 1c and 6 used for 

coating was 0.4 and 0.2 g/mm
2
 respectively.  

 

2A.4.12 Thermogravimetric analysis  

Thermogravimetric analyses were performed on a TGA 850C Mettler, Toledo 

thermogravimetric analyzer. Samples (5-10 mg) of the PEI derivatives were used for each 

experiment. The measurement was done from 30 to 500 °C at a constant heating rate HR of 

10 °C/min under nitrogen atmosphere (40 mL/min). 
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Chapter 2B 
 

 

 

Charge-Switchable Polyethylenimine-

based Antimicrobial Paint with 

Hydrolysable Amide or Ester Groups in 

Side Chains of Polymers  
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Abstract 

Chapter 2B describes development of a charge-switchable antimicrobial coating for 

biomedical devices or implants based on water-insoluble and organo-soluble cationic 

polyethylenimine derivatives that contain degradable amide or ester groups in the side alkyl 

chain. The side-chain degradable polymers were synthesized from polyethylenimine (PEI) via 

Eschweiler-Clarke methylation followed by quaterisation with amide/ester containing alkyl 

bromides. The polymers, coated non-covalently onto surfaces from their organic solution, 

were shown to inactivate both bacteria and fungi upon contact (5-log reduction). Also, 

polymer coated surfaces were shown to effectively inhibit microbial (bacterial and fungal) 

biofilm formation. Importantly, these polymers were hydrolyzed in the presence of acid and 

enzymes which led to switching charge from active and non-toxic cationic polymers to 

inactive and highly biocompatible zwitterionic polymers. Partly zwitterionic polymers, 

products of partially hydrolyzed cationic polymers, were shown to have improved 

biocompatibility with relatively lesser changes in their antibacterial activity compared to the 

respective cationic polymers. Notably, fully hydrolyzed zwitterionic polymer   showed 

remarkable biocompatibility towards mammalian cells (the minimum inhibitory 

concentration (MIC) and 50% hemolytic concentration (HC50) of cationic polymers were 39-

625 and 5000 g/mL, the corresponding zwitterionic polymers showed MIC and HC50 of 

10000 and 40000 g/mL respectively). Further, the fully zwitterionic polymer was shown 

to be completely non-lethal upon intra-peritonea (i.p.) administration in mice (LD50175 

mg/kg). Moreover when tested, cationic polymer-coated catheter showed 99.99% 

methicillin-resistant S. aureus (MRSA) reduction and inhibited biofilm formation in a mice 

model of subcutaneous infection. Current antimicrobial coatings to prevent microbial 

colonization on medical devices and implants are mostly based on non-degradable polymers 

which often lack biocompatibility and can lead to unpredictable toxicity. Thus the side chain 

degradable antimicrobial polymers might hold promise as safe and effective antimicrobial 

coatings to prevent implant-associated infections.  

 

 

Publication based on this work 

1. Hoque, J. et al.  Charge switchable polymeric coatings: tuning antimicrobial and cytotoxic activities of side 

chain degradable polyethylenimine derivatives. Manuscript submitted. 
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2B.1 Introduction 

Usage of medical devices and implants such as catheters, contact lenses, cardiac pacemakers, 

hip implants, etc. to restore the function of damaged or diseased organ tissue involves 

challenges, in particular, implant-associated infections resulting from the microbial 

contamination and subsequent formation of biofilms.
1,2

 Coating of the device surfaces with 

an antimicrobial agent has been shown to be a promising approach to thwart the microbial 

infections.
3,4

 However, antimicrobial coatings developed by impregnating biocides such as 

antibiotics, metal nanoparticles, etc. often suffer from unwanted release of the biocides, 

cumulative toxicity and higher propensity of microbial resistance development.
5,6

 On the 

other hand, antimicrobial coatings developed by immobilizing antibacterial agents (e.g., 

antimicrobial polymers) are generally non-degradable and toxic.
7,8

 The long-term exposure of 

non-degradable coatings might results in unpredictable cytotoxicity and hinders implant-

tissue integration for many indwelling devices applications. Moreover, for combating 

infections effectively the coatings are simultaneously required to inactivate microbes and 

inhibit biofilm formation.
9,10

 To be suitable for biomedical applications, an antimicrobial 

coating should kill microbes and prevent their colonization on medical devices or implants 

for required period of time and, where applicable, then transformed into an inactive non-toxic 

form.  

Chapter 2B herein deals with the design and development of a charge-switchable 

antimicrobial coating based on water-insoluble and organo-soluble cationic polyethylenimine 

derivatives bearing hydrolysable amide or ester groups in the side alkyl chain, which upon 

hydrolysis in presence of acid or enzymes, transforms into highly non-toxic zwitterionic 

polymers. Antibacterial coatings that switch charge from cationic to zwitterionic have been 

developed where the modified surfaces were shown to be efficacious in killing and/or 

removing bacteria.
11,12

 However, the immobilization of charge-switchable moiety involves 

highly costly and practically challenging covalent modification and subsequent 

polymerization of the moiety onto surface.
13

 It is therefore highly desirable to develop cost-

effective antimicrobial coatings that can be applied directly non-covalently onto surfaces 

where the coatings should prevent microbial colonization without causing substantial toxicity 

towards mammalian cells and gradually hydrolyses from an active cationic form to a non-

toxic zwitterionic form.  
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Figure 2B.1: Structures of amide or ester containing side-chain degradable antimicrobial 

polymers and various partially or completely hydrolyzed products. 

 

In chapter 2A, polyethylenimines based water-insoluble and organo-soluble cationic 

polymers bearing octadecyl chains have been developed and were used as effective 

antimicrobial coatings. However, these polymers are non-degradable in nature and are mainly 

suitable for hospital walls, floors, operating equipments, etc. as permanent antimicrobial 

coatings. Introduction of cleavable groups such as amide or ester (known to hydrolyze in the 

presence of acids and enzymes such amidases or esterases
14,15

) between the positive charge 

and hydrophobic alkyl chain of cationic PEI polymers can provide side-chain degradable 

polymers. These polymers, upon hydrolysis via the cleavable groups can lead to the 

formation of zwitterionic polymers which are generally highly biocompatible. In this chapter 

quaternary polyethylenimines derivatives bearing cleavable amide or ester groups in the side 

hexadecyl chains were therefore developed and have been successfully used as charge-

switchable antimicrobial coatings (Figure 2B.1). The length of side chains of these polymers 
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was much closer to the octadecyl chain (a hexadecyl chain along with the amide or ester 

group) which allowed synthesizing water-insoluble and organo-soluble yet antimicrobial 

polymers with cleavable groups. 

 

The polymers when coated onto surfaces were shown to be effective in killing both 

bacteria and fungi. Further, the surfaces were also shown to be efficacious in inhibiting 

formation of both bacterial and fungal biofilm. Interestingly, they were shown to gradually 

degrade in the presence of acid and enzymes. Moreover, polymers with amide and ester 

groups were shown to hydrolyze at different rates which allowed tuning the rate of 

degradation of side-chain degradable polymers. Further, partly zwitterionic polymers (Figure 

2B.1), products of partial hydrolysis, were shown to be active towards microbes and non-

toxic towards mammalian cells. Importantly, fully zwitterionic polymers (Figure 2B.1), 

product of complete hydrolysis of PEI derivatives, were shown to be exceptionally non-toxic 

towards mammalian cells both in-vitro and in-vivo. Notably, medical grade catheters when 

coated with these polymers were shown to reduce methicillin-resistant Staphylococcus aureus 

(MRSA) burden by >99.99% and inhibit formation of biofilm in animal model. 

 

2B.2 Results and discussion 

2B.2.1 Synthesis of polymers 

2B.2.1.1 Synthesis of cationic PEI derivatives  

The side-chain degradable polymers were synthesized by quaternizing N-methyl PEI with N-

hexadecyl-2-bromoethanamide or N-hexadecyl-2-bromoethanoate. N-Hexadecyl-2-

bromoethanamide and N-hexadecyl-2-bromoethanoate were obtained by reacting 1-

aminohexadecane and 1-hexadecanol with bromoacetyl bromide in the presence of aqueous 

K2CO3 (Scheme 2B.1).  

 

 

Scheme 2B.1: Synthesis of N-hexadecyl-2-bromoethanamide and N-hexadecyl-2-

bromoethanoate. 

 



84 
 

The reaction was carried out at 5 ˚C for 30 min (initial addition time of highly reactive 

bromoacetyl bromide) and then at room temperature for about 4 h to give quantitative yield. 

N-Methyl PEIs of different molecular weights were obtained via Eschweiler-Clarke 

methylation of both branched and linear PEIs (750, 25 and 2 kDa branched PEIs and 217, 87 

and 22 kDa linear PEIs) following the same protocol as described in the Section 2A.4.2 in 

Chapter 2A. Finally, all the tertiary amine groups of both branched and linear N-methyl PEIs 

were quaternized with N-hexadecyl-2-bromoethanamide or N-hexadecyl-2-bromoethanoate 

which yielded water-insoluble and organo-soluble quaternary polymers with amide or ester 

groups in the side alkyl chain (Scheme 2B.2 and 3). Thus a total of twelve polymers (1a-1c, 

2a-2c, 3a-3c and 4a-4c) were synthesized.    

 

Scheme 2B.2: Synthesis of side-chain degradable cationic branched PEI derivatives.  

 

Polymers 1a-1c were obtained from branched PEIs of 750, 25 and 2 kDa and 

contained amide bearing hexadecyl chain; polymers 2a-2c were obtained from branched PEIs 

of 750, 25 and 2 kDa and contained ester bearing hexadecyl chain; polymers 3a-3c were 

obtained from linear PEIs of 217, 87 and 22 kDa and contained amide bearing hexadecyl 

chain whereas polymers 4a-4c were obtained from linear PEIs of 217, 87 and 22 kDa and 

contained ester bearing hexadecyl chain respectively. Introduction of amide and ester 

functionality was confirmed from FT-IR as the spectra showed the presence of amide and 

ester groups in the cationic PEI derivatives (at 1680 cm
1

 and 1555 cm
1

 corresponding to 

amide I and amide II stretching frequencies for 1a-1c and 3a-3c, and at 1739 cm
1

 

corresponding to ester carbonyl stretching frequency for 2a-2c and 4a-4c respectively). 

However, the complete quaternization of the tertiary amine groups of N-methyl PEIs was 

confirmed via 
1
H-NMR as the spectra revealed the complete disappearance of the tertiary 

methyl and methylene protons at 2.2-2.5 ppm and showed the presence of quaternary methyl 

and methylene protons at 3.2-4.7 ppm. Since the goal was to develop of water-insoluble and 
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organo-soluble antimicrobial polymers which can be easily be coated onto surfaces non-

covalently, the solubility of all the polymers was checked in water as well as in various 

organic solvents. Notably, all other polymers were found to be insoluble in water. On the 

other hand, the polymers were soluble in chloroform, dichloromethane, n-butanol, dimethyl 

sulfoxide (DMSO), etc. However, it should be mentioned that the branched polymers were 

found to be more soluble in organic solvents than the linear polymers. The polycations were 

soluble in chloroform up to the highest tested concentration 200 mg/mL.  

 

 

Scheme 2B.3: Synthesis of side-chain degradable cationic linear PEI derivatives.  

 

2B.2.1.2 Synthesis of zwitterionic PEI derivatives 

The gradual hydrolysis of the quaternary PEI derivatives would yield partially zwitterionic 

polymers and complete hydrolysis will lead to the formation of fully zwitterionic polymers. 

In order to understand the effect of hydrolysis on the biological activity profile, various 

partially (22%, 48%, 78%) and fully zwitterionic polymers were synthesized. Synthesis of 

partially zwitterionic polymers (5a-5c) were performed by introducing an easily removable 

tert-butyl ester group into the N-methyl PEI (PEI of 22 kDa) by reacting it with tert-butyl 

bromoacetate with 22%, 48% and 78% degrees of quaternization (Scheme 2B.4). 
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Introduction of ester group was confirmed from FT-IR as the spectra showed the presence of 

ester groups at 1739 cm
1

 corresponding to ester carbonyl stretching frequency in all the 

cationic PEI derivatives containing tert-butyl bromoacetate (5a-5c). The degree of 

quaternization was calculated by 
1
H-NMR from the ratio of tert-butyl moiety (1.519 ppm) to 

the quaternized (3.4-3.6 ppm) and non-quaternized methylene moiety (2.3-2.5 ppm). 

 

 

Scheme 2B.4: Synthesis of partially zwitterionic PEI derivatives. 

 

Then the remaining tertiary amine groups of 5a-5c were completely quaternized with N-

hexadecyl-2-bromoethanamide to obtain 5a-5c (Scheme 2B.4). The polymers were 

characterized by FT-IR and 
1
H-NMR spectroscopy. FT-IR spectra showed the presence of 

amide and ester groups in at 1739 cm
1

, 1680 cm
1

 and 1555 cm
1

 corresponding to ester 

carbonyl, amide carbonyl, and amide NH stretching frequencies respectively. The complete 

quaternization of the remaining tertiary amine groups of 5a-5c was confirmed via 
1
H-NMR 

as the spectra showed disappearance of the tertiary methyl and methylene protons (at 2.2-2.5 

ppm). Finally, tert-butyl ester groups were fully hydrolyzed in the presence of trifluoroacetic 
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acid and protons of carboxylic acid groups were exchanged with an ion exchange resin to 

obtain the partially zwitterionic PEI derivatives (5a-5c). IR spectra of 5a-5c showed a new 

peak at 1640 cm
1 

corresponding to the stretching frequency of carbonyl group of carboxylate 

moiety in addition to the amide groups (no peak was observed at 1739 cm
1

 which further 

confirmed the removal of tert-butyl group).   

Synthesis of fully zwitterionic PEI derivative (5d) was performed following the same 

method. In this case, N-methyl PEI (PEI of 22 kDa) was fully quaternized with only tert-

butyl bromoacetate to obtain polymer 5d (Scheme 2B.5). Finally, all the ester groups were 

completely hydrolyzed by trifluoroacetic acid and then subsequently treated with a hydroxyl 

ion exchange resin as before to obtain the fully zwitterionic polymer (5d). The polymer 

showed peak at 1640 cm
1 

corresponding to the stretching frequency of carbonyl group of 

carboxylate moiety (no peak corresponding to the stretching frequency of carbonyl group of 

ester at 1739 cm
1

 was observed). Notably, zwitterionic polymers (both partially and fully 

zwitterionic) were found to be soluble in water. While the polymers with low zwitterionic 

moiety (22%) were less soluble, all other zwitterionic polymers were found to be highly 

soluble in water. The above facts thus indicated that the amide or ester containing cationic 

PEI derivatives will slowly be removed from the coated surface upon hydrolysis.        

 

Scheme 2B.4: Synthesis of fully zwitterionic PEI derivatives. 

 

2B.2.2 Antibacterial activity 

2B.2.2.1 Activity by spray method 

To evaluate the ability of the side-chain degradable PEI derivatives as antibacterial paint, 

glass slides were coated from organic solutions of the polymers (in chloroform) by brush 

coating/drop-casting/spin coating. Bacteria were then sprayed onto the polymer coated as 

well as non-coated glass surfaces as described in the previous chapter. While numerous 

colonies of bacteria were observed on the non-coated glass surfaces, no colony (5-log 

reductions with respect to control) was observed on polymer-coated surfaces (Figure 2A.2). 
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As observed in the case of non-degradable quaternary PEI derivatives (section 2A.2.2 in 

Chapter 2A), linear polymers (with both amide and ester groups) were more active than the 

branched polymers. Further, ester containing polymers were found to be more active than the 

amide bearing polymers against both S. aureus and E. coli. For example, polymer 3c 

(obtained from PEI of 22 kDa and contains amide bearing hexadecyl chain) coated surface 

showed 100% activity at 0.4 g/mm
2 

against S. aureus and at 6.25 g/mm
2
 against E. coli 

whereas polymer 4c showed 100% activity at 0.2 g/mm
2
 against S. aureus and 3.12 g/mm

2
 

against E. coli respectively. The above results thus suggested that these polymers could 

potentially be used as antibacterial coatings on various surfaces.  

 

 

Figure 2B.2: Antibacterial activity of polymer coated glass surface. Photographs of 

microscopic glass slides: (A) and (D) non-coated glass slides (controls); (B) and (E) slides 

coated with 3c (0.4 g/mm
2 

and 6.25 g/mm
2
); (C) and (F) slides coated with 4c (0.2 g/mm

2 

and 3.12 g/mm
2
); (G) and (J) slides coated with PLA (2.55 g/mm

2
); (H) and (K) slides 

coated with 3c along  with PLA (0.4 g/mm
2
 + 2.55 g/mm

2
 PLA and 6.25 g/mm

2
 + 2.55 

g/mm
2
 PLA); (I) and (L) slides coated with 4c along with PLA (0.2 g/mm

2
 + 2.55 g/mm

2
 

PLA and 3.12 g/mm
2
 + 2.55 g/mm

2
 PLA). Slides A-C and G-I for S. aureus and slides D-F 

and J-L for E. coli respectively. Each white dot corresponds to a bacterial colony grown from 

a single surviving bacterial cell. 

 

Antibacterial activity of the polymers was also evaluated along with a medically 

relevant polymer PLA, and the coated glass surfaces were similarly assayed for by spraying 

bacteria. Notably, both the polymers retained their activity even after coating along with 

PLA. For example, surfaces coated with 3c along with PLA (2.55 g/mm
2
) exhibited 100% 

activity at 0.4 g/mm
2
 against S. aureus and 6.25 g/mm

2
 against E. coli whereas surfaces 

coated with 4c along with PLA (2.55 g/mm
2
) exhibited 100% activity at 0.2 g/mm

2
 against 
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S. aureus and at 3.12 g/mm
2
 against E. coli respectively (Figure 2B.2G-L). The above 

results therefore indicated that these polymers could potentially be used to develop self-

defensive biomaterials. 

 

2B.2.2.2 Activity against water-borne bacteria (Minimum inhibitory amount) 

The antibacterial activity of the quaternary PEI derivatives was evaluated against both Gram-

positive and Gram-negative bacteria using bacterial suspension.
16

 First the polymers were 

coated into the wells of a 96-well plate and then bacterial suspensions (10
5
 CFU/mL, 200 

L) in suitable media were added to the polymer-coated wells and incubated for 24 h at 37 

˚C. Antibacterial activity of all the polymers was represented as minimum inhibitory amount 

(MIA, g/mm
2
).  

  

Table 2B.1: Antibacterial activity of cationic PEI derivatives 

 

Polymer 

MIA (µg/mm
2
)  

HA50 

(µg/mm
2
) 

Drug-sensitive bacteria Drug-resistant bacteria 
S. aureus E. coli P. aeruginosa MRSA VRE K. 

pneumoniae 

1a 0.48 31.2 >31.2 0.48 0.48 >31.2 >31.2 

1b 0.98 31.2 >31.2 0.48 0.48 >31.2 >31.2 

1c 0.98 31.2 >31.2 0.48 0.48 >31.2 >31.2 

2a 0.48 3.9 7.8 0.48 0.24 31.2 >31.2 

2b 0.24 3.9 15.6 0.48 0.24 15.6 >31.2 

2c 0.24 3.9 15.6 0.48 0.24 15.6 >31.2 

3a 0.24 7.8 15.6 0.48 0.24 15.6 >31.2 

3b 0.24 7.8 15.6 0.48 0.24 15.6 >31.2 

3c 0.24 7.8 15.6 0.48 0.24 31.2 >31.2 

4a 0.24 3.9 15.6 0.24 0.24 15.6 >31.2 

4b 0.24 3.9 15.6 0.24 0.24 15.6 >31.2 

4c 0.24 3.9 7.8 0.24 0.24 7.8 >31.2 

MRSA = Methicillin-resistant S. aureus (ATCC 33591); VRE = vancomycin-resistant 

Enterococcus faecium (ATCC 51559); K. pneumoniae = beta lactam-resistant K. pneumoniae 

(ATCC 700603); HA50
 
= amount of the polymer (g/mm

2
) coated in well at which 50% 

hemolysis occurs 

 

All the polymers were found to inhibit the growth of both S. aureus and E. coli as observed 

by visual turbidity. For example, MIA values of 1a-1c, 2a-2c, 3a-3c and 4a-4c were 0.48-

0.98 g/mm
2
, 0.24-0.48 g/mm

2
, 0.24 g/mm

2
 and 0.24 g/mm

2
 against S. aureus and 31.2 

g/mm
2
, 3.9 g/mm

2
, 7.8 g/mm

2
 and 3.9 g/mm

2
 against E. coli respectively. Like the 

spray method, linear polymers were found to be slightly more active than the branched 

polymers (Table 2B.1). In summary, polymers 3c and 4c (obtained from PEI of 22 kDa and 
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contains amide and ester bearing hexadecyl chain respectively) were found to be the most 

active polymers. The MIA values of 3c and 4c were 0.24 g/mm
2
 each against S. aureus and 

7.8 g/mm
2
 and 3.9 g/mm

2
 against E. coli respectively (Table 2B.1). The polymers also 

found to be active against difficult-to-treat Gram-negative bacterium P. aeruginosa. MIA 

values of 3c and 4c were 15.6 g/mm
2
 and 7.8 g/mm

2
 against P. aeruginosa (Table 2B.1). 

When tested against drug-resistant bacteria, these polymers were found to inhibit the growth 

of methicilin-resistant S. aureus (MRSA), vancomycin-resistant E. faecium (VRE) and beta-

lactam-resistant Klebsiela pneumoniae respectively. The MIA values of polymers 3c and 4c 

were 0.48 g/mm
2
 and 0.24 g/mm

2 
against MRSA, 0.24 g/mm

2
 each against VRE and 31.2 

g/mm
2
 and 7.8 g/mm

2
 against Klebsiela pneumonaie respectively (Table 2B.1). 

 

2B.2.2.3 Bactericidal kinetics 

To establish how fast these polymers kill bacteria upon contact and also to understand the 

effect of isosteric substitution (amide and ester) on killing rate, the rate of action were 

investigated towards both S. aureus and E. coli using polymer 3c and 4c at their respective 

MIA and 6  MIA values. Both polymer 3c and 4c were found to kill S. aureus (5 log 

reduction) at 30 min at 6  MIA and at 60 min at MIA. On the other hand, 3c and 4c were 

found to kill E. coli (5 log reduction) at 240 min at 6  MIA. Notably, 3c was found to be 

bacteristatic at MIA whereas 4c was found to kill E. coli (5 log reduction) at 240 min even 

at MIA which is its minimum bactericidal amount. These results thus indicate that the 

cationic hydrophobic polymer coatings have remarkably high killing rates against both the 

bacteria making them suitable for efficient antimicrobial coating. Further isosteric 

substitution was found to have negligible effect on killing kinetics.
17

 

 

2B.2.2.4 Membrane-active mode of antibacterial action 

The mode of action of the cationic PEI derivatives was examined by confocal laser scanning 

microscopy (CLSM) via live and dead assay using SYTO 9 and propidium iodide (PI) 

respectively.
18

 SYTO 9, a membrane-permeable green fluorescent dye, is known to bind with 

the nucleic acid of bacteria and stain with green fluorescence. PI, on the other hand, is a 

membrane impermeable red fluorescent dye and cannot stain live bacteria. The microscopy 

images of non-treated samples showed green fluorescence for both S. aureus and E. coli 

thereby indicated the cell viability in control samples (Figure 2B.3A and D). The cell treated 

with one of the most active polymer (3c) at its MIAs which were also its minimum 
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bactericidal amounts (MBAs) for the respective bacteria, showed appearance red 

fluorescence thereby indicated the loss of membrane integrity (Figure 2B.3B and E). Notably, 

images of the cells treated with the 3c at its 6  MBAs showed complete red fluorescence of 

PI thereby suggested membrane disruption for both S. aureus and E. coli (Figure 2B.3C and 

F).  

 

 

Figure 2B.3: Modes of antibacterial action. CLSM images of bacterial cells: untreated (A) S. 

aureus and (D) E. coli; cells treated with the surface coated with 3c at MIAs (B) S. aureus (E) 

E. coli; cells treated with the surface coated with 3c at 6  MIAs (C) S. aureus and (E) E. coli 

respectively, all after staining with SYTO 9 and PI.  

 

2B.2.3 Bacterial biofilm inhibition 

It is estimated that almost 80% of the infections in human occurs due to the biofilm 

formation.
2
 Bacterial contamination onto surfaces and subsequent colonization can result in 

surface-associated communities known as biofilms.
4
 Biofilms are protected by extracellular 

polymeric substances (EPS) and pose a significant barrier to host immune systems and 

antibiotics because of the impermeable and defensive EPS.
19

 Thus inhibiting bacterial biofilm 

formation would indirectly or directly help in preventing infections. The antibiofilm property 

of the cationic PEI derivatives was evaluated by coating the polymers onto glass surface and 
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determining efficacy of the polymers in inhibiting bacterial biofilm formation. Glass cover 

slips, coated with the most active polymer 3c at two different amounts (MIA and 6 × MIA), 

were challenged against both S. aureus and E. coli respectively under static conditions for 24 

h and 72 h respectively. The cover slips were then imaged by confocal laser scanning 

microscopy (CLSM) via a green fluorescent dye SYTO 9 staining. The non-coated cover 

slips showed huge bacterial growth with an effective thickness of 13-18 m thus indicating 

thick and matured biofilm formation for both S. aureus and E. coli respectively (Figure 

2B.4A and D). In contrast, the polymer coated glass surface at respective MIA values showed 

relatively fewer bacteria with less cluster and growth against both S. aureus and E. coli 

(Figure 2B.4B and E). Interestingly, polymer-coated surfaces showed fewer bacteria with an 

effective thickness of 2-4 m thereby indicating the presence of only mono-layered bacteria 

at respective 6 × MIA values against both S. aureus and E. coli respectively (Figure 2B.4C 

and F). The above results thus indicated that the cationic PEI derivative upon coating onto 

surfaces is capable of preventing bacterial colonization onto the surface. 

  

 

Figure 2B.4: Antibiofilm activity of the polymeric coating. Confocal laser scanning 

microscopy images of (A and D) non-coated cover glass; (B and E) cover glass coated with 

0.06 g/mm
2
 and 3.9 g/mm

2
 and (C and F) with 0.36 g/mm

2
 and 23.4 g/mm

2
 

respectively. A-C for S. aureus and D-F for E. coli respectively. Scale bar 5 m. 
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Further, when the bacterial counts were determined in the biofilms, (81.2) log reduction of 

S. aureus and (70.8) log reduction of E. coli were observed for the polymer coated surface 

at 6 × MIA compared to noncoated surface (the control surfaces showed 12.8 log CFU/mL of 

S. aureus and 10.5 log CFU/mL of E. coli respectively).   

 

2B.2.4 Antifungal activity  

2B.2.4.1 Minimum inhibitory amount  

Antifungal efficacy of all the polymers was evaluated against various pathogenic Candida 

spp. (C. albicans, C. dubliniensis, C. tropicalis) and Cryptococcus spp. (C. neoformans var. 

grubii (serotype A), C. neoformans var. gattii (serotype B) and C. neoformans var. 

neoformans (serotype D)). Like bacteria, the side-chain degradable polymers showed activity 

against all the fungi tested (Table 2B.2). Among all the polymers, 3c and 4c were found to be 

most active. MIA values of 3c and 4c were 3.9 g/mm
2
 each against C. albicans, 3.9 and 0.49 

g/mm
2
 against C. dubliensis, 0.98 and 0.19 g/mm

2
 against the C. tropicalis, 0.24 and 0.03 

g/mm
2
 against C. noeformans ser A, 0.49 and 0.06 g/mm

2
 against C. noeformans ser B  

and C. noeformans ser D respectively (Table 2B.2).  

 

Table 2B.2: Antifungal activities of polymers  

 

Polymer 

MIA (µg/mm
2
) 

C. 

albicans 

C. 

dubliniensis 

C. 

tropicalis 

C. neoformans 

Ser A 

C. neoformans 

Ser B 

C. neoformans 

Ser D 

1a 31.2 15.6 15.6 0.49 1.95 0.98 

1b 31.2 15.6 15.6 0.98 1.95 3.9 

1c 31.2 3.9 3.9 0.24 1.95 3.9 

2a 1.95 0.49 0.98 0.12 0.49 0.24 

2b 1.95 0.98 0.98 0.12 0.98 0.49 

2c 1.95 0.98 0.98 0.12 0.98 0.49 

3a 7.8 3.9 3.9 0.12 0.49 0.24 

3b 3.9 1.95 1.95 0.24 0.49 0.24 

3c 3.9 3.9 0.98 0.24 0.49 0.49 

4a 3.9 0.98 0.49 0.06 0.12 0.12 

4b 3.9 0.49 0.19 0.03 0.12 0.06 

4c 3.9 0.49 0.19 0.06 0.06 0.06 

C. albicans = Candida albicans; C. dubliniensis = Candida dubliniensis; C. tropicalis = 

Candida tropicalis; C. neoformans Ser A = Cryptococcus neoformans Ser A; C. neoformans 

Ser B = Cryptococcus neoformans Ser B; C. neoformans Ser D = Cryptococcus neoformans 

Ser D 

 

Thus the side-chain degradable polymers like their non-degradable counterparts in Chapter 

2A were found to be more active towards Cryptococcus spp. than the Candida spp. Further, 



94 
 

the amide and ester containing polymers were found to be slightly more active than the PEI 

polymers without any amide or ester groups (Chapter 2A). This could be possibly due to 

additional hydrogen bonding interaction with the cell membrane of the pathogens other than 

possible electrostatic and van der Walls interactions. The polymers were also found to be 

fungicidal. For example, the minimum fungicidal amount (MFA) of the most potent polymer 

4c was found to be 0.49 g/mm
2
 and 0.06 g/mm

2
 against C. dubliensis and C. neoformans 

Ser A respectively. 

 

2B.2.4.2 Fungicidal kinetics 

To establish how fast these polymers killed fungi upon contact, the rate of funficidal action 

was investigated against C. dubliensis using surfaces coated with polymer 3c and 4c. The 

coated surface killed C. dubliensis within 4-8 hours at 8  MIA. It should be mentioned that 

amide containing polymer (3c) showed relatively higher killing kinetics than the 

corresponding ester containing polymer (4c). This could be possibly due to the higher 

hydrogen bonding donating as well as accepting abilities of the amide functionality than the 

only hydrogen bonding accepting ability of the ester containing polymer.
17

 However at MIA, 

the polymers were found to be fungistatic (Figure 2B.5A and B). 

 

Figure 2B.5: Antifungal activities of side-chain degradable cationic PEI derivatives. (A and 

B) Antifungal kinetics of polymers 3c and 4c coated surfaces at different amounts (MIA and 

8  MIA) against C. dubliensis. Mechanistic investigation of antifungal activity of polymer 
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coatings. (C) Fluorescence microscopy images of C. dubliensis after staining with SYTO 9 

and PI. Scale bar 20 m.  

 

2B.2.4.3 Mechanism of antifungal action 

To examine whether these hydrophobic polycations interact with the cell membrane of fungi 

thereby leading to membrane disruption, LIVE/DEAD assay was performed with the fungal 

cell (C. dubliensis) using green fluorescent SYTO 9 and red fluorescent PI dyes via 

fluorescence microscopy.
20

 The fungal cells were treated with the polymer coated surfaces at 

two different amounts (MIA and 6  MIA) of two most active polymers (3c and 4c) for about 

6 h and then imaged after staining with the dyes. The microscopy images showed the 

presence of viable cells in the case of control samples (plain surface) as observed by green 

fluorescence (Figure 2B.5C). The cells treated with the polymer-coated surfaces, on the other 

hand, showed red color fluorescence of PI thus indicating the compromised cell membrane 

(Figure 2B.5C) at both the amounts. The appearance of red fluorescence indicated that the 

fungal cell membrane was compromised upon treatment with the cationic hydrophobic 

polymers thereby allowing the cell membrane impermeable dye PI to enter inside the cell. 

The above facts thus indicated that the cationic polymers interact with the fungal cell 

membrane and disrupt the integrity of the membrane presumably leading to cell death.  

 

2B.2.5 Fungal biofilm inhibition 

Fungal biofilms, like bacterial biofilms, are difficult to treat and allow rapid resistance 

development against various antifungal drugs.
21,22

 Further, fungal biofilms can allow the 

formation of bacterial colonies on their surface and lead to enhanced microbial resistance 

development against antibiotics.
22

 Thus not only the antifungal activity against plankotonic 

fungi but also antibiofilm activity of the cationic PEI derivatives needs to addressed. Herein, 

the antibiofilm properties of the most active polymers 3c and 4c were evaluated by coating 

the polymers onto the wells of 6-well plate and determining their efficacy in inhibiting fungal 

biofilm formation via fluorescence microscopy.
47

 The wells were coated with different 

amounts (MIA, 2 × MIA) and then were incubated with C. dubliensis for about 48 h under 

stationary conditions. The wells were then imaged. While the non-coated wells showed huge 

fungal growth with cell cluster indicative of biofilm formation (Figure 2B.6A), the polymers 

were shown to inhibit biofilm formation at effectively 2 × MIA (Figure 2B.6B and C). 

Further, both the polymers were shown to be almost equally active in inhibiting biofilm 



96 
 

formation. The above results therefore suggested that these polymers might be used as 

antibiofilm coatings as well.   

 

 

Figure 2B.6: Antibiofilm activity of PEI derivatives. (A) Non-coated glass surfaces; (B and 

C) glass surfaces coated with polymer 3c and 4c at 2  MIA respectively. Scale bar 40 m. 

 

2B.2.6 Toxicity of the cationic PEI derivatives 

2B.2.6.1 In-vitro toxicity 

Toxicity of the antimicrobial polymer-modified biomaterial surfaces is a major concern for 

the application in healthcare settings. Toxicity of the PEI derivatives coated surfaces was 

therefore evaluated with human erythrocytes and was expressed as HA50 (the amount of the 

coated polymer that caused 50% hemolysis).
20

 The polymers were found to be non-hemolytic 

upto 3.9 g/mm
2
. Only 17-25% hemolysis was observed even at 31.2 g/mm

2
 of polymer 

coating. The 50% hemolytic amount (HA50) for all the polymers was therefore more than 

31.2 g/mm
2
. Notably, 3c and 4c, the two most active polymers caused negligible hemolysis 

up to 15.6 and 7.8 g/mm
2
 which were significantly higher than to their MIA values (Table 

2B.1). The above results thus indicated the polymers are selectively active toward bacteria.  

 

2B.2.6.2 In-vivo toxicity 

To be suitable for application in biomedical devices and implants, the polymers should be 

compatible towards mammalian cells under in-vivo conditions. Thus the compatibility of the 

polymeric coating was further assessed by coating the polymer onto medical grade 

polyurethane catheter and then implanting the coated catheter in mice subcutaneously. After 
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4 days, mice were sacrificed and the tissue surrounding the catheter was collected, fixed in 

formalin for about 24 h. Finally, the inflammatory responses were then recorded by 

haematoxylin and eosin staining. The non-coated catheter was shown to have no 

inflammation as indicated by normal epidermis and dermis layer with usual architecture 

(Figure 2B.7A and B).  Interestingly, tissue samples surrounding the catheters coated with 4 

g/mm
2
 and 8 g/mm

2 
of 3c and 4c also showed negligible inflammation as indicated by 

normal skin epidermis and dermis layer with regular adipose tissue with few inflammatory 

cells (Figure 2B.7C-F) 

  

 

Figure 2B.7: In -vivo biocompatibility of the polymers. Mice skin and subcutaneous tissue 

histopathology: (A) tissue showing normal architecture of epidermis, dermis and 

subcutaneous tissues surrounding the non-coated catheter (arrow) of normal healthy mice; 

(B) tissue showing normal skin epidermis and dermis layer with normal adipose tissue 

surrounding the non-catheter in subcutaneous tissues (arrow); (C and D) showing normal 

appearance of skin with thin layer of epidermis, hair follicles, sweat glands with few 

infiltration of inflammatory cells in the dermis layer (arrow) for catheter coated with 3c at 4 

and 8 g/mm
2
; (C and D) showing  epidermis and dermis layer with infiltration of few 

inflammatory cells (arrow) for catheter coated with 4c at 4 and 8 g/mm
2
 respectively. 
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2B.2.7 Hydrolysis and bioactivity of hydrolyzed polymers 

2B.2.7.1 Chemical and enzymatic hydrolysis 

Common disinfectants that are used to combat infections are becoming more and more 

useless as the disinfectants cause development of resistance in microbes and toxic effects 

towards mammalian cells. Further, non-degradable antimicrobials can create hindrance in 

tissue-implant integration and unwanted immune responses from host. One potentially 

effective strategy to reduce infection and to avoid aforementioned problems would thus be, 

where appropriate, to use degradable materials.
23

 Thus the degradability of the cationic PEI 

derivatives along with the effect of amide and ester functionality on rate degradation was 

established under both acidic and enzymatic conditions (infection sites are generally acidic in 

nature and various proteolytic or esterases enzymes are available in the infections site either 

from the host or from the pathogen). Two of the most active amide and ester containing 

polymers (3c and 4c) were therefore treated with 0.2 M HCl to study the degradation under 

acidic conditions. Also, the amide containing polymer 3c was treated with enzyme trypsin 

and ester containing polymer 4c was treated with lipase to study the degradation under 

enzymatic conditions. The study was performed by taking the polymer suspension in the 

above mentioned solutions and determining the % of one of the hydrolyzed products 1-

aminohexadecane or 1-hexadecanol in the hydrolysis mixture via 
1
H-NMR (1-

aminohexadecane showed peaks at 1.55 ppm corresponding to CH2 protons whereas 1-

hexadecanol showed a unique peak at 3.33 ppm corresponding to CH2 protons). Also IR 

spectra of the hydrolysed products mixture showed the presence of carboxylic acid group at 

3409 cm
1

 for the acid form whereas 1627 cm
1

 for the acid salt form.      

         

 

Figure 2B.8: Hydrolysis of PEI derivatives. (A) Degree of hydrolysis of the both the amide 

and ester bearing polymers at different conditions. (B) Antibacterial and hemolytic activities 

of the partially and fully zwitterionic PEI derivatives. 
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Interestingly under acidic conditions, both amide and ester containing polymers 

hydrolyzed significantly and the extent of hydrolysis was found to vary greatly depending on 

the hydrolysis time and nature of hydrolysing groups (Figure 2B.8A). For example, the 

degree of hydrolysis for the amide containing polymer (3c) was 193% whereas the same for 

the ester containing polymer (4c) was found to be 282% under acidic condition. Moreover 

as expected, the rate of degradation of the ester containing polymer was found to be much 

higher than that of the amide containing polymer (Figure 2B.8A). On the other hand, while 

the ester containing polymer 4c showed remarkable degree of hydrolysis in the presence of 

lipases, amide containing polymer 3c failed to show any considerable amount of degradation 

in the presence of enzyme trypsin. For example, the degree of hydrolysis for polymer 4c was 

found to be 383% in the presence of lipase and also showed gradual degradation with time. 

Moreover, the rate of hydrolysis was much faster for the polymer 4c under enzymatic 

condition (Figure 2B.8A). On the contrary, the amide containing polymer (3c) showed 

negligible hydrolysis in the presence of trypsin. The above results suggested that by selective 

choice of cleavable groups, the rate of degradation as well time required for the degradation 

could be tuned. Since the proteolytic enzymes are generally more selective towards their 

substrates, it should be mentioned that amide bearing polymers could be susceptible towards 

other proteolytic enzymes especially microbial amidases. However, together the above results 

suggested that by introducing hydrolysable functionality in the side chain of water-insoluble 

and organo-soluble PEI derivatives and by varying the nature of side chain functionality, it is 

possible to obtain side-chain degradable polymers with tunable rate of degradation. 

 

2B.2.7.2 Biological activity of the hydrolyzed polymers 

Hydrolysis of the cationic PEI derivatives will lead to formation of various partially 

hydrolyzed polymers followed by the formation of fully zwitterionic polymers. To 

understand how the antibacterial and hemolytic activities vary due to hydrolysis, biological 

activity of various partially and fully zwitterionic polymers was evaluated against both 

bacteria and hRBC. Since the zwitterionic polymers were found to be partially or completely 

soluble in water, activities of these polymers were represented in terms of minimum 

inhibitory concentration or hemolytic concentration (HC50, at which 50% hemolysis occurs). 

Further, to compare the activity of these polymers with the corresponding cationic PEI 

derivative, biological activities of the cationic PEI derivative was converted to MIC (g/mL) 

and HC50 (g/mL) from MIA (g/mm
2
) and HA50 (g/mm

2
) (The conversion was done by 
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assuming the minimum inhibitory amount or hemolytic amount present in 200 L of broth or 

PBS that were used to determine the antibacterial or hemolytic activities).  

Notably, the polymers with partially zwitterionic moiety were found to have slightly 

higher antibacterial and hemolytic activities. For example, MIC and HC50 values of polymer 

5a (with 22% zwitterionic charge) were 39 g/mL against S. aureus, 78 g/mL against E. 

coli and 1250 g/mL against hRBC (Figure 2B.8B). (MIC and HC50 values of the 

corresponding cationic polymer 3c were 39 g/mL against S. aureus, 1250 g/mL against E. 

coli and 5000 g/mL against hRBC). It should be mentioned that the polymers with 

partially zwitterionic charge were partly soluble in water in contrast to polymer 3c which is 

completely insoluble in water. As a result polymer 5a could engage its antibacterial and 

hemolytic activities in solution differently than being immobilized onto surface. Notably, 

upon increasing the zwitterionic charge, both the activity and toxicity were found to decrease. 

For example, polymers 5b and 5c (with 47% and 79% zwitterionic charge) showed MIC 

values of 39 g/mL and 78 g/mL against S. aureus and 156 g/mL and 312 g/mL against 

E. coli respectively whereas HC50 values were found to be 1250 g/mL and 5000 g/mL 

(Figure 2B.8B). Interestingly, polymer with 100% zwitterionic charge (5d) displayed no 

activity till 10000 g/mL against both the bacteria and showed negligible hemolysis till 

40000 g/mL (Figure 2B.8C). Notably, the zwitterionic polymer (5d) was shown to be 

completely non-lethal upon intra-peritoneal administration in mice (LD50175 mg/kg).  Thus 

by switching the charge of the side chain hydrolysable PEI polymers from cationic to 

zwitterionic, it was possible to obtain highly non-toxic polymers. It should be mentioned that 

the cationic PEI derivatives upon hydrolysis would become water soluble and therefore 

would be removed from site of application. Further, as the most active cationic PEI 

derivatives (3c and 4c) were from the linear PEI of molecular weight 22 kDa, complete 

hydrolysis of these polymer will lead to zwitterionic polymer of molecular weight less than 

50 kDa and are therefore expected to be cleared from body through renal filtration.      

 

2B.2.8 In-vivo activity 

To be used in device applications, the polymeric coatings should display activity under in-

vivo conditions.
24

 Further, the polymer should also be able to inhibit bacterial biofilm 

formation in more complex in-vivo situation. Herein the antibacterial and antibiofilm 

efficacies of the two most active side-chain degradable polymers were assessed by coating 

the medical grade polymer-coated catheters (polyurethane, 5 Fr, 12 mm) and then implanting 
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the catheter subcutaneously in mice. To mimic the microbial contamination, the catheter was 

contaminated with methicillin-resistant S. aureus (MRSA) infection-one of the most leading 

biofilm forming bacteria in healthcare and clinical settings. Catheter pieces were infected 

with an average load of 1.1-2.3 × 10
8
 CFU of MRSA at the time of insertion in mice (a 

quantity much greater than that would be encountered in a clinical setting). After 96 h the 

control catheter showed 8.1 log CFU/catheter bacteria thereby indicated the prevalence and 

growth of MRSA. Notably, 2.2 and 3.4 log CFU reduction of MRSA was observed in the 

case of 3c-coated catheter at 4 g/mm
2
 and 8 g/mm

2 
of polymer coating respectively (Figure 

2B.9A). On the other hand, 1.9 and 3.2 log CFU reduction of MRSA was observed in the 

case of 4c-coated catheter at 4 g/mm
2
 and 8 g/mm

2 
of polymer coating respectively (Figure 

2B.9A). The above facts thus indicated that both amide and ester containing polymers were 

capable of reducing the MRSA contamination. Further, both the polymers showed almost 

similar activity (amide containing polymer was found to be slightly more active than the ester 

containing polymer). Further, an amount-dependent activity was observed for the polymeric 

coatings (Figure 2B.9A). 

To evaluate the efficacy of the polymeric coatings in preventing the infection in the 

surrounding tissues, mice skin tissue was collected and enumerated for cell counting after 

homogenization. Interestingly, tissue surrounding the catheters coated with 4 g/mm
2
 and 8 

g/mm
2 

of 3c showed MRSA reduction of 2.1 and 3.9 log CFU compared to tissue for non-

coated catheter (Figure 2B.9B). On the other hand, tissue surrounding the catheters coated 

with 4 g/mm
2
 and 8 g/mm

2 
of 4c showed reduction of 2.7 and 3.4 log CFU of MRSA 

compared to tissue for non-coated catheter (Figure 2B.9B). The above facts therefore 

indicated that the polymers were also capable of inhibiting bacterial infection into the 

surrounding tissue.  

To evaluate the potential of the polymeric coating in inhibiting bacterial biofilm 

formation, the MRSA contaminated catheters were imaged using SEM after sacrificing the 

mice and harvesting the catheter. While the non-coated catheter showed large amount of 

bacteria in several layers along with the mice tissue indicative of biofilm formation (Figure 

2B.9C), 3c-coated catheter (at 8.0 g/mm
2
) revealed only a fewer amount of bacteria with no 

cell clusters indicative of no bacterial colonization onto catheter surface (Figure 2B.9D). The 

above results thus portrayed the efficacy of the polymer coatings in killing bacteria and 

inhibiting biofilm inhibition under in vivo conditions.  
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Figure 2B.9: In-vivo antibacterial activity of the cationic PEI derivatives. Effect of polymer-

coated catheters on MRSA inoculated at the time of insertion: (A) bacterial count after 

harvesting catheter from mice; (B) bacterial count from the catheter surrounding tissue 

samples; p values (*) are 0.005, 0.0001, 0.005 and 0.0001 for 3c (4 g/mm
2
), 3c (8 

g/mm
2
), 4c (4 g/mm

2
) and 4c (8 g/mm

2
) respectively. Field emission scanning electron 

microscopy (FESEM) images of (C) non-coated catheter and (D) 3c-coated catheter. Scale 

bar 5 m. Mice skin and subcutaneous tissue histopathology: (E) tissue surrounding MRSA 

infected non-coated catheter; tissue surrounding MRSA-infected catheter coated with (F) 4 

g/mm
2
 of polymer 3c; (G) 8 g/mm

2
 of polymer 3c, (H) 4 g/mm

2
 of polymer 4c; (I) 8 

g/mm
2
 of polymer 4c. Cells were stained with haematoxylin and eosin staining agents. 

Insets are the high resolution images. 
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To examine the extent of infection in the surrounding tissue, histolopathological 

responses were studied to evaluate the inflammatory responses due to MRSA contamination 

in the skin and subcutaneous tissue level. As expected, severe infiltration of inflammatory 

cells mainly neutrophils and mononuclear cells in the subcutaneous tissues with congestion of 

blood vessels were observed for non-coated catheters infected with MRSA (Figure 2B.9E). In 

contrast, tissue surrounding the catheter coated with 4.0 g/mm
2
 of polymer 3c showed 

moderate infiltration of inflammatory cells mainly with neutrophils and damage to skin 

dermis layer thereby indicating low reduction of MRSA at the tissue level (Figure 2B.9F). 

However, tissue surrounding the catheter coated with 8.0 g/mm
2
 of polymer 3c showed 

negligible infiltration of inflammatory cells and no damage to skin dermis layer thereby 

indicating significant reduction of MRSA at the tissue level (Figure 2B.9G). Similar results 

were observed for the catheters coated with the polymer 4c (Figure 2B.9H and I). The above 

results therefore portrayed the potential of the polymers in inhibiting the bacterial 

colonization onto surfaces. 

 

2B.2.9 Propensity of bacterial resistance development 

The ability in hindering development of bacterial resistance by the side-chain degradable 

cationic polymers was assessed by serial exposure of bacteria to the polymer-coated surfaces 

like the previous non-degradable polymers. Both amide and ester containing polymers (3c 

and 4c) were challenged against Gram-positive S. aureus and Gram-negative E. coli. After 14 

serial passages, the MIAs of polymers 3c and 4c remained almost same (only 2-4 fold 

increase) whereas nofloxacin, a nucleic acid targeting Gram-positive antibiotic, showed 269 

fold increase in MIC against sensitive S. aureus and colistin, a lipid II targeting Gram-

negative lipopeptide, showed 125 fold increase in MIC against sensitive E. coli respectively. 

These membrane-active polymers were thus able to stall the development of bacterial 

resistance. 

 

2B.3. Conclusion 

In summary, a simple method of developing side-chain hydrolyzable polyethylenimine 

derivatives was developed and demonstrated their use as bactericidal paint. The polymers 

were shown to kill both bacteria and fungi and inhibit formation of their biofilm on the coated 

surface. The polymers were also found to be non-hemolytic towards human erythrocytes 

under in-vitro conditions and cause minimal to negligible inflammation at the tissue level 
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upon subcutaneous implantation. Further, side chains of the polymers were found to degrade 

in the presence of acid and hydrolytic enzymes. The rate of hydrolsis as well as degree of 

hydrolysis was dependant on the nature of degradation. Ester containing polymers were 

degradable under both acidic and enzymatic conditions than the amide containing polymer. 

Importantly, both antibacterial and hemolytic activities were found to decrease with the 

increase in percentage of zwitterionic moiety. Further, fully zwitterionic polymer was shown 

to be completely non-toxic both in-vitro and in-vivo thereby indicated that switching charge 

from cationic to zwitterionic improved biocompatibility. Notably, the coated surface showed 

almost 99.99% bacterial reductions and displayed excellent efficacy in inhibiting bacterial 

biofilm formation in-vivo. Thus the side-chain hydrolyzable PEI derivatives developed herein 

could be used as safe and effective bactericidal paint in a wide variety of biomedical 

applications. 

 

2B.4. Experimental section 

2B.4.1 Materials and instrumentation 

1-Hexadecanol, 1-aminohexadecane, bromoacetyl bromide, branched polyethylenimine (Mol 

wt 750, 25 and 2 kDa), poly(2-ethyl-2-oxazoline) (PEOZ) (Mol wt 500, 200 and 50 kDa) 

were purchased from Sigma-Aldrich and used as received. Phosphorous pentaoxide (P2O5), 

potassium carbonate (K2CO3), anhydrous sodium sulphate (Na2SO4), potassium hydroxide 

(KOH), dichloromethane (DCM), chloroform, acetone and anhydrous diethylether were 

purchased from Spectrochem, India and were of analytical grade. DCM and chloroform were 

dried over P2O5 and stored over molecular sieves (4 Å). An attenuated total reflectance 

Fourier transform infrared (ATR FT-IR) spectrometer was used to record IR spectra using 

diamond as ATR crystal. Bruker AMX-400 (400 MHz for 
1
H NMR and 100 MHz for 

13
C 

NMR) spectrometer was used to record nuclear magnetic resonance (NMR) spectra in 

deuterated solvents. Tecan infinite pro series M200 microplate reader was used to record 

optical density (OD) and fluorescence intensity. Staphylococcus aureus and Escherichia coli 

(MTCC 737and 443) were purchased from MTCC (Chandigarh, India). Methicillin-resistant 

Staphylococcus aureus (MRSA) (ATCC 33591) was obtained from ATCC (Rockville, MD, 

USA). Growth media and agar for bacteria culture were provided by HIMEDIA, India. 

Studies on human subject, e.g., human red blood cells (hRBC) were conducted following the 

guidelines provided by Institutional Bio-Safety Committee (IBSC) at Jawaharlal Nehru 

Centre for Advanced Scientific Research (JNCASR). Studies on animals were conducted 
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according to the protocols provided by the Institutional Animal Ethics Committee (IAEC) at 

the Jawaharlal Nehru Centre for Advanced Scientific Research (JNCASR). 

 

2B.4.2 Synthesis of cationic polymers 

2B.4.2.1 N-hexadecyl-2-bromoethanoate and N-hexadecyl-2-bromoethanamide 

1-Aminoalkanes (60 mmol) was dissolved in DCM (100 mL) and a solution of K2CO3 (12.4 

g, 90 mmol) in water (100 mL) was added to it. The binary mixture was then cooled to 5
 
°C 

in a cold incubator connected to a chiller. Bromoacetyl bromide (18.2 g, 90 mmol) was 

dissolved in DCM (75 mL) and was added to the mixture drop wise for about 30 min. After 

the completion of addition, the reaction mixture was stirred at room temperature for about 4 

h. After the reaction, organic layer was separated using a separating funnel and the aqueous 

layer was subjected to repeated wash with DCM (2  50 mL). All the organic solutions were 

combined and washed with water repeatedly (3  100 mL). The final organic layer was then 

passed through anhydrous Na2SO4. The DCM layer was collected and the solvent was 

evaporated to obtain colourless liquids/solids with 100 % yield. The products were 

characterized by FT-IR, 
1
H-NMR and 

13
C-NMR spectroscopy. 

 

N-hexadecyl-2-bromoethanamide: FT-IR ( 𝒗 ): 3250 cm
-1

 (amide N–H str.), 2927 cm
-1

 (–

CH2-assym. str.), 2849 (–CH2– sym.  str.), 1679 cm
-1 

(Amide I, C=O str.), 1562 cm
-1

 (Amide 

II, N–H ben.), 1468 cm
-1

 (–CH2– scissor);  
1
H-NMR: (400 MHz, CDCl3): δ 0.878 (t, terminal 

–CH3, 3H), 1.300 (m, –(CH2)13–, 26H), 1.547 (q, –CH2(CH2)13–, 2H), 3.279 (t, –CONHCH2–, 

2H), 3.883 (s, –COCH2Br, 2H), 6.575 (br s, amide –NHCO, 2H); 
13

C NMR (100 MHz, 

CDCl3): δ 14.193, 22.769, 26.903, 29.334, 29.413, 29.578, 29.636, 29.718, 29.818, 32.095, 

40.413, 165.567. 

 

N-hexadecyl-2-bromoethanoate: FT-IR ( 𝒗 ): 2930 cm
-1

 (–CH2-assym. str.), 2850 (–CH2– 

sym.  str.), 1743 cm
-1 

(C=O str. of ester), 1468 cm
-1

 (–CH2– scissor);  
1
H-NMR: (400 MHz, 

CDCl3): δ 0.879 (t, terminal –CH3, 3H), 1.300 (m, –(CH2)13–, 26H), 1.547 (q, –CH2(CH2)13–, 

2H), 3.479 (t, –COOCH2–, 2H), 3.883 (s, –COCH2Br, 2H), 
13

C NMR (100 MHz, CDCl3): δ 

14.193, 22.769, 26.903, 29.334, 29.413, 29.578, 29.636, 29.718, 29.818, 32.095, 40.413, 

177.566. 

 

 

2B.4.2.2 Synthesis of N-Methyl-PEIs  

Branched and linear N-methyl-PEIs were synthesized following the same protocol as 

described in the section 2A.4.2 in Chapter 2A. 
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2B.4.2.3 Synthesis of side-chain hydrolyzable cationic PEI derivatives  

N-Methyl-PEIs were reacted with N-hexadecyl-1-bromoethanoate or N-hexadecyl-1-

bromoethanamide to obtain the quaternary PEI derivatives (1a-1c, 2a-2c, 3a-3c and 4a-4c). 

Branched N-methylated-PEIs (1 g, 17.5 mmol/repeating units) were dissolved in 75 mL dry 

chloroform in a screw-top pressure tube and N-hexadecyl-1-bromoethanoate or N-hexadecyl-

1-bromoethanamide (35 mmol) were added to it. The reaction mixture was heated at 85 C N- 

N-hexadecyl-1-bromoethanamide and 55 C N-hexadecyl-1-bromoethanoate for about 96 h. 

After the reaction, the solvent was removed to its one tenth of the initial volume. Then excess 

of acetone (200 mL) was added to the reaction mixture and the precipitate was filtered off. 

The precipitate was dissolved in CHCl3 and acetone was added to re-precipitate the product 

for further purification. Finally, excess solvent was decanted off and the precipitate was dried 

using high vacuum pump to yield colorless side-chain degradable PEI polymers (1a-1c, 2a-

2c, 3a-3c and 4a-4c). 

1a: FT-IR ( 𝑣 ):  3200-3450 cm
1

 (amide N–H str.), 2930 cm
1

 (–CH2– assym. str.), 2860 

cm
1

 (–CH2– sym. str.), 1680 cm
1

 (amide I, C=O str.), 1555 cm
1

 (amide II, N–H ben.), 

1470 cm
1

 (–CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.857 (t, terminal –CH3, 3H), 

1.232 (–CH3(CH2)13CH2–, 26H), 1.512 (CH3(CH2)13CH2CH2–, 2H), 3.188 (–

(CH3)N
+
(CH2CH2)2(CH2CONH)–, 3H), 3.483-3.586 (–(CH3)N

+
(CH2CH2)2(CH2CONH)–, 

4H), 3.844 (–CH2CONHCH2CH2–, 2H), 4.476 (–(CH3)N
+
(CH2CH2)2(CH2CONH)–, 2H), 

8.318 (–CH2CONHCH2CH2–, 1H); 
13

C NMR (CP-MAS, 100 MHz): δ 14.75, 24.44, 30.52, 

32.87, 40.32, 46.57, 52.92, 57.14, 66.49, 163.69; Elemental analysis: C 60.12, H 10.33, N 

6.68 (calculated); C 60.03, H 10.53, N 6.57 (found). 

 

1b: FT-IR ( 𝑣 ):  3200-3450 cm
1

 (amide N–H str.), 2932 cm
1

 (–CH2– assym. str.), 2865 

cm
1

 (–CH2– sym. str.), 1678 cm
1

 (amide I, C=O str.), 1553 cm
1

 (amide II, N–H ben.), 

1468 cm
1

 (–CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.865 (t, terminal –CH3, 3H), 

1.238 (–CH3(CH2)13CH2–, 26H), 1.526 (CH3(CH2)13CH2CH2–, 2H), 3.202 (–

(CH3)N
+
(CH2CH2)2(CH2CONH)–, 3H), 3.497-3.602 (–(CH3)N

+
(CH2CH2)2(CH2CONH)–, 

4H), 3.877-3.994 (–CH2CONHCH2CH2–, 2H), 4.503 (–(CH3)N
+
(CH2CH2)2(CH2CONH)–, 

2H), 8.331 (–CH2CONHCH2CH2–, 1H); 
13

C NMR (CP-MAS, 100 MHz): δ 14.70, 24.34, 

30.52, 32.78, 40.30, 46.54, 52.92, 57.24, 66.42, 163.59; Elemental analysis: C 60.12, H 

10.33, N 6.68 (calculated); C 60.01, H 10.57, N 6.60 (found). 

 

1c: FT-IR ( 𝑣 ): 3200-3450 cm
1

 (amide N–H str.), 2927 cm
1

 (–CH2– assym. str.), 2857 cm
1

 

(–CH2– sym. str.), 1676 cm
1

 (amide I, C=O str.), 1550 cm
1

 (amide II, N–H ben.), 1469 

cm
1

 (–CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.868 (t, terminal –CH3, 3H), 1.244 (–

CH3(CH2)13CH2–, 26H), 1.534 (CH3(CH2)13CH2CH2–, 2H), 3.214 (–

(CH3)N
+
(CH2CH2)2(CH2CONH)–, 3H), 3.504 - 3.602 (–(CH3)N

+
(CH2CH2)2(CH2CONH)–, 

4H), 3.877-4.095 (–CH2CONHCH2CH2–, 2H), 4.518-4.719 (–

(CH3)N
+
(CH2CH2)2(CH2CONH)–, 2H), 8.318 (–CH2CONHCH2CH2–, 1H); 

13
C NMR (CP-

MAS, 100 MHz): δ 14.65, 23.49, 30.42, 32.77, 40.39, 46.67, 51.22, 57.04, 66.45, 163.49; 

Elemental analysis: C 60.12, H 10.33, N 6.68 (calculated); C 60.05, H 10.48, N 6.53 (found). 
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2a: FT-IR ( 𝑣 ): 2920 cm
1

 (–CH2– assym. str.), 2860 cm
1

 (–CH2– sym. str.), 1750 cm
1

 

(C=O str.), 1470 cm
1

 (–CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.855 (t, terminal –

CH3, 3H), 1.234 (–CH3(CH2)13CH2–, 26H), 1.655 (CH3(CH2)13CH2CH2–, 2H), 3.584-3.618 

(–(CH3)N
+
(CH2CH2)2(CH2COOCH2)–, 3H), 4.177 (–(CH3)N

+
(CH2CH2)2(CH2COOCH2)– 

and (–CH2COOCH2CH2–, 6H), 4.704 (–(CH3)N
+
(CH2CH2)2(CH2COOCH2)–, 2H),; 

13
C NMR 

(CP-MAS, 100 MHz): δ 14.89, 24.55, 27.25, 27.82, 32.86, 46.26, 46.86, 47.51, 52.40, 53.04, 

53.82, 60.07, 61.83, 66.37, 165.17; Elemental analysis: C 59.98, H 10.07, N 3.33 

(calculated); C 59.71, H 10.21, N 3.17  (found). 

 

2b: FT-IR ( 𝑣 ): 2923 cm
1

 (–CH2– assym. str.), 2858 cm
1

 (–CH2– sym. str.), 1750 cm
1

 

(C=O str.), 1472 cm
1

 (–CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.851 (t, terminal –

CH3, 3H), 1.230 (–CH3(CH2)13CH2–, 26H), 1.647 (CH3(CH2)13CH2CH2–, 2H), 3.579-3.663 

(–(CH3)N
+
(CH2CH2)2(CH2COOCH2)–, 3H), 4.166 (–(CH3)N

+
(CH2CH2)2(CH2COOCH2)– 

and (–CH2COOCH2CH2–, 6H), 4.698 (–(CH3)N
+
(CH2CH2)2(CH2COOCH2)–, 2H),; 

13
C NMR 

(CP-MAS, 100 MHz): δ 14.9, 24.52, 27.18, 30.66, 32.84,34.22, 35.74,  46.98, 52.53, 53.58, 

54.36, 62.05, 66.19, 165.32; Elemental analysis: C 59.98, H 10.07, N 3.33 (calculated); C 

59.85, H 10.16, N 3.20  (found). 

 

2c: FT-IR ( 𝑣 ): 2918 cm
1

 (–CH2– assym. str.), 2855 cm
1

 (–CH2– sym. str.), 1747 cm
1

 

(C=O str.), 1467 cm
1

 (–CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.830 (t, terminal –

CH3, 3H), 1.209 (–CH3(CH2)13CH2–, 26H), 1.623 (CH3(CH2)13CH2CH2–, 2H), 3.564-3.605  

(–(CH3)N
+
(CH2CH2)2(CH2COOCH2)–,3H), 3.654-4.143 (–

(CH3)N
+
(CH2CH2)2(CH2COOCH2)– and (–CH2COOCH2CH2–, 6H), 4.699 (–

(CH3)N
+
(CH2CH2)2(CH2COOCH2)–, 2H),; 

13
C NMR (CP-MAS, 100 MHz): δ 14.89, 24.55, 

27.25, 27.82, 32.86, 46.26, 46.86, 47.51, 52.40, 53.04, 53.82, 60.07, 61.83, 66.37, 165.17; 

Elemental analysis: C 59.98, H 10.07, N 3.33 (calculated); C 59.72, H 10.31, N 3.15  (found). 

 

3a: FT-IR ( 𝑣 ): 3200-3450 cm
1

 (amide N–H str.), 2925 cm
1

 (–CH2– assym. str.), 2867 cm
1

 

(–CH2– sym. str.), 1677 cm
1

 (amide I, C=O str.), 1550 cm
1

 (amide II, N–H ben.), 1467 

cm
1

 (–CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.879 (t, terminal –CH3, 3H), 1.256 (–

CH3(CH2)13CH2–, 26H), 1.546 (CH3(CH2)13CH2CH2–, 2H), 3.228 (–

(CH3)N
+
(CH2CH2)2(CH2CONH)–, 3H), 3.882-3.963 (–(CH3)N

+
(CH2CH2)2(CH2CONH)–, 

4H), 4.563 (–CH2CONHCH2CH2–, 2H), 5.004 (–(CH3)N
+
(CH2CH2)2(CH2CONH)–, 2H), 

8.312 (–CH2CONHCH2CH2–, 1H); 
13

C NMR (CP-MAS, 100 MHz): δ 14.71, 24.50, 30.53, 

32.80, 40.42, 46.63, 52.85, 57.17, 66.49, 163.65; Elemental analysis: C 60.12, H 10.33, N 

6.68 (calculated); C 59.94, H 10.41, N 6.59 (found). 

 

3b: FT-IR ( 𝑣 ): 3200-3450 cm
1

 (amide N–H str.), 2927 cm
1

 (–CH2– assym. str.), 2857 

cm
1

 (–CH2– sym. str.), 1675 cm
1

 (amide I, C=O str.), 1560 cm
1

 (amide II, N–H ben.), 

1474 cm
1

 (–CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.880 (t, terminal –CH3, 3H), 

1.256 (–CH3(CH2)13CH2–, 26H), 1.549 (CH3(CH2)13CH2CH2–, 2H), 3.231 (–

(CH3)N
+
(CH2CH2)2(CH2CONH)–, 3H), 3.976 (–(CH3)N

+
(CH2CH2)2(CH2CONH)–, 4H), 

4.361-4.579 (–CH2CONHCH2CH2–, 2H), 5.028 (–(CH3)N
+
(CH2CH2)2(CH2CONH)–, 2H), 

8.307 (–CH2CONHCH2CH2–, 1H); 
13

C NMR (CP-MAS, 100 MHz): δ 14.66, 24.46, 30.60, 

32.81, 40.35, 46.60, 52.82, 57.21, 66.33, 163.65; Elemental analysis: C 60.12, H 10.33, N 

6.68 (calculated); C 60.01, H 10.38, N 6.50 (found). 

 

3c: FT-IR ( 𝑣 ): 3200-3450 cm
1

 (amide N–H str.), 2940 cm
1

 (–CH2– assym. str.), 2853 cm
1

 

(–CH2– sym. str.), 1671 cm
1

 (amide I, C=O str.), 1551 cm
1

 (amide II, N–H ben.), 1460 
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cm
1

 (–CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.880 (t, terminal –CH3, 3H), 1.284 (–

CH3(CH2)13CH2–, 26H), 1.551 (CH3(CH2)13CH2CH2–, 2H), 3.229 (–

(CH3)N
+
(CH2CH2)2(CH2CONH)–, 3H), 3.835-3.976 (–(CH3)N

+
(CH2CH2)2(CH2CONH)–, 

4H), 4.600 (–CH2CONHCH2CH2–, 2H), 5.025-5.046 (–(CH3)N
+
(CH2CH2)2(CH2CONH)–, 

2H), 8.329 (–CH2CONHCH2CH2–, 1H); 
13

C NMR (CP-MAS, 100 MHz): δ 14.89, 24.51, 

32.90, 40.60, 46.35, 53.13, 56.54, 56.83, 66.39, 164.77; Elemental analysis: C 60.12, H 

10.33, N 6.68 (calculated); C 59.81, H 10.52, N 6.63 (found). 

 

4a: FT-IR ( 𝑣 ): 2920 cm
1

 (–CH2– assym. str.), 2863 cm
1

 (–CH2– sym. str.), 1750 cm
1

 

(C=O str.), 1460 cm
1

 (–CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.880 (t, terminal –

CH3, 3H), 1.259 (–CH3(CH2)13CH2–, 26H), 1.696-1.773 (CH3(CH2)13CH2CH2–, 2H), 3.954-

4.114 (–(CH3)N
+
(CH2CH2)2(CH2COOCH2)– and (–(CH3)N

+
(CH2CH2)2(CH2COOCH2)–, 

7H), 4.689-4.888 ((–(CH3)N
+
(CH2CH2)2(CH2COOCH2)– and –CH2COOCH2CH2–, 4H); 

13
C 

NMR (CP-MAS, 100 MHz): δ 14.90, 24.63, 29.37, 32.87, 34.33, 40.61, 46.89, 47.51,52.89, 

57.07, 65.95, 162.86; Elemental analysis: C 59.98, H 10.07, N 3.33 (calculated); C 59.67, H 

10.51, N 3.09 (found). 

 

4b: FT-IR ( 𝑣 ): 2920 cm
1

 (–CH2– assym. str.), 2863 cm
1

 (–CH2– sym. str.), 1750 cm
1

 

(C=O str.), 1460 cm
1

 (–CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.878 (t, terminal –

CH3, 3H), 1.255 (–CH3(CH2)13CH2–, 26H), 1.678-1.689 (CH3(CH2)13CH2CH2–, 2H), 3.828-

4.221 (–(CH3)N
+
(CH2CH2)2(CH2COOCH2)– and (–(CH3)N

+
(CH2CH2)2(CH2COOCH2)–, 

7H), 4.676-4.870 ((–(CH3)N
+
(CH2CH2)2(CH2COOCH2)– and –CH2COOCH2CH2–, 4H); 

13
C 

NMR (CP-MAS, 100 MHz): δ 14.90, 24.69, 29.35, 32.87, 34.33, 40.61, 46.89, 47.41,52.89, 

57.07, 65.93, 163.86; Elemental analysis: C 59.98, H 10.07, N 3.33 (calculated); C 59.61, H 

10.36, N 3.14 (found). 

 

4c: FT-IR ( 𝑣 ): 2910 cm
1

 (–CH2– assym. str.), 2863 cm
1

 (–CH2– sym. str.), 1750 cm
1

 

(C=O str.), 1456 cm
1

 (–CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.877 (t, terminal –

CH3, 3H), 1.255 (–CH3(CH2)13CH2–, 26H), 1.690 (CH3(CH2)13CH2CH2–, 2H), 3.827-4.224 

(–(CH3)N
+
(CH2CH2)2(CH2COOCH2)– and (–(CH3)N

+
(CH2CH2)2(CH2COOCH2)–, 7H), 

4.752-4.869 ((–(CH3)N
+
(CH2CH2)2(CH2COOCH2)– and –CH2COOCH2CH2–, 4H); 

13
C NMR 

(CP-MAS, 100 MHz): δ 14.90, 24.52, 27.18, 30.66, 32.84, 34.22, 35.74, 46.98. 52.53, 

54.36.62.05,66.19 165.32; Elemental analysis: C 59.98, H 10.07, N 3.33 (calculated); C 

59.72, H 10.22, N 3.11 (found). 

 

2B.4.2.4 Synthesis of partially zwitterionic PEI derivative  

N-Methyl-PEIs (1 g, 17.5 mmol/repeating units) were dissolved in dry chloroform (75 mL) in 

a screw-top pressure tube and tert-butyl bromoacetate was added to it. The reaction mixture 

was heated at 55 C for 72 h. After the reaction, the volume of the reaction mixture was 

reduced. Then excess of anhydrous acetone or diethylether (200 mL) was added to the 

reaction mixture to precipitate the product. The precipitate was filtered off using a sintered 

glass funnel and then dissolved in CHCl3 to re-precipitate the product again using excess 

acetone for further purification. Finally, the solvent was decanted off and high vacuum pump 

was used to dry the precipitate to obtain partially cationic PEI polymers (5a, 5b and 5c). 
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Then 5a, 5b and 5cpolymers were re-dissolved in chloroform (60 mL) and N-hexadecyl-1-

bromoethanamide (3 equivalent with respect to remaining tertiary amine groups) was added. 

The mixture was stirred in oil bath for about 96 h and then precipitated similarly as 

mentioned above to obtain 5a, 5b and 5c. Finally, these polymers were dissolved in 

dichloromethane (50 mL) and trifluoroacetic acid (4% v/v) was added and stirred for about 

24 h at room temperature. After the reaction the product was precipitated with acetone. The 

precipitate was then dissolved in water and the solution was stirred with an amberlite ion-

exchange resin (IRA 400, hydroxide containing) for 4 h at room temperature. The resin was 

discarded and filtrate was freeze dried to obtain the partially zwitterionic PEI derivatives (5a, 

5b and 5c).   

 

5a: FT-IR ( 𝑣 ): 2915 cm
1

 (–CH2– assym. str.), 2860 cm
1

 (–CH2– sym. str.), 1745 cm
1

 

(C=O str.), 1465 cm
1

 (–CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 1.521 (s, 

C(CH3)3OCO–, 9H), 2.363-2.484 (–N(CH2CH2)N–, 4H), 3.018-3.387 (–CH3)N
+
(CH2CH2)2–, 

3H), 3.428-3.597 – (CH3)N
+
(CH2CH2)2–, 4H), 4.220-4.354 (–CH3)N

+
(CH2CH2)2CH2COO–, 

2H). 

 

5b: FT-IR ( 𝑣 ): 2910 cm
1

 (–CH2– assym. str.), 2863 cm
1

 (–CH2– sym. str.), 1743 cm
1

 

(C=O str.), 1467 cm
1

 (–CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 1.508 (s, 

C(CH3)3OCO–, 9H), 2.350-2.479 (–N(CH2CH2)N–, 4H), 3.028-3.382 (–CH3)N
+
(CH2CH2)2–, 

3H), 3.428-3.597 – (CH3)N
+
(CH2CH2)2–, 4H), 4.220-4.354 (–CH3)N

+
(CH2CH2)2CH2COO–, 

2H). 

 

5c: FT-IR ( 𝑣 ): 2918 cm
1

 (–CH2– assym. str.), 2864 cm
1

 (–CH2– sym. str.), 1742 cm
1

 

(C=O str.), 1465 cm
1

 (–CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 1.498 (s, 

C(CH3)3OCO–, 9H), 2.298-2.491 (–N(CH2CH2)N–, 4H), 3.118-3.401 (–CH3)N
+
(CH2CH2)2–, 

3H), 3.398-3.607 – (CH3)N
+
(CH2CH2)2–, 4H), 4.228-4.361 (–CH3)N

+
(CH2CH2)2CH2COO–). 

 

5a:  FT-IR ( 𝑣 ): 3200-3450 cm
1

 (amide N–H str.), 2940 cm
1

 (–CH2– assym. str.), 2853 

cm
1

 (–CH2– sym. str.), 1737 cm
1

 (C=O str.), 1671 cm
1

 (amide I, C=O str.), 1551 cm
1

 

(amide II, N–H ben.), 1460 cm
1

 (–CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.880 (t, 

terminal –CH3, 3H), 1.284 (–CH3(CH2)13CH2–, 26H), 1.456 (s, C(CH3)3OCO–), 1.551 

(CH3(CH2)13CH2CH2–, 2H), 3.229 (–(CH3)N
+
(CH2CH2)2(CH2CONH)–, 3H), 3.835-3.976 (–

(CH3)N
+
(CH2CH2)2(CH2CONH)–, 4H), 4.600 (–CH2CONHCH2CH2–, 2H), 5.025-5.046 (–

(CH3)N
+
(CH2CH2)2(CH2CONH)–, 2H), 8.329 (–CH2CONHCH2CH2–, 1H). 

 

5b:  FT-IR ( 𝑣 ): 3200-3450 cm
1

 (amide N–H str.), 2942 cm
1

 (–CH2– assym. str.), 2850 

cm
1

 (–CH2– sym. str.), 1735 cm
1

 (C=O str.), 1671 cm
1

 (amide I, C=O str.), 1555 cm
1

 

(amide II, N–H ben.), 1460 cm
1

 (–CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.878 (t, 

terminal –CH3, 3H), 1.282 (–CH3(CH2)13CH2–, 26H), 1.466 (s, C(CH3)3OCO–, 9H), 1.549 

(CH3(CH2)13CH2CH2–, 2H), 3.2231 (–(CH3)N
+
(CH2CH2)2(CH2CONH)–, 3H), 3.825-3.941 (–

(CH3)N
+
(CH2CH2)2(CH2CONH)–, 4H), 4.580 (–CH2CONHCH2CH2–, 2H), 5.012-5.236 (–

(CH3)N
+
(CH2CH2)2(CH2CONH)–, 2H), 8.320 (–CH2CONHCH2CH2–, 1H). 
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5c:  FT-IR ( 𝑣 ): 3200-3450 cm
1

 (amide N–H str.), 2940 cm
1

 (–CH2– assym. str.), 2855 

cm
1

 (–CH2– sym. str.), 1740 cm
1

 (C=O str.), 1672 cm
1

 (amide I, C=O str.), 1550 cm
1

 

(amide II, N–H ben.), 1462 cm
1

 (–CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.882 (t, 

terminal –CH3, 3H), 1.284 (–CH3(CH2)13CH2–, 26H), 1.459 (s, C(CH3)3OCO–), 1.548 

(CH3(CH2)13CH2CH2–, 2H), 3.199 (–(CH3)N
+
(CH2CH2)2(CH2CONH)–, 3H), 3.795-3.896 (–

(CH3)N
+
(CH2CH2)2(CH2CONH)–, 4H), 4.620 (–CH2CONHCH2CH2–, 2H), 5.185-5.396 (–

(CH3)N
+
(CH2CH2)2(CH2CONH)–, 2H), 8.298 (–CH2CONHCH2CH2–, 1H). 

 

5a:  FT-IR ( 𝑣 ): 3200-3450 cm
1

 (amide N–H str.), 2942 cm
1

 (–CH2– assym. str.), 2855 

cm
1

 (–CH2– sym. str.), 1670 cm
1

 (amide I, C=O str.), 1639 cm
1

 (ester C=O str.), 1555 

cm
1

 (amide II, N–H ben.), 1460 cm
1

 (–CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.881 

(t, terminal –CH3, 3H), 1.284 (–CH3(CH2)13CH2–, 26H), 1.551 (CH3(CH2)13CH2CH2–, 2H), 

3.230 (–(CH3)N
+
(CH2CH2)2(CH2CONH)–, 3H), 3.845-3.876 (–

(CH3)N
+
(CH2CH2)2(CH2COO)– and (CH3)N

+
(CH2CH2)2(CH2CONH)–, 6H), 4.588 (–

CH2CONHCH2CH2–, 2H), 5.185-5.146 (–(CH3)N
+
(CH2CH2)2(CH2CONH)–, 2H), 8.309 (–

CH2CONHCH2CH2–, 1H). 

 

5b:  FT-IR ( 𝑣 ): 3200-3450 cm
1

 (amide N–H str.), 2940 cm
1

 (–CH2– assym. str.), 2853 

cm
1

 (–CH2– sym. str.), 1671 cm
1

 (amide I, C=O str.), 1637 cm
1

 (ester C=O str.), 1551 

cm
1

 (amide II, N–H ben.), 1460 cm
1

 (–CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.880 

(t, terminal –CH3, 3H), 1.284 (–CH3(CH2)13CH2–, 26H), 1.551 (CH3(CH2)13CH2CH2–, 2H), 

3.229 (–(CH3)N
+
(CH2CH2)2(CH2CONH)–, 3H), 3.835-3.976 (–

(CH3)N
+
(CH2CH2)2(CH2COO)– and (CH3)N

+
(CH2CH2)2(CH2CONH)–, 6H), 4.600 (–

CH2CONHCH2CH2–, 2H), 5.025-5.046 (–(CH3)N
+
(CH2CH2)2(CH2CONH)–, 2H), 8.329 (–

CH2CONHCH2CH2–, 1H). 

 

5c:  FT-IR ( 𝑣 ): 3200-3450 cm
1

 (amide N–H str.), 2945 cm
1

 (–CH2– assym. str.), 2855 

cm
1

 (–CH2– sym. str.), 1670 cm
1

 (amide I, C=O str.), 1635 cm
1

 (ester C=O str.), 1554 

cm
1

 (amide II, N–H ben.), 1462 cm
1

 (–CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.884 

(t, terminal –CH3, 3H), 1.289 (–CH3(CH2)13CH2–, 26H), 1.548 (CH3(CH2)13CH2CH2–, 2H), 

3.232 (–(CH3)N
+
(CH2CH2)2(CH2CONH)–, 3H), 3.795-3.989 (–

(CH3)N
+
(CH2CH2)2(CH2COO)– and (CH3)N

+
(CH2CH2)2(CH2CONH)–, 6H), 4.619 (–

CH2CONHCH2CH2–, 2H), 5.187-5.141 (–(CH3)N
+
(CH2CH2)2(CH2CONH)–, 2H), 8.304 (–

CH2CONHCH2CH2–, 1H). 

 

2B.4.2.5 Synthesis of fully zwitterionic PEI derivatives  

N-Methyl-PEIs (1 g, 17.5 mmol/repeating units) were dissolved in dry chloroform (75 mL) in 

a screw-top pressure tube and tert-butyl bromoacetate (70 mmol) was added to it. The 

reaction mixture was heated at 55 C for 96 h. After the reaction, the volume of the reaction 

mixture was reduced. Then excess of anhydrous acetone or diethylether (200 mL) was 

added to the reaction mixture to precipitate the product. The precipitate was filtered off using 

a sintered glass funnel and then dissolved in CHCl3 to re-precipitate the product again using 

excess acetone for further purification to obtain fully quaternized PEI polymer (5d). Then, 

the polymer was dissolved in dichloromethane (50 mL) and trifluoroacetic acid (4% v/v) was 
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added and stirred for about 24 h at room temperature. After the reaction the product was 

precipitated with acetone. The precipitate was then dissolved in water and the solution was 

stirred with an amberlite ion-exchange resin (IRA 400, hydroxide containing) for 4 h at room 

temperature. The resin was discarded and filtrate was freeze dried to obtain the partially 

zwitterionic PEI derivatives (5d). 

 

5d:  FT-IR ( 𝑣 ): 2940 cm
1

 (–CH2– assym. str.), 2853 cm
1

 (–CH2– sym. str.), 1737 cm
1

 

(C=O str.), 1460 cm
1

 (–CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 1.456 (s, 

C(CH3)3OCO–, 9H), 3.229 (–(CH3)N
+
(CH2CH2)–, 3H), 3.835-3.976 (–(CH3)N

+
(CH2CH2)–, 

4H), 4.600 (–CH2COO–, 2H). 

 

5d:  FT-IR ( 𝑣 ): 2948 cm
1

 (–CH2– assym. str.), 2850 cm
1

 (–CH2– sym. str.), 1642 cm
1

 

(C=O str.), 1465 cm
1

 (–CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 3.239 (–

(CH3)N
+
(CH2CH2)–, 3H), 3.835-3.976 (–(CH3)N

+
(CH2CH2)–, 4H), 4.600 (–CH2COO–, 2H). 

 

2B.4.3 Solubility test 

Solubility of the polymers was evaluated following same protocol as described in the section 

2A.4.3 in Chapter 2A.  

 

2B.4.4 Preparation of the film  

Coating of different surfaces by the polymers was performed following same protocol as 

described in the section 2A.4.4 in Chapter 2A.  

 

2B.4.5 Antimicrobial activity  

2B.4.5.1 Determination of antibacterial activity by spray method (air-borne bacteria) 

Antibacterial activity of the polymer coated surfaces was evaluated following same protocol 

as described in the section 2A.4.5.1 in Chapter 2A.  

 

2B.4.5.2 Determination of antibacterial activity (water-borne bacteria) 

Antibacterial activity of the polymer coated surfaces was evaluated following same protocol 

as described in the section 2A.4.5.2 in Chapter 2A  

 

2B.4.5.3 Antibacterial kinetics  

96-Well plate was coated with the polymers 3c and 4c at two different amounts: MIA and 6  

MIA for both S. aureus and E. coli respectively following the coating procedure as described 

above. Bacterial suspension (200 L) containing approximately 5.1  10
5
 CFU/mL S. aureus 
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in nutrient broth and 5.5  10
5 

CFU/mL E. coli in Luria-Bertani (LB) broth were added, and 

the plates were incubated at 37 °C under constant shaking. The initial time of addition of the 

bacteria to the wells was taken as zero, and 3 L aliquots were withdrawn from each of the 

wells at definite time intervals. These aliquots were then spot plated immediately on suitable 

agar plates. The plates were incubated at 37 ˚C for 24 h, and bacterial colonies were 

monitored. The plates were then imaged to visualize the killing efficiency at different time 

interval. 

 

2B.4.5.4 Mechanism of antibacterial action 

Bacterial suspension (200 L, 10
9
 CFU/mL and 10

8
 CFU/mL for S. aureus and E. coli 

respectively) were added to the well of 96 well plate coated with polymer 6 (at 6  MIA). A 

control was made similarly in non-coated wells. The 96-well plate was placed in incubator at 

37 °C under constant shaking for 4 h. After the treatment, bacteria were collected in an 

eppendorf tube, centrifuged and resuspended in PBS. The suspension (5 L) was then 

combined with a mixture containing 3.0 μM green fluorescent dye SYTO 9 and 15.0 μM red 

fluorescent dye PI (Sigma-Aldrich, USA). The mixture was incubated in the dark for 15 min. 

Finally, aliquot (5 μL) was placed on a glass slide, covered with a cover slip, sealed, and 

examined under a confocal laser scanning microscope (Zeiss 510 Meta Confocal 

Microscope). Excitation wavelength for SYTO 9 was 450-490 nm and for PI was 515-560 

nm. Emission wavelength was for SYTO 9 at 500-550 nm and for PI at 590-800 nm and was 

collected using a band-pass filter. 

 

2B.4.6 Bacterial biofilm inhibition assay  

First, the glass cover slips (18 mm) were coated with various amounts of the polymers and 

were placed into the wells of a 6-well plate. Midlog phase culture of S. aureus and E. coli 

(10
9
 CFU/mL) were suspended to ~10

5
 CFU/mL into suitable media (nutrient media 

supplemented with 1% glucose and NaCl for S. aureus and M9 media supplemented with 

0.02% casamino acid and 0.5% glycerol for E. coli respectively). Then, 2 mL of the bacterial 

suspensions were added to the wells containing the polymer coated cover slips and allowed to 

incubate at 37 ˚C under stationary conditions. A similar experiment was performed by 

placing 2 mL of respective bacterial suspensions to the wells containing the uncoated cover 

slips as control experiment. After 24 h, the cover slips were removed carefully and washed 

once with PBS. Finally cover glasses were placed on a glass slide and SYTO 9 solution (15 
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L, 3 M) was added to the cover glass and was covered by another coverslip. The cover 

glasses were air-sealed and then incubated in dark for 15 min. Both treated and non-treated 

cover slips were then imaged using a confocal laser scanning microscope (Zeiss 510 Meta 

confocal microscope). In another set of experiments, after the incubation, 100 μL of trypsin-

EDTA solution was added to the biofilm to dissolve. Cell suspension of biofilms was then 

assessed by plating serial 10-fold dilutions on suitable agar plates. After 24 h of incubation, 

bacterial colonies were counted, and cell viability was expressed as log10(CFU/mL) along 

with the control. 

 

2B.4.7 Antifungal assay 

2B.4.7.1 Minimum inhibitory amount (MIA)  

Antifungal activity of the polymer coated surfaces was evaluated following same protocol as 

described in the section 2A.4.7.1 in Chapter 2A.  

 

2B.4.7.2 Minimum fungicidal amount (MFA) 

Minimum fungicidal amount of the polymer coated surfaces was evaluated following same 

protocol as described in the section 2A.4.7.2 in Chapter 2A. 

  

2B.4.7.3 Kinetics of antifungal activity  

Kinetics of Antifungal activity of the polymer coated surfaces was evaluated following same 

protocol as described in the section 2A.4.7.3 in Chapter 2A.  

 

2B.4.8 Mechanism of antifungal action 

Mechanism of antifungal action of the polymer coated surfaces was evaluated following same 

protocol as described in the section 2A.4.8 in Chapter 2A.  

 

2B.4.9 Fungal biofilm inhibition assay 

The antibiofilm activity of the polymeric coatings was evaluated by coating the cationic PEI 

derivatives onto the wells of 6-well plate. Two different amounts were used to coat the 

surfaces: MIA and 6  MIA of polymers 3c and 4c respectively. Then fungal suspension (2 

mL, 10
5
 CFU/mL) was then added to the wells and plates were kept at 30 ˚C under 

stationary conditions for about 48 h. After the incubation, the plates were directly used to 
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visualize the growth of fungi and their biofilm formation under fluorescence microscope ny 

staining the wells with SYTO 9. 

 

2B.4.10 Hydrolysis study  

Hydrolysis study of the side-chain degradable polymers was performed by taking the 

polymers (3c and 4c) suspension (5 mg/mL) in acid (HCl, 0.2 M) and in enzymes (4 mg/mL 

of trypsin for 3c and 1 mg/mL of lipase for 4c). Then the suspensions were kept under 

constant shaking at 37 ˚C. After different time interval, the suspensions were directly freeze-

dried. To the freeze-dried sample in the case of enzymes treated polymers, chloroform and 

methanol mixture (9:1) was added and the filtrate was collected. Finally, the freeze dried 

samples were used to record IR and NMR spectra. The presence of hydrolyzed functional 

groups was confirmed by IR spectroscopy and the extent of hydrolysis was confirmed via 1h-

NMR spectroscopy.   

 

2B.4.11 Biocompatibility of polymers  

2B.4.11.1 Hemolytic activity of cationic PEI derivatives 

Hemolytic assay of the polymeric coating was evaluated following same protocol as 

described in the section 2A.4.10 in Chapter 2A. 

 

2B.4.11.2 Hemolytic activity of zwitterionic PEI derivatives  

Human red blood cells (hRBC) were isolated from freshly drawn, heparinised human blood 

and resuspended to 5 vol% in phosphate buffered saline (PBS) (pH 7.4). Then, 200 μL of 

hRBC suspension (5 vol% in PBS) was added to the wells of 96-well plate coated with 

polymers. Two controls were made, one non-coated well dried after using only solvent and 

another non-coated well with the solution of Triton X-100 (1 vol %). The plates were then 

incubated for 1 h at 37°C and were then centrifuged at 3500 rpm for 5 min. Following 

centrifugation, 100 μL of the supernatant from each well was transferred to a fresh 96-well 

plate, and absorbance at 540 nm was measured. Percentage of hemolysis was determined as 

(A - A0)/(Atotal -A0)  100, where A is the absorbance of the test well (wells coated with 

polymers), A0 the absorbance of the wells with negative controls (wells without any polymer 

coating), and Atotal the absorbance of the well with 100% hemolysis (wells with Triton X-100, 

1 vol%), all at 540 nm. 
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2B.4.11.3 In-vivo toxicity of cationic PEI derivatives  

Male BALB/c (6-8 weeks old, 18-22 g) were used for the experiment. Polymers (3c and 4c) 

coated catheters (4.0 g/mm
2
 and 8.0 g/mm

2
) were sterilized by UV-irradiation before 

implantation. Mice were anesthetized with ketamine (40 mg/kg) and xylazine (2 mg/kg of 

xylazine). The hair at the back of each mouse was clipped and then shaved aseptically. A 

midline incision was then made in the skin above the mid-thoracic spine and a subcutaneous 

(s.c.) pouch was created by blunt dissection extending interiorly in each mouse. Catheters 

were then placed in the s.c. pockets of mice. The incisions were closed with 3.0 vicryl 

sutures. After 96 h, mice were killed by isoflurane and the coated catheters along with the 

surrounding tissues were removed aseptically and placed in formalin. The tissues were 

washed in running tap water for about 1 h and were dehydrated by successive treatment with 

70%, 90% and 100% ethanol, each for 1 h. The samples were then cleaned with xylene twice 

for 1 h and were then kept in melted paraffin at 56 ˚C thrice for paraffin embedding. A semi-

automatic microtome was used to prepare longitudinal and transverse sections (5 mm) were 

prepared and placed on glass slide covered with Meyer's egg albumin. The sections were 

dried at 40 ˚C for 2 h. Fixed sections were dipped successively in 100%, 90%, 70% and 50% 

ethanol; each for 1 h and then in water to carry out the rehydration. Haematoxylin and eosin 

(H & E) staining agent was then used to stain the sections. Finally, the sections were covered 

with DPX (SRL, India) mounting medium along with the cover glasses and observed under 

light microscope (Nikon, Japan). 

 

2B.4.11.4 In-vivo toxicity of fully zwitterionic PEI derivative 

The numbers of animals per groups, dosage of polymers etc. were used according to the 

Organisation for Economic Cooperation and Development (OECD) Guidelines for the 

Testing of Chemicals (OECD 425). BALB/c mice (female, 6-8 weeks, 18-21 g) were used for 

the systemic toxicity studies. Mice were divided into control and test groups with 5 mice per 

group. Various doses (5.5, 17.5, 55 and 175 mg/kg) of the test polymer, HTCC, were used as 

per the OECD guidelines. Solution (200 μL) of small molecular biocide in sterilized saline 

was injected into each mouse (5 mice per group) via intra-peritoneal (i.p.) and subcutaneous 

(s.c.) routes of administration. All the mice were monitored for the next 14 days after the 

administration of the polymer. During the observation period of 14 days, onset abnormality 

was monitored for all the tested amounts. Saline (200 μL) was used as control. For the acute 

dermal toxicity studies, fur of the mice was shaved 24 h before the experiment. To the shaved 
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region, the biocide solution (40 L) of different concentration was applied. Adverse effect on 

the skin of mice was monitored along with mortality rate for 14 days post treatment. 

 

2B.4.12 In-vivo activity of cationic PEI derivatives  

All catheters were 5-French polyurethane catheters and were cut into pieces (12 mm length, 

average weight 25 mg). The catheter pieces were heat sealed on both ends and were coated 

as mentioned previously with different amounts (2.5 g/mm
2
, 5.0 g/mm

2
 and 7.5 g/mm

2
). 

All animals were treated in accordance with protocols approved by the Institutional Animal 

Ethics Committee (IAEC) at the Jawaharlal Nehru Centre for Advanced Scientific Research 

(JNCASR). In each group, a total of five mice weighing 18-22 g (6-8 weeks old) were used. 

Mice were anesthetized with ketamine-xylazine (40 mg/kg of ketamine and 2 mg/kg of 

xylazine). The hair at back of each mouse was clipped and then shaved aseptically. An 

incision was produced in the dorsal midline, and subcutaneous (s.c.) pouches were made by 

blunt dissection. Coated catheters were inoculated with 6.9 × 10
7
 CFU/mL methicilin-

resistant S. aureus (MRSA) and incubated without shaking at 37 ˚C for 60 min to allow the 

adherence of the pathogens. The bacteria contaminated catheters were then placed in the s.c. 

pockets of mice. The pouches and incisions were closed with 3.0 vicryl sutures and mice 

were allowed to have access of food and water. After 96 h, mice were killed by isoflurane 

and the coated catheters were removed aseptically and placed in eppendrof tube containing 1 

mL of nutrient broth. Then the solution containing catheter was sonicated for 5 min in a water 

bath sonicator (550 W, 37,000 Hz; S 60H Elmasonic sonicator). The broth was serially 

diluted and surface plated on nutrient agar plate to determine the number of bacteria. A 

similar experiment was performed by taking non-coated catheter as control. For SEM 

imaging, the catheter samples after removing from mice was placed in formalin for 24 h and 

then dehydrated with subsequent treatment of 30, 50, 70, 90 and 100% of ethanol. Finally the 

catheter pieces were imaged by FESEM after gold sputtering. For histopathological studies 

tissue surrounding the gel was collected, fixed in 10% formalin and analyzed similarly as 

described in the previous section. 

 

2B.4.13 Resistance development study  

Resistance development assay of the polymeric coating was evaluated following same 

protocol as described in the section 2A.4.9 in Chapter 2A. 
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Abstract 

Chapter 3A describes the development of highly antimicrobial water-insoluble and organo-

soluble quaternary chitin derivatives aimed at obtaining biodegradable antimicrobial 

coatings to overcome toxicity associated with the coating materials. The polycationic paint 

was found to inactivate various pathogenic bacteria including multi drug-resistant 

methicillin-resistant Staphylococcus aureus (MRSA), vancomycin-resistant Enterococcus 

faecium (VRE) and beta lactam-resistant Klebsiella pneumoniae and fungi such as Candida 

spp. and Cryptococcus spp (5 log reduction). The polymers killed both bacteria and fungi by 

disrupting the cell membrane causing death upon contact. Surfaces coated with the polymers 

inhibited formation of biofilms against both bacteria and fungi. Importantly, coated surfaces 

displayed negligible toxicity against human erythrocytes and showed minimal to negligible 

inflammation upon implantation in mice. Notably, the polymers were shown to be degradable 

in the presence of lysozyme. Further, subcutaneous implantation of polymer discs in rats led 

to 15-20% degradation in 4 weeks. In a murine model of subcutaneous infection, polymer-

coated medical grade catheter reduced MRSA burden by 3.7 log compared to non-coated 

catheter with less inflammation in the surrounding tissue. Further, no biofilm development 

was observed on the coated catheters under in-vivo conditions. The biodegradable 

polycationic materials thus developed herein represent novel class of safe and effective 

coating agents for the prevention of device-related infections.  
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3A.1 Introduction 

In Chapter 2B, charge-switchable antimicrobial coatings to prevent infections in biomedical 

device and implants were developed wherein the polymers (quaternary polyethylenimine) 

were shown to degrade via the hydrolysable side alkyl chain bearing amide or ester groups. 

Further, the hydrolyzed zwitterionic polymers were shown to be highly biocompatible 

towards mammalian cells. However, the polymers degrade only via the hydrolysis of the side 

chains and are not fully degradable as the backbone is synthetic in nature. Thus, where 

applicable, an antimicrobial coating should kill microbes and prevent colonization on medical 

devices or implants for desired period of time and then disappear after its intended usage 

without causing significant toxicity towards mammalian cells during or after its use.
1,2

 To this 

end, antimicrobial polymeric coating with biodegradable backbone would be suitable. 

Naturally occurring polymers because of their high biocompatibility and biodegradability are 

considered as potential candidates.
3-5

 Herein, chapter 3A deals with the development of 

biodegradable and biocompatible antimicrobial polymers from naturally occurring polymer 

chitin and demonstrates their use as non-covalent antimicrobial coatings. 

Chitin, the second most abundant polymer in nature, is used as wound dressings, 

artificial skin, preservatives in cosmetics, antithrombic and hemostatic materials, contact 

lenses, sutures and materials to support bone growth in orthopedic applications, etc.
6,7 

In 

addition, it is inherently antimicrobial and susceptible towards human enzymes lysozymes 

thus making it completely biodegradable in human body.
8,9

 However, insolubility of chitin in 

almost all the common organic solvents limits its practical use. Further, the antibacterial 

activity of pristine chitin is very low. Direct usage of chitin as antimicrobial paint is thus 

limited due to its processability and lack of antibacterial activity.
10,11

 It was envisioned that 

by introducing cationic charge and hydrophobicity into chitin and by balancing the 

charge/hydrophobic ratio, water insoluble and organo-soluble polymers with degradable 

backbone and enhanced antimicrobial activity could be developed. Moreover, as microbial 

(e.g. bacterial) cell membrane is mostly negatively charged due to the presence of anionic 

phospholipids, introduction of positive charges and hydrophobicity would render cationic 

chitin derivatives antimicrobial.  

This chapter thus described the design and synthesis of organo-soluble quaternary 

chitin polymers and demonstrated their use as biodegradable microbicidal paint. The effect of 

degree of quaternization (DQ) and length of hydrophobic alkyl chain on the material’s 

solubility and antimicrobial activity were systematically evaluated. The polycationic 
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materials were able to kill both drug-sensitive and drug-resistant bacteria including multi 

drug-resistant (MDR) clinical isolates and shown to inhibit biofilm formation upon coating 

onto various surfaces. Not only against bacteria, the polymers showed excellent efficacy 

against various human pathogenic fungi and were shown to be effective in inhibiting fungal 

biofilm formation on the coated surface. Notably, the polymers were non-toxic towards 

mammalian cells and susceptible towards hydrolytic enzymes under both in vitro and in vivo 

upon subcutaneous implantation in mice. Upon painting these polymers, medical grade 

polyurethane catheter was shown to be effective in reducing bacterial burden and inhibiting 

biofilm formation in vivo in murine model against MRSA. 

 

3A.2 Results and discussion 

3A.2.1 Synthesis of cationic chitin derivatives  

The water insoluble and organo-soluble quaternary chitin derivatives were synthesized by 

tosylation of chitin (degree of acetylation, DA 75%) and subsequent quaternization of the 

tosylchitin (Scheme 3A.1). Chitin was first selectively tosylated at the C-6 position of the 

sugar unit by reacting with tosylchloride (20 equivalents per sugar unit) at low temperature (8 

˚C).
12

 Reaction at low temperature allowed the regioselective tosylation only at the primary 

hydroxyl group of the sugar unit of chitin. Three different tosylchitins were prepared as Tsch 

1, Tsch 2, and Tsch 3 (obtained after 24 h, 48 h and 72 h of tosylation). As the degree of 

acetylation of chitin was 75%, the remaining 25% free amine groups may interfere in the 

subsequent quaternization reactions of tosyl-chitin with N,N-dimethylalkylamines (e.g., via 

cross linking of polymer chains) (Scheme 3A.1). The tosylchitins were therefore reacted with 

acetic anhydride to protect the free amino group. Since the N-acetylation led to some O-

acetylation, tosylchitin was further treated with methanolic KOH to remove the unwanted O-

acetylation. It should be mentioned that during KOH treatment some detosylation also 

happened. The final N-acetylated tosylchitins were characterized by FT IR, 
1
H NMR and 

elemental analysis (Supporting Information). The degree of substitution (DS) by tosyl group 

was calculated by sulfur to nitrogen (S/N) ratio. The tosylchitins were then finally reacted 

with N,N-dimethylalkylamines to synthesize various quaternized chitin derivatives (Scheme 

1). Nine different quaternary polymers were prepared: 1a-1c, 2a-2c and 3a-3c by reacting 

Tsch 1 (DS 39%), Tsch 2 (DS 48%) and Tsch 3 (DS 55%) with N,N-dimethyl 

dodecylamine, N,N-dimethyl tetradecylamine, and N,N-dimethyl hexadecylamine 
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respectively at 120 ˚C for 72 h (Scheme 3A.1). The quaternary polymers were characterized 

by FT-IR, 
1
H-NMR, and elemental analysis. 

 

 

 

Scheme 3A.1: Synthesis of quaternary hydrophobic chitin polymers. DS = degree of 

substitution; DQ = degree of quaternization. 

 

The quaternization of tosylchitins with N,N-dimethylalkylamines was confirmed from 

1
H-NMR as the NMR spectra clearly revealed the presence of only two doublet aromatic 

peaks at  7.1 and 7.5 ppm corresponding to protons of benzene ring in tosylate anion of 

quaternized chitin derivatives. By this method, for the first time, it was possible to synthesize 

completely water-insoluble quaternary chitin derivatives. The molecular weights of the 

organo-soluble polymers were determined by gel permeation chromatography (GPC) using 

pullulan as standard. The range of weight-average molecular weight (Mw) of the polymers 

was found to be 1.05 × 10
5
 to 2.17 × 10

5
 Da depending on the degree of quaternization and 

length of the alkyl chain (Table 3A.1). The Mw of the polymers was found to increase with 

increase in both alkyl chain length as well increase in DQ (polydispersity index, PDI = 1.25-

1.64). Solubility in water was tested by suspending the polymers in water, centrifuging the 

insoluble polymers after vigorous mixing followed by freeze drying the supernatant and 

recording NMR with the dried samples. If no detectable signals were observed in the NMR 
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spectra of the freeze dried samples the polymers were considered as water insoluble (within 

the detection limits of NMR). All the polymers except 1a (1b-1c, 2a-2c, and 3a-3c) were 

found to be insoluble in water. The polymer 1a (with C12H25 long chain and 39% of degree 

of quaternization, DQ) was found to be slightly soluble in water (no further experiment was 

therefore performed with 1a). However, all the polymers were found to be highly soluble in 

various organic solvents such as methanol, DMF, DMSO, etc. 

 

Table 3A.1 Molecular weights of the polymers 

Chitin derivatives Mn Mw PDI 

1a 64000 105000 1.64 

1b 91000 139000 1.52 

1c 100000 148000 1.48 

2a 82000 128000 1.56 

2b 124000 173000 1.39 

2c 139000 183000 1.31 

3a 126000 158000 1.25 

3b 148000 214000 1.45 

3c 159000 217000 1.36 

Mn = Number-average molecular weight; Mw = weight-average molecular weight; PDI = 

polydispersity index; Mn and Mw are presented in Da. 

  

3A.2.2 Antibacterial activity  

3A.2.2.1 Activity by spray method 

To establish the simplicity of the coating procedure, polystyrene plates, glass slides or cover 

glasses were coated using the solution of polymers in methanol by simple brush-or dip- or 

spin-coating or drop-casting. To simulate the natural deposition of airborne bacteria onto 

surface, a suspension of the human pathogenic bacteria in PBS buffer (pH 7.4) was sprayed 

onto non-coated (control) and the polymer-coated glass surfaces similarly as described in 

previous chapters. The slides were incubated at 37 ˚C for 24 h along with suitable agar to 

allow the bacterial growth. As expected, non-coated glass surface showed the presence of 

bacterial colonies thereby indicated the bacterial growth. However, less or no bacterial colony 

was observed on polymer-coated surfaces depending on the amount painted onto surface. For 

example, surfaces coated with 2c (having C16H33 long chain and DQ of 48%) showed (55  

5)%, (85  7)%, and 100%  reduction of viable S. aureus at 0.04 g/mm
2
, 0.08 g/mm

2
 and 

0.15 g/mm
2
 with respect to non-coated glass surface. Similarly 2c coated surface showed 

(15  9)%, (45  6)%, (75  5)% and 100% reduction of viable E. coli at 0.15 g/mm
2
, 0.3 

g/mm
2
, 0.6 g/mm

2
 and 1.2 g/mm

2
 (Figure 3A.1).  
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Figure 3A.1: Antibacterial activity of chitin derivatives. Photographs of microscopic glass 

slides: (A and F) non-coated glass slides (controls); (B and G) coated slides with 0.04 and 

0.15 g/mm
2 

of 2c; (C and H) coated slides with and 0.08 and 0.3 g/mm
2 

of 2c; (D and I) 

coated slides with and 0.15 and 0.6 g/mm
2 

of 2c; (E and J) coated slides with 0.3 and 1.2 

g/mm
2
 of 2c. Slides A-E for S. aureus and F-J for E. coli respectively. Each white dot 

corresponds to a bacterial colony grown from a single surviving bacterial cell. 

 

Notably, polymer 1b and 1c-coated surfaces showed complete reduction of viable 

bacterial (100% activity) at 0.6 g/mm
2
 and 0.3 g/mm

2 
against S. aureus and, at 2.6 g/mm

2
 

and 1.5 g/mm
2
 against E. coli respectively. Polymers 2a, 2b and 2c-coated surfaces, on the 

other hand, exhibited 100% activity at 1.2 g/mm
2
, 0.6 g/mm

2
 and 0.15 g/mm

2
 against S. 

aureus and at 2.4 g/mm
2
, 2.4 g/mm

2
 and 1.2 g/mm

2
 against E. coli respectively. 

Polymers 3a, 3b and 3c coated surfaces though showed 100% activity at 1.2 g/mm
2
, 0.6 

g/mm
2
 and 0.3 g/mm

2
 against S. aureus but found to be inactive against E. coli till 12 

g/mm
2
. Among all the polymers, 1c and 2c were found to be the two most active ones 

against both the bacteria (Figure 3A.2A-F). The high antibacterial activity of these polymers 

against both Gram-positive and Gram-negative bacteria thus demonstrated that these 

polymers could be potentially used as bactericidal paint in healthcare settings. Interestingly, 

polymer 2c when coated onto the glass surface along with medically relevant polymer such as 

polylactic acid (PLA) showed antibacterial activity. It is noteworthy that the chitin polymers 
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even after loading with PLA were found to be equally active (e.g., 100% activity was 

observed for 0.15 g/mm
2
 of 2c along with 2.5 g/mm

2 
of PLA against S. aureus and 1.2 

g/mm
2
 of 2c along with 2.5 g/mm

2 
of PLA against E. coli respectively) (Figure 3A.2G-L). 

These findings thus furnished that these chitin polymers could be used to develop self-

defensive biomaterials. 

 

 

Figure 3A.2: Antibacterial activity of polymer coated surfaces. Photographs of microscopic 

glass slides after spraying bacteria and incubating for 24 h; (A) and (D): non-coated glass 

slides (controls); (B) and (E): slides coated with 1c (0.3 and 1.5 g/mm
2
); (C) and (F): slides 

coated with 2c (0.15 and 1.2 g/mm
2
); (G) and (J): slides coated with PLA (2.5 g/mm

2
); 

middle panel of (H) and (K): slides coated with (0.3 g/mm
2
 1c + 2.5 g/mm

2
 PLA) and (1.5 

g/mm
2
 1c + 2.5 g/mm

2
 PLA); right panel of (I) and (L): slides coated with (0.15 g/mm

2
 

2c + 2.5 g/mm
2
 PLA) and (1.2 g/mm

2
 2c + 2.5 g/mm

2
 PLA). 

 

3A.2.2.2 Activity against water-borne bacteria (Minimum inhibitory amount)   

After preparing the polymeric film in the polystyrene well plate, antibacterial efficacy of the 

coatings was determined by adding bacterial suspensions in nutrient broth. The activity, 

expressed as minimum inhibitory amount (MIA), i.e., the minimum amount required to 

inhibit the growth of bacteria, was represented similarly as mentioned in the previous 

chapters. The cationic polymers were found to inhibit the growth of both Gram-positive S. 

aureus and Gram-negative E. coli completely as observed by visual turbidity (Table 3A.2). 

The polymers showed different activity depending on the length of alkyl chain and the degree 

of quaternization (DQ). Among all the polymers, 1c (with C16H33 long chain and DQ of 
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39%) and 2c (with C16H33 long chain and DQ of 48%) were found to be most active 

polymers. MIA values of 1c and 2c were 0.12 g/mm
2
 and 0.06 g/mm

2
 against S. aureus 

and 3.9 g/mm
2
 each against E. coli (Table 3A.2). Interestingly, activity for the polymers 

with DQ 39% and 48% was found to increase with increase in alkyl chain length against 

Gram-positive S. aureus and remained almost unchanged against Gram-negative E. coli upon 

increasing chain length (Table 3A.2).  

 

Table 3A.2 Antibacterial and hemolytic activities of polymer coated surfaces 

 

Polymers 

 MIA (g/mm
2
)   

HA50 

(g/mm
2
) 

Wild type bacteria Drug resistant bacteria 

 

S. aureus 

 

E. coli 

P. 

aeruginosa 

 

MRSA 

 

VRE 

K. 

pneumoniae 

1b 0.12 7.8 7.8 0.62 0.24 7.8  31.2 

1c 0.12 3.9 15.6 0.32 0.12 7.8  31.2 

2a 0.48 7.8 31.2 0.78 0.48 31.2  31.2 

2b 0.24 3.9 15.6 0.39 0.24 15.6  31.2 

2c 0.06 3.9 7.8 0.06 0.06 15.6  31.2 

3a 0.24 15.6 31.2 0.32 0.24  31.2  31.2 

3b 0.24 15.6  31.2 0.32 0.24  31.2  31.2 

3c 0.12 31.2  31.2 0.24 0.32  31.2  31.2 

MRSA = Methicillin-resistant S. aureus (ATCC 33591); VRE = vancomycin-resistant E. 

faecium (ATCC 51559); K. pneumoniae = beta-lactam-resistant K. pneumoniae (ATCC 

700603) 

 

For example, MIA values of 2a, 2b, and 2c having C12H25, C14H29 and C16H39 long chain 

and DQ of 48% were 0.48 g/mm
2
, 0.24 g/mm

2
 and 0.06 g/mm

2
 against S. aureus whereas 

MIA values of 2a, 2b, and 2c were 7.8 g/mm
2
, 3.9 g/mm

2
 and 3.9 g/mm

2
 against E. coli. 

Antibacterial activity of the polymers with 55% DQ (3a, 3b and 3c having C12H25, C14H29 

and C16H39 long chain) was found to increase with increase in chain length against S. aureus 

(MIA values 3a, 3b and 3c against S. aureus were 0.24 g/mm
2
, 0.24 g/mm

2
 and 0.12 

g/mm
2
 respectively). However, the activity of 3a, 3b and 3c was found to decrease with the 

increase in chain length against E. coli (MIA values 3a, 3b and 3c were 15.6 g/mm
2
, 15.6 

g/mm
2 

and 31.2 g/mm
2 

against E. coli) (Table 3A.2). The polymers also showed activity 

against P. aeruginosa, an opportunistic bacterium known to cause many nosocomial 

infections. The most active polymer 2c showed and MIA of 7.8 g/mm
2
 against P. 

aeruginosa. Not only against drug-sensitive bacteria, surfaces coated with the polymers 

showed activity against various drug-resistant bacteria such as methicillin-resistant S. aureus 

(MRSA), vancomycin-resistant E. faecium (VRE), and beta-lactam-resistant K. pneumoniae 
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thus indicated the broad spectrum antibacterial nature. The two most potent polymers 1c and 

2c showed MIA values of 0.32 g/mm
2 

and 0.06 g/mm
2 

against MRSA, 0.12 g/mm
2 

and 

0.06 g/mm
2
 against VRE and 7.8 g/mm

2
 and 15.6 g/mm

2 
against beta-lactam resistant K. 

pneumoniae respectively (Table 3A.2). To establish how fast these polymers kill bacteria 

upon contact, the rate of action were investigated towards both S. aureus and E. coli using 

one of the most active polymers 2c at MIA and 6  MIA. Polymer 2c killed S. aureus and E. 

coli (5 log reduction) at 120 min and 240 min at 6  MIA. These results thus indicate that 

the cationic hydrophobic polymer coatings have remarkably high killing rates against both 

the bacteria making them suitable for efficient antimicrobial coating.  

The relatively lesser activity of the polymers with higher DQ or higher alkyl chain 

length (e.g., 3a, 3b and 3c) against Gram-negative bacteria might be due to polymer 

aggregation because of highly hydrophobic nature of these polymers conferred by higher 

number of alkyl chains, which in turn is a consequence of higher degree of quaternization. 

This causes poor interactions with the cell surface of the Gram-negative bacteria, which 

possess an outer lipid membrane composed of lipopolysaccharides.
21

 The above fact was 

supported by contact angle measurements as polymer with higher degree of quaternization 

(3c, C16H33 long chain and DQ  55%) showed static contact angle (avg) of (112  4)˚ 

whereas polymer with lower degree of quaternization (2c, C16H33 long chain and DQ  

48%) showed avg of (85  2)˚ indicating that polymers with higher degree of quaternization 

are more hydrophobic. 

Antibacterial activity of the chitin derivatives was also evaluated against various 

multi-drug resistant (MDR) clinical isolates. All the isolates were highly resistant to common 

antibiotics such as ampicillin, kanamycin, meropenem, ciprofloxacin, erythromycin, 

tetracycline, doxycycline and minocycline (MIC values of most of the antibiotics were >250 

μg/mL) and were sensitive to only tigecycline and colistin (MIC = 0.5-1.0 μg/mL). The 

polymers were found to be highly active against the Gram-positive clinical strains and 

moderately active against the Gram-negative strains (Table 3A.3). One of the most active 

polymers, 2c displayed MIA values of 0.06 μg/mm
2
 each against two of the tested clinical 

isolates of MRSA. The polymer also showed activity against Gram-negative clinical isolates. 

However, unlike the Gram-positive bacteria, the most active polymer 2c did not display good 

activity against Gram-negative strains. Interestingly, polymer 1b (with C12H25 alkyl chain 

and 39% DQ) showed activity against Gram-negative bacteria (MIA values of 1b were 3.9, 

2.0, 3.9 and 7.8 μg/mm
2
 against multi-drug-resistant E. coli, A. baumannii, P. aeruginosa and 
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K. pneumoniae respectively. The above results thus emphasize the broad-spectrum nature of 

the cationic chitosan derivatives and show their potency as antibacterial agents. 

 

Table 3A.3 Antibacterial activities of polymers against clinical isolates 

 

Polymers 

MIA (g/mm
2
) 

MRSA 

R3889 

MRSA 

R3889 

E. coli 

R3597 

A. baumannii  

R674 

P. aeruginosa  

R590 

K. pneumoniae 

R3421 

1b 0.06 0.12 3.9 2.0 3.9 7.8 

1c 0.06 0.06 7.8 7.8 7.8 7.8 

2a 0.48 0.48 7.8 7.8 7.8 7.8 

2b 0.24 0.24 7.8 3.9 3.9 7.8 

2c 0.06 0.06 7.8 3.9 7.8 7.8 

3a 2.0 3.9 7.8 7.8 7.8 7.8 

3b 0.24 0.24 7.8 7.8 7.8 7.8 

3c 0.12 0.12 7.8 7.8 7.8 7.8 

MRSA = Methicillin-resistant S. aureus; 51559); E. coli = Escherichia coli; K. pneumoniae = 

Klebsiela pneumoniae; A. baumannii = Acinetobacter baumannii; P. aeruginosa = 

Pseudomonas aeruginosa 

 

3A.2.3 Membrane-active mode of action  

The membrane-active mode of action of the surface-immobilized cationic chitin polymers 

were studied against both S. aureus and E. coli. Sustaining membrane potential is an essential 

criterion for the bacteria to survive. The dissipation of the membrane potential was studied 

using a potential sensitive dye DiSC3(5) (3,3′-dipropylthiadicarbocyanine iodide).
13

 All the 

polymers were found to depolarize the membrane potential of both the bacteria (Figure 

3A.3A and B). The extent of depolarization was found to depend on degree of quaternization 

(DQ) and length of alkyl chain. Comparing the membrane depolarization ability of polymers 

containing the same alkyl chain length (C16H33) but varying DQ (1c, 2c and 3c), it was 

observed that the polymer with 48% DQ (2c) was the most efficient. In case of polymers with 

same DQ but varying alkyl chain length (2a, 2b and 2c), 2c (with C16H33 alkyl chain) was 

the most effective in depolarizing the S. aureus cell membrane (Figure 3A.3A). On 

performing a similar study against E. coli, with the polymers of constant chain length but 

variable DQ (1b, 2b and 3b), 1b (DQ = 39%) was most efficient. Polymers with same DQ 

and varying the alkyl chain length (2a, 2b and 2c), on the other hand, 2a (C12H25) was most 

effective in depolarizing the membrane potential of E. coli (Figure 3A.3B). However, 

polymers with higher DQ (3a-3c) were found to be less effective in dissipating membrane 

potential of both the bacteria. The above results were in agreement with the antibacterial 
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efficacy displayed by these polymers. To further substantiate the mode of action of these 

polymers, leakage of intracellular K
+
 ion was studied using potassium ion sensitive dye, 

PBFI-AM against both S. aureus and E. coli respectively.
14

 All the polymers were found to 

cause leakage of intracellular K+ ion from both the bacteria and a similar structure activity 

relationship was observed in case of K
+
 ion leakage as observed for membrane depolarization 

(Figure 3A.3C and D). 

 

 

Figure 3A.3: Mechanism of antibacterial action. (A and B) Cytoplasmic membrane 

depolarization ability of polymers against S. aureus and E. coli; (C and D) intracellular K
+
 

ion leakage ability of polymers against S. aureus and E. coli respectively. 

 

The mode of action of was further examined by fluorescence microscopy via live and 

dead assay using SYTO 9 and propidium iodide (PI) respectively.
15

 The fluorescence 

microscopy images of non-treated samples showed green fluorescence for both S. aureus and 

E. coli thereby indicated the cell viability in control samples (Figure 3A.4A and C). However, 

images of the cells treated with the 2c-coated surface showed red fluorescence of PI thereby 

indicated membrane disruption for both S. aureus and E. coli (Figure 3A.4B and D). To 
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visualize the morphological changes in the treated bacteria, scanning electron microscopy 

(SEM) was used to image both 2c-treated and non-treated bacteria.
16

 The SEM images of the 

untreated bacteria showed smooth and well-defined surface characteristic of unperturbed 

bacteria against both S. aureus and E. coli respectively (Figure 3A.4E and G). On the other 

hand, treated bacteria showed rough and deformed cell surface thereby indicated perturbation 

of the cell surface for both S. aureus and E. coli respectively (Figure 3A.4F and H). 

 

 

 

Figure 3A.4: Mechanism of antibacterial action. Fluorescence microscope images of S. 

aureus (A and B) and E. coli (C and D) cells after a 4 h exposure to the uncoated surfaces (A 

and C) and surfaces coated with the 2c (B and D). Live (green) and dead (red) cells were 

stained with staining agents SYTO 9 and propidium iodide (PI) respectively. Scale bar 20 

m. Scanning electron microscope images of S. aureus (E and F) and E. coli (G and H) cells 

after a 2 h exposure to the uncoated surfaces (E and G), surfaces coated with the polymer 2c 

(F and H). Scale bar 1 m for (E and F) and 3 m for (F and H) respectively. 

 

3A.2.4 Biofilm inhibition ability  

The antibiofilm properties of one the most active polymers (2c) was evaluated by coating the 

polymers onto glass surface and determining efficacy of the polymer in inhibiting bacterial 

biofilm formation under stationary conditions.
17

 Glass cover slips coated with 2c at two 

different amounts (MIA and 6 × MIA) were challenged under stationary conditions for 24 h 

against S. aureus and 72 h against E. coli respectively. The cover slips were then imaged by 

confocal laser scanning microscopy (CLSM) after 24 h for S. aureus and 72 h for E. coli 

respectively. The non-coated cover slips showed huge bacterial growth with an effective 

thickness of 16-20 m thus indicating thick and matured biofilm formation for both S. aureus 

and E. coli respectively (Figure 3A.5A and D).  
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Figure 3A.5: Antibiofilm activity of the polymeric coating. Confocal laser scanning 

microscopy images of (A and D) non-coated cover glass; (B and E) cover glass coated with 

0.06 g/mm
2
 and 3.9 g/mm

2
 and (C and F) with 0.36 g/mm

2
 and 23.4 g/mm

2
 

respectively. A-C for S. aureus and D-F for E. coli respectively. Scale bar 5 m. 

 

Interestingly, polymer-coated surfaces showed fewer bacteria with an effective thickness of 

2-4 m thereby indicating the presence of only mono-layered bacteria at 6 × MIA values 

against both S. aureus and E. coli respectively (Figure 3A.5C and F). Further, when the 

bacterial counts were determined in the biofilms, (90.7) log reduction of S. aureus and 

(80.6) log reduction of E. coli were observed for the polymer coated surface at 6 × MIA 

compared to noncoated surface (the control surfaces showed 13.2 log CFU/mL of S. aureus 

and 11.6 log CFU/mL of E. coli respectively). 

Not only against drug sensitive but the polymer showed excellent efficacy in 

inhibiting biofilm formation against multi drug-resistant clinical isolates. When tested under 

similar conditions, the polymer coated glass surfaces inhibited formation of biofilm for the 

clinical isolates of both MRSA and E. coli. While the non-coated cover slips showed huge 

bacterial biofilm with the effective thickness of 15-20 m indicative of highly dense and 

matured biofilm formation for both MRSA and E. coli clinical isolates (Figure 3A.6A and D), 
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2c coated glass surfaces inhibited biofilm formation at its MIA values (Figure 3A.6B and E). 

The coated surfaces showed high efficacy in inhibiting biofilm formation at 6 × MIA as only 

few bacteria were observed for both the strain on the surface with no biofilm (Figure 3A.6C 

and F). The above results thus indicated that the cationic chitin polymer prevents bacterial 

colonization onto the surface. 

 

 

Figure 3A.6: Biofilm inhibition ability of the polymeric coating. Confocal laser scanning 

microscopy images of (A and D) non-coated cover glass; (B and E) cover glass coated with 

0.12 g/mm
2
 and 3.9 g/mm

2
 and (C and F) with 0.48 g/mm

2
 and 23.4 g/mm

2
 

respectively. A-C is for MRSA clinical isolate and D-F for E. coli clinical isolate 

respectively. Scale bar 5 m.  

 

3A.2.5 Antifungal activity 

3A.2.5.1 Minimum inhibitory amount 

Antifungal efficacy of all the polymers were evaluated against different pathogenic Candida 

spp. (C. albicans, C. dubliniensis, C. tropicalis) and Cryptococcus spp. (C. neoformans var. 

grubii (serotype A), C. gattii (serotype B) and C. neoformans var. neoformans (serotype D)). 

Like bacteria, the polymers with different hydrophobic/hydrophilic balance showed different 

activity against fungi (Table 3A.4). Among all the polymers, 1c (with C16H33 long chain and 

DQ of 39%) and 2c (with C16H33 long chain and DQ of 48%) were found to be most active 
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polymers. MIA values of 1c and 2c were 0.06-1.0 g/mm
2
 and 0.12-2.01 g/mm

2
 against the 

fungal species tested (Table 3A.4). Importantly, activity for the polymers with DQ 39% and 

48% was found to increase with increase in alkyl chain length against Cryptococcus spp and 

found to remain almost unchanged against Candida spp.  

 

Table 3A.4 Antibacterial activities of polymers against pathogenic fungi 

 

Polymers 

MIA (g/mm
2
) 

C. 

albicans 

C. 

dubliniensis 

C. 

tropicalis 

C. neoformans 

Ser A 

C. neoformans 

Ser B 

C. neoformans 

Ser D 

1b 1.0 1.0 0.12 1.0 0.24 0.48 

1c 2.0 0.48 0.12 0.12 0.12 0.24 

2a 1.0 0.48 0.24 2.0 0.48 0.48 

2b 1.0 1.0 0.48 1.0 0.24 0.48 

2c 1.0 1.0 0.24 0.48 0.12 0.06 

3a 7.8 7.8 2.0 7.8 7.8 1.0 

3b 7.8 3.9 0.2 2.0 0.48 0.24 

3c 7.8 2.0 0.2 0.24 0.24 0.24 

C. albicans = Candida albicans; C. dubliniensis = Candida dubliniensis; C. tropicalis = 

Candida tropicalis; C. neoformans Ser A = Cryptococcus neoformans Ser A; C. neoformans 

Ser B = Cryptococcus neoformans Ser B; C. neoformans Ser D = Cryptococcus neoformans 

Ser D 

 
For example, MIA values of 2a, 2b, and 2c having C12H25, C14H29 and C16H39 long chain 

and DQ of 48% were 2.0 g/mm
2
, 1.0 g/mm

2
 and 0.12 g/mm

2
 against C. neoformans Ser A 

whereas MIA values of the polymers were 1.0 g/mm
2
, 1.0 g/mm

2
 and 2.0 g/mm

2
 against 

Candida albicans respectively. Antifungal activity of the polymers with 55% DQ (3a, 3b and 

3c having C12H25, C14H29 and C16H39 long chain) was found to increase with increase in 

chain length against Cryptococcus spp., C. dubliniensis and C. tropicalis (MIA values 3a, 3b 

and 3c against C. neoformans Ser A were 7.8 g/mm
2
, 2.0 g/mm

2
 and 0.2 g/mm

2
 

respectively). However, the activity of these highly hydrophobic polymers (3a, 3b and 3c) 

was found to be very low against C. albicans (Table 3A.4). Interestingly, polymers 1c and 2c 

showed remarkable antifungal activity against C. albicans. For example, MIA values of 1c 

and 2c were 1.0 g/mm
2
 and 2.0 g/mm

2
 against Candida albicans. The above facts therefore 

indicated these polymers could be used as potent antifungal materials. The high antifungal 

activity of the chitin derivatives against all the fungal species tested could be due to a likely 

interaction with the fungal cell membrane which also contains chitin as one of its structural 

components. The polymers were not only fungistatic but also fungicidal. For example, the 
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minimum fungicidal amount (MFA) of the most potent polymer 2c was found to be 1.0 

g/mm
2
 and 0.48 g/mm

2
 against C. albicans and C. neoformans Ser A respectively. 

 

3A.2.5.2 Fungicidal rate kinetics 

To establish how fast these polymers kill fungi upon contact, the rate of action was 

investigated against C. albicans using surfaces coated with polymer 2c. The coated surface 

killed C. albicans within 4-6 hours at 8  MIA. Even at MIA, the polymer killed the fungal 

cells at 6-8 hours (Figure 3A.7A).  

 

3A.2.5.3 Membrane-active modes of action 

To see whether these hydrophobic polycations interact with and damage the cell membrane 

of fungi, LIVE/DEAD assay was performed with the fungal cell using SYTO 9 and PI dyes 

by fluorescence microscopy in a similar way as described for bacteria previously. C. albicans 

was used a model fungus and treated with one of the most active polymers 2c. The 

microscopy images showed the presence of viable cells in case of control samples (plain 

surface) as observed by green fluorescence (Figure 3A.7B). The cells treated with the 

polymer-coated surfaces on the other hand showed red color fluorescence of PI thus 

indicating the compromised cell membrane (Figure 3A.7C). These results indicate that the 

cationic polymers interact with the fungal cell membrane and disrupt the integrity of the 

membrane presumably leading to cell death.  

 

3A.2.5.4 Biofilm inhibition ability 

The antibiofilm properties of one of the most active polymers 2c was evaluated by coating 

the polymers onto the wells of 6-well plate and determining efficacy of the polymer in 

inhibiting fungal biofilm formation under stationary conditions. Wells coated with 2c at two 

different amounts (MIA and 2 × MIA) were challenged against C. albicans, one of the most 

common pathogenic fungi that often forms biofilm on virtually any surface. The wells were 

then imaged by CLSM after 48 h. The non-coated wells showed huge fungal growth 

indicative of biofilm formation (Figure 3A.7D). In contrast, the polymer at MIA inhibited 

biofilm formation significantly (Figure 3A.7E). Interestingly, polymer-coated surfaces 

showed almost no biofilm formation by C. albicans thereby indicated high efficacy in 

inhibiting fungal biofilms (Figure 3A.7F). The above facts indicated that these cationic chitin 

derivatives are extremely potent in inhibiting microbial biofilm formations. 
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Figure 3A.7: Antifungal activities of chitin derivatives. (A) Antifungal kinetics of polymers 

2c coated surfaces at different amounts (MIA and 8  MIA) against C. albicans: 

representative cross section of the YPD agar plate showing the growth of fungal colonies at 

different times. Mechanistic investigation of antifungal activity of polymer coatings. 

Fluorescence microscopy images of C. albicans after staining with SYTO 9 and PI exposed 

to (B) uncoated surfaces (control) and (C) surfaces coated with 2c. Scale bar 20 m. 

Antibiofilm activity of chitin derivative coated surface: (D) Non-coated surface; (E and F) 

2c-coated surfaces at MIA and 2  MIA respectively. Scale bar 40 m. 

 

3A.2.6 Biodegradation  

3A.2.6.1 In-vitro biodegradation 

To establish the degradability of the cationic chitin derivatives, a thin film of the polymers 

was prepared onto cover slip and treated with the lysozyme over a period of time.
18

 Finally 

the rate of degradation was calculated by the loss of weight from the films after different time 

interval. All the tested polymers (1b, 1c and 2c) were found to degrade in the presence of 

lysozyme under in vitro. The length of the alkyl chain (tetradecyl in 1b vs hexadecyl in 1c) or 

the extent of DQ (39% in 1c vs 48% in 2c) found to have minimal effect on the rate or degree 

of hydrolysis at the experimental conditions (Figure 3A.8A). All the polymers showed 10-

14% degradation under the experimental conditions. Notably, the rate of degradation of the 



140 

 

cationic chitin derivatives was found to be slow than chitin possibly due to the chemical 

modification at the repeating unit.
19

 

3A.2.6.2 In-vivo biodegradation  

To further confirm the nature of biodegradation of chitin polymers, polymer disks were 

implanted subcutaneously in rat’s body.  

 

 

Figure 3A.8: Biodegradation of polymers. (A) In-vitro degradation in the presence of 

lysozyme by weight-loss method; (B) in-vivo degradation upon subcutaneous implantation of 

disc of polymer in rat by weight-loss method. Scanning electron microscopy images of disc 

of polymer 2c: (C and G) surface of the untreated disc; (D and H) surface of the disc after 14 

days; (E and I) surface of the disc after 21 days and (F and J) surface of the disc after 28 days. 

(C-F) Represents low resolution images and (G-J) high resolution images respectively. 

 

The rate of degradation was then studied after harvesting the disk from the rat’s body after 

different time period and measuring the loss of weight. All the tested polymers with different 

DQ and alkyl chain length were found to degrade under in-vivo conditions as well. Polymer 

1b showed 20% degradation as compared 16% and 15% degradation of 1c and 2c after 4 
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weeks of implantation (Figure 3A.8B). Overall, the rate of degradation of the polymers was 

slightly higher in-vivo than in-vitro. The polymer discs were also imaged by scanning 

electron microscopy to visualize the morphological changes of the surfaces of discs due to 

degradation. The treated discs showed porous structures with holes as compared to the non-

treated polymer disc after day 14, 21 and 28 (Figure 3A.8C-F). Further, it was observed that 

with time both the number of pores and pore size increased thereby indicating the gradual 

degradation of the polymer under in vivo conditions (Figure 3A.8G-J). 

 

3A.2.7 Biocompatibility 

3A.2.7.1 In-vitro toxicity 

Hemocompatibility of the polymer coated surfaces was determined with human erythrocytes 

and was expressed as HA50 (the amount of the coated polymer that caused 50% hemolysis). 

The polymers were found to be almost non-hemolytic upto 7.8 g/mm
2
. Only 20-30% 

hemolysis was observed even at 31.2 g/mm
2
 of polymer paint (Figure 3A.9A). Notably, 1c 

and 2c, the two most active polymers caused 5.8% hemolysis up to 12.5 g/mm
2
 which was 

much higher compared to their MIA values (Table 3A.2). These results thus indicated the 

polymers are selectively active toward bacteria. To visualize the effect, both treated and non-

treated hRBC were also imaged microscopy (Figure 3A.9B). The images show RBCs taken 

from polymer coated surface as well as from the non-coated surface. The blood cells 

displayed characteristic healthy and round morphology, indicating that the polymer-coated 

surfaces are non-hemolytic. In contrast, when the highly toxic detergent triton-X (0.5%, v/v) 

was added, full hemolysis was observed as no hRBC was seen under the microscope.  

 

3A.2.7.2 In-vivo toxicity 

The compatibility of the polymeric paint was further assessed under in-vivo conditions by 

coating medical grade catheter and implanting the coated catheter subcutaneously in mice.
20

 

After 4 days, mice were euthanized and tissue surrounding the catheter were collected, fixed 

in formalin and then analyzed. The tissue surrounding the catheter was imaged by 

haematoxylin and eosin staining and inflammatory responses were seen. Tissue samples 

surrounding the catheters coated with 2.5 g/mm
2
, 5.0 g/mm

2
 and 7.5 g/mm

2 
of polymer 

showed minimal to mild inflammation after 4 days of implantation (like tissue surrounding 

the non-coated catheters (Figure 3A.9C-F). 
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Figure 3A.9: In-vitro and in-vivo biocompatibility of the polymers. (A) % of Hemolysis of 

polymers as a function of the amount of polymer-coating; (B) phase-contrast images of 

erythrocytes taken from the polymer-coated surfaces or from the control TCTP surface with 

and without TX (Triton-X). Mice skin and subcutaneous tissue histopathology: (C) tissue 

showing normal architecture of epidermis, dermis and subcutaneous tissues surrounding the 

non-coated catheter (arrow); (D) tissue showing normal skin epidermis and dermis layer with 

normal adipose tissue surrounding the catheter in subcutaneous tissues (arrow) surrounding 

the catheter coated with 2.5 g/mm
2
 of 2c; (E) tissue showing normal dermis layer of skin 

with sweat and sebaceous gland along with mild infiltration of inflammatory cells (arrow) 

surrounding the catheter coated with 5.0 g/mm
2
 of 2c; (F) tissue showing only few 

infiltrations of inflammatory cells with neutrophils (arrow) with intact epidermis and dermis 

layer surrounding the catheter coated with 7.5 g/mm
2
 of 2c. 
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3A.2.8 In-vivo activity and biofilm inhibition  

While many polymers display potent in vitro antibiofilm efficacy, lack of activity under more 

complex in vivo conditions has been one of the major drawbacks for the antibacterial 

polymers. Herein in vivo antibacterial and antibiofilm efficacies of the polymers were 

assessed by implanting medical grade polymer-coated catheters (polyurethane, 5 Fr, 12 mm) 

subcutaneously in mice against methicillin-resistant S. aureus (MRSA) infection-one of the 

most leading biofilm forming bacteria in healthcare and clinical settings. Catheter samples 

were given bacterial load of 1.7 × 10
7
 CFU of MRSA at the time of implantation in mice (a 

quantity greater than that would be encountered in clinical settings). After 96 h, the control 

samples showed bacterial burden of 7.4 log CFU/catheter thereby showed the prevalence and 

growth of MRSA. On the other hand, the coated catheter samples showed reduction in 

bacterial count depending on the amount of the polymer coated. Catheter coated with 2.5 

g/mm
2
 of the polymer showed 1.2 log reduction in bacterial count (p = 0.0232) whereas 

coated-catheter with 5.0 g/mm
2
 of polymer showed a reduction of 2.5 log CFU of MRSA (p 

= 0.013). However, catheter coated with 7.5 g/mm
2
 of polymer showed 3.7 log CFU of 

MRSA reduction with significant p value (p  0.0001) (Figure 3A.10A). To see bacterial 

prevalence in the surrounding tissue of the contaminated catheter, tissue samples surrounding 

catheter were also collected and analysed for cell counting. It was observed that the tissue 

samples surrounding to 2.5 g/mm
2
 coated catheter displayed only 1.7 log reduction 

compared to control. However, the tissue samples surrounding to 5.0 g/mm
2
 and 7.5 

g/mm
2
 2c-coated catheters showed significant bacterial reduction compared to control (2.7 

log and 3.5 log of bacterial reduction (p values are  0.0001 and 0.0001) (Figure 3A.10B). 

Finally, to evaluate the potential of the polymer coating in inhibiting bacterial biofilm 

formation, we visualized the implanted catheter using SEM. Uncoated catheter displayed 

large amount of bacteria in multiple layers thus indicated a thick biofilm formation (Figure 

3A.10C). In contrast, polymer coated catheter (at 7.5 g/mm
2
) revealed a fewer amount of 

bacteria with no cell clusters thus indicating no biofilm formation onto the surface (Figure 

3A.10D). The above results thus portrayed the efficacy of the polymer coatings in killing 

bacteria and inhibiting biofilm inhibition under in vivo conditions. 
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Figure 3A.10: In-vivo antibacterial activity of polymer-coated catheters. Effect of polymer-

coated catheters on MRSA inoculated at the time of catheter insertion: (A) bacterial count 

after harvesting catheter from mice; (B) bacterial count from the catheter surrounding tissue 

samples; p value (*) is 0.0001 for 2c at 7.5 g/mm
2
. Field emission scanning electron 

microscopy (FESEM) images of (C) non-coated catheter and (D) 2c-coated catheter (inset 

showing the high resolution microscopy images). Mice skin and subcutaneous tissue 

histopathology: (E) tissue surrounding MRSA infected non-coated catheter; tissue 

surrounding MRSA-infected catheter coated with (F) 2.5 g/mm
2
 of polymer 2c; (G) coated 
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with 5.0 g/mm
2
 of polymer 2c and (H) coated with 7.5 g/mm

2
 of polymer 2c. Cells were 

stained with haematoxylin and eosin staining agents. Insets are the high resolution images. 

 

Histology was performed to evaluate the inflammatory responses towards MRSA in 

the skin and subcutaneous tissue level surrounding both coated and non-coated catheters. 

Non-coated catheters infected with MRSA showed severe infiltration of inflammatory cells 

mainly neutrophils and mononuclear cells in the subcutaneous tissues with congestion of 

blood vessels (inset) surrounding the catheter and severe damage to dermis layer of skin 

(Figure 3A.10E). In contrast, tissue surrounding catheter coated with 2.5 g/mm
2
 of 

polymer showed moderate infiltration of inflammatory cells (arrow) mainly with neutrophils 

(inset) and moderate damage to skin dermis layer thereby indicating slight reduction of 

MRSA count (Figure 3A.10F). However, tissues nearby to catheter coated with 5.0 g/mm
2
 

and 7.5 g/mm
2
 of 2c showed normal epidermis layer of skin with sweat and sebaceous 

gland along with mild-to-negligible infiltration of inflammatory cells (arrow) with 

neutrophils and mononuclear cells (inset) (Figure 3A.10G and H). The above results thus 

portrayed the potential of the polymers in inhibiting the bacterial colonization onto surfaces. 

 

3A.2.9 Propensity of bacterial resistance development 

Propensity of microbial (e.g., bacterial) resistance development against these polymers was 

assessed by serial exposure of bacteria to the polymer-coated surfaces. The most active chitin 

derivative (2c) was challenged with the bacteria grown at the sub-MIA level of the polymer 

for Gram-positive S. aureus and Gram-negative E. coli. After 14 serial passages, the MIAs of 

polymer remained almost same (only 2-3 fold increase) whereas norfloxacin, a nucleic acid 

targeting Gram-positive antibiotic, showed 269 fold increase in MIC against sensitive S. 

aureus and colistin, a lipid II targeting Gram-negative lipopeptide, showed 125 fold increase 

in MIC against sensitive E. coli respectively. These membrane-active polymers were thus 

able to stall the development of bacterial resistance and therefore could be suitable for use in 

clinical settings. 

3A.3. Conclusion 

A simple method of developing biodegradable antimicrobial paint based on water-insoluble 

and organo-soluble cationic hydrophobic chitin polymers was developed. Surfaces coated 

with polymers were shown to kill both drug-sensitive and drug-resistant bacteria including 

multi drug-resistant clinical isolates. The polymers showed excellent compatibility with other 
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polymers suitable for developing self-defensive biomaterials. The hydrophobically modified 

polymers were shown to inactivate both bacteria and fungi by disrupting their cell membrane-

integrity. Importantly, surfaces coated with the polymers inhibited various pathogenic 

bacterial and fungal biofilm formations on them. The polymers were shown to be non-

hemolytic towards human erythrocytes and minimal inflammation towards surrounding tissue 

in-vivo in mice. Catheter coated with polymer not only reduced MRSA burden but also 

displayed excellent efficiency in inhibiting bacterial biofilm formation under in vivo 

conditions in mice. Moreover, both in vitro and in vivo studies showed that the polymers 

were slowly degradable in the presence of enzymes. Thus the biocompatible and 

biodegradable coatings developed herein bears potential to be used as antibacterial paint to 

prevent device-associated infections. 

 

3A.4 Experimental Section 

3A.4.1 Materials and instrumentation  

Chitin with a degree of acetylation 75% and potassium hydroxide (KOH) were purchased 

from SD Fine, India. N,N-dimethyldodecylamine was purchased from Across Organics, 

Belgium. Lithium chloride (LiCl), potassium bromide (KBr), triethylamine (NEt3), acetic 

anhydride (Ac2O), p-toluene sulfonylchloride (TsCl), N,N-dimethyltetradecylamine, N,N-

dimethylhexadecylamine and anhydrous N,N dimethylacetamide (DMAc) were obtained 

from Sigma-Aldrich, USA. Anhydrous dimethyl sulfoxide (DMSO), anhydrous diethylether 

(Et2O) and all other solvents were purchased from Spectrochem, India and were of analytical 

grade. Methanol was dried with calcium hydride and stored over 4Å molecular sieves. 

Triethylamine was dried with KOH and stored over KOH. Bacterial strains S. aureus (MTCC 

737), E. coli (MTCC 443) and P. aeruginosa (MTCC 424) were purchased from MTCC 

(Chandigarh, India). Vancomycin-resistant E. faecium (VRE) (ATCC 51559), methicilin-

resistant S. aureus (MRSA) (ATCC 33591) -lactam-resistant K. pneumoniae (ATCC 

700603) were obtained from ATCC (Rockvillei, Md). All the clinical isolates were obtained 

from National Institute of Mental Health and Neuro Sciences (NIMHANS), India. The fungal 

strains are Candida albicans (SC5314), Candida dubliniensis (CD36), Candida tropicalis 

(MYA3404), Cryptococcus neoformans var. grubii (serotype A) (H99), Cryptococcus gattii 

(serotype B) (WM276) and Cryptococcus neoformans var. neoformans (serotype D) (JEC21). 

Nuclear magnetic resonance spectra (
1
H-NMR) were recorded on a Bruker AMX-400 

instrument (400 MHz) in deuterated solvents. Infra red spectra of the polymers were recorded 
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on a Bruker IFS66 V/s spectrometer using potassium bromide pellets. Thermo Finnigan 

FLASH EA 1112 CHNS analyzer was used to perform elemental analysis of the polymers. 

Molecular weights of the polymers were recorded by Gel permeation chromatography (GPC) 

on a Shimadzu-LC 20AD instrument. Polymer coatings and paints were made by a WS5000 

spin coater, Techno India, India. Optical density (OD) values were measured by a TECAN 

(Infinite series, M200) Plate Reader. Eppendorf 5810R centrifuge was used for bacterial 

centrifugation. Bacterial imaging was performed using a Leica DM2500 fluorescent 

microscope. A Zeiss 510 Meta confocal laser scanning microscope was used for confocal 

microscopy imaging. 

 

3A.4.2 Synthesis of polymers 

3A.4.2.1 Synthesis of tosyl-chitin 

Chitin (2.0 g, equivalent to 10 mmol of pyranose unit) and lithium chloride (LiCl, 5.2 g) 

dried at 80 ˚C overnight and at 130 ˚C for 4 h respectively and then were taken in a three-

necked round bottom flask fitted with rubber septa. The flask was purged with oxygen-free 

nitrogen, and anhydrous N,N-dimethylacetamide (DMAc) (104 mL) was added. The mixture 

was then stirred at room temperature until all the solids were dissolved. To the resultant 

solution was added dry NEt3 (28.8 mL, 208 mmol) and the flask was transferred to a cold 

reaction chamber at 8 ˚C. A solution of tosyl chloride (38.12 g, 200 mmol) in DMAc (48 mL) 

was added to the reaction mixture and the reaction was allowed to proceed for either 24 h or 

48 h or 72 h at the same temperature. At the end, the reaction mixture was filtered to remove 

the insoluble solid and to the filtrate, excess acetone was added to obtain tosylchitin as 

yellowish white color precipitate. The precipitate was filtered and washed successively with 

methanol (100 mL  4), water (100 mL  4), and acetone (100 mL  4).  

Tosylchitin powder (2.5 g) was acetylated by acetic anhydride (1000 L or 925 L or 

860 L for tosylchitins obtained after 24 h or 48 h or 72 h of tosylation respectively) in dry 

methanol (50 mL) overnight. Acetylated tosylchitin (2.0 g) was then treated with methanolic 

potassium hydroxide (45 mL or 50 mL or 55 mL, 0.1 N KOH for tosylchitins obtained after 

24 h or 48 h or 72 h of tosylation respectively) for 3 h at room temperature to give N-

acetylated tosyl-chitin. The N-acetylated tosyl-chitins were characterized by 
1
H NMR and 

elemental analysis. The degree of tosylation (DS) was calculated as the ratio of sulfur by 

nitrogen obtained in elemental analysis (DS = S/N  100%)
 
(1). The tosylchitins obtained 

after acetylation and subsequent base treatment is referred as tosylchitin (Tsch). The 
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tosylchitins obtained after 24 h, 48 h and 72 h were referred as Tsch 1, Tsch 2 and Tsch 3 

respectively. 

 

Tsch 1: FT-IR ( 𝑣 ): 3400 cm
1

 (OH str.), 1660 cm
1

 (Amide I, C=O str.), 1600 cm
1

 

(phenylene), 1550 cm
1

 (Amide II, C=O str.), 1175 cm
1

 (SO2), and 815 cm
1

 (phenylene); 
1
H-NMR (400 MHz, DMSO-d6, ): 1.873 (s, NHCOCH3), 2.287 (s, O2SC6H4CH3), 

3.864-4.863 (m, CellH), 7.111 (d, SO3C6H4CH3, m-H), 7.478 (d, SO3C6H4CH3, o-H), 

7.797 (broad, NHCOCH3); Anal. calcd: C 48.98, H 5.82, N 5.29, S: 4.84; found: C 48.32, H 

5.84, N 5.32, S 4.81. 

 

Tsch 2: FT-IR ( 𝑣 ): 3400 cm
1

 (OH str.), 1665 cm
1

 (Amide I, C=O str.), 1600 cm
1

 

(phenylene), 1555 cm
1

 (Amide II, C=O str.), 1175 cm
1

 (SO2), and 815 cm
1

 (phenylene); 
1
H-NMR (400 MHz, DMSO-d6, ): 1.896 (s, NHCOCH3), 2.285 (s, O2SC6H4CH3), 

3.730-4.860 (m, CellH), 7.112 (d, SO3C6H4CH3, m-H), 7.478 (d, SO3C6H4CH3, o-H), 

7.796 (broad, NHCOCH3); Anal. calcd: C 49.28, H 5.71, N 5.0, S 5.71; found: C 48.74, H 

5.96, N 5.1, S 5.70. 

 

Tsch 3: FT-IR ( 𝑣 ): 3450 cm
1

 (OH str.), 1660 cm
1

 (Amide I, C=O str.), 1600 cm
1

 

(phenylene), 1550 cm
1

 (Amide II, C=O str.), 1175 cm
1

 (SO2), and 815 cm
1

 (phenylene); 
1
H-NMR (400 MHz, DMSO-d6, ): 1.907 (s, NHCOCH3), 2.287 (s, O2SC6H4CH3), 

3.859-4.861 (m, CellH), 7.112 (d, SO3C6H4CH3, m-H), 7.477 (d, SO3C6H4CH3, o-H), 

7.796 (broad, NHCOCH3); Anal. calcd: C 49.56, H 5.62, N 4.74, S 6.5; found: C 49.31, H 

5.87, N 4.81, S 6.15. 

 

3A.4.2.2 Synthesis of quaternized chitin polymers  

Tosylchitins (1.0 g) with different degrees of tosylation were first dissolved in anhydrous 

N,N-dimethyl acetamide (DMAc) (30 mL) in sealed screw-top pressure tube. To the reaction 

mixture was added N,N-dimethylalkylamines (10 equivalent per tosylated sugar unit) and the 

reaction  was allowed to proceed at 120 ˚C for 72 h. After the reaction, diethyl ether was 

added in excess (150 mL) to precipitate the quaternized chitin derivatives. The precipitate 

was filtered through a sintered glass funnel and was washed repeatedly with diethyl ether to 

obtain pure quaternary chitin derivatives with 100% degree of quaternization (with respect to 

tosyl groups for each tosylchitin). Finally the precipitates were dried in vacuum oven to give 

colorless/faint yellowish products with 70-80% yield. The quaternary chitin derivatives were 

characterized by FT-IR, 
1
H-NMR and elemental analysis.  

 

1a: FT-IR ( 𝑣 ): 3415 cm
1

 (OH str.), 2925 cm
1

 (CH2 assym. Str.), 2850 cm
1

 (CH2 

sym. Str.), 1680 cm
1

 (Amide I, C=O str.), 1630 cm
1

 (phenylene), 1560 cm
1

 (Amide II, NH 

ben.), 1470 cm
1

 (CH2 scissor), 1380 cm
1

 (SO2, asymmetric), 1170 cm
1

 (SO2, 

symmetric); 
1
H-NMR: (400 MHz, DMSO-d6, ): 0.856 (t, CH3(CH2)11N


(CH3)2, 3H), 

1.241 (m, CH3(CH2)9CH2CH2N

(CH3)2, 18H), 1.655 (m, 
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CH3(CH2)9CH2CH2N

(CH3)2, 2H), 1.907 (s, NHCOCH3), 2.288 (s, SO3C6H4CH3), 

3.063-4.855 (m, CellH and CH3(CH2)9CH2CH2N

(CH3)2), 7.113 (d, SO3C6H4CH3, 

m-H), 7.483 (d, SO3C6H4CH3, o-H); Anal. Calcd: C 56.11, H 7.94, N 5.60, S 3.66; found: 

C 55.81, H 7.98, N 5.42, S 3.50. 

 

1b: FT-IR ( 𝑣 ): 3415 cm
1

 (OH str.), 2930 cm
1

 (CH2 assym. Str.), 2855 cm
1

 (CH2 

sym. Str.), 1680 cm
1

 (Amide I, C=O str.), 1630 cm
1

 (phenylene), 1560 cm
1

 (Amide II, NH 

ben.), 1470 cm
1

 (CH2 scissor), 1380 cm
1

 (SO2, asymmetric), 1170 cm
1

 (SO2, 

symmetric); 
1
H-NMR: (400 MHz, DMSO-d6, ): 0.855 (t, CH3(CH2)13N


(CH3)2, 3H), 

1.241 (m, CH3(CH2)11CH2CH2N

(CH3)2, 22H), 1.677 (m, 

CH3(CH2)11CH2CH2N

(CH3)2, 2H), 1.907 (s, NHCOCH3), 2.287 (s, SO3C6H4CH3), 

3.054-4.830 (m, CellH and CH3(CH2)11CH2CH2N

(CH3)2), 7.108 (d, SO3C6H4CH3, 

m-H), 7.479 (d, SO3C6H4CH3, o-H); Anal. Calcd: C 57.17, H 8.14, N 5.43, S 3.55; found: 

C: 56.90, H: 8.29, N: 5.26, S: 3.50. 

 

1c: FT-IR ( 𝑣 ): 3420 cm
1

 (OH str.), 2920 cm
1

 (CH2 assym. Str.), 2850 cm
1

 (CH2 

sym. Str.), 1675 cm
1

 (Amide I, C=O str.), 1630 cm
1

 (phenylene), 1565 cm
1

 (Amide II, NH 

ben.), 1470 cm
1

 (CH2 scissor), 1375 cm
1

 (SO2, asymmetric), 1165 cm
1

 (SO2, 

symmetric); 
1
H-NMR: (400 MHz, DMSO-d6, ): 0.846 (t, CH3(CH2)15N


(CH3)2, 3H), 

1.238 (m, CH3(CH2)13CH2CH2N

(CH3)2, 26H), 1.658 (m, 

CH3(CH2)13CH2CH2N

(CH3)2, 2H), 1.883 (s, NHCOCH3), 2.287 (s, SO3C6H4CH3), 

2.992-4.849 (m, CellH and CH3(CH2)13CH2CH2N

(CH3)2), 7.110 (d, SO3C6H4CH3, 

m-H), 7.481 (d, SO3C6H4CH3, o-H); Anal. Calcd: C 58.03, H 8.32, N 5.27, S 3.44; found: 

C 57.90, H 8.54, N 5.16, S 3.28. 

 

2a: FT-IR ( 𝑣 ): 3415 cm
1

 (OH str.), 2925 cm
1

 (CH2 assym. Str.), 2850 cm
1

 (CH2 

sym. Str.), 1680 cm
1

 (Amide I, C=O str.), 1630 cm
1

 (phenylene), 1560 cm
1

 (Amide II, NH 

ben.), 1470 cm
1

 (CH2 scissor), 1380 cm
1

 (SO2, asymmetric), 1170 cm
1

 (SO2, 

symmetric); 
1
H-NMR: (400 MHz, DMSO-d6, ): 0.852 (t, CH3(CH2)11N


(CH3)2, 3H), 

1.235 (m, CH3(CH2)9CH2CH2N

(CH3)2, 18H), 1.662 (m, 

CH3(CH2)9CH2CH2N

(CH3)2, 2H), 1.906 (s, NHCOCH3), 2.281 (s, SO3C6H4CH3), 

3.023-4.838 (m, CellH and CH3(CH2)9CH2CH2N

(CH3)2), 7.115 (d, SO3C6H4CH3, 

m-H), 7.487 (d, SO3C6H4CH3, o-H); Anal. Calcd: C 57.44, H 8.15, N 5.43, S 4.14; found: 

C 57.01, H 8.28, N 5.31, S 4.01. 

 

2b: FT-IR ( 𝑣 ): 3410 cm
1

 (OH str.), 2950 cm
1

 (CH2 assym. Str.), 2850 cm
1

 (CH2 

sym. Str.), 1675 cm
1

 (Amide I, C=O str.), 1630 cm
1

 (phenylene), 1560 cm
1

 (Amide II, NH 

ben.), 1470 cm
1

 (CH2 scissor), 1378 cm
1

 (SO2, asymmetric), 1168 cm
1

 (SO2, 

symmetric); 
1
H-NMR: (400 MHz, DMSO-d6, ): 0.885 (t, CH3(CH2)13N


(CH3)2, 3H), 

1.237 (m, CH3(CH2)11CH2CH2N

(CH3)2, 22H), 1.651 (m, 

CH3(CH2)11CH2CH2N

(CH3)2, 2H), 1.882 (s, NHCOCH3), 2.290 (s, SO3C6H4CH3), 

3.027-4.859 (m, CellH and CH3(CH2)11CH2CH2N

(CH3)2), 7.121 (d, SO3C6H4CH3, 

m-H), 7.494 (d, SO3C6H4CH3, o-H); Anal. Calcd: C 58.43, H 8.36, N 5.24, S 3.99; found: 

C 58.20, H 8.45; N 5.19, S 3.85. 

 

2c: FT-IR ( 𝑣 ): 3418 cm
1

 (OH str.), 2928 cm
1

 (CH2 assym. Str.), 2858 cm
1

 (CH2 

sym. Str.), 1678 cm
1

 (Amide I, C=O str.), 1632 cm
1

 (phenylene), 1562 cm
1

 (Amide II, NH 

ben.), 1465 cm
1

 (CH2 scissor), 1377 cm
1

 (SO2, asymmetric), 1167 cm
1

 (SO2, 
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symmetric); 
1
H-NMR: (400 MHz, DMSO-d6, ): 0.855 (t, CH3(CH2)15N


(CH3)2, 3H), 

1.239 (m, CH3(CH2)13CH2CH2N

(CH3)2, 26H), 1.658 (m, 

CH3(CH2)13CH2CH2N

(CH3)2, 2H), 1.956 (s, NHCOCH3), 2.287 (s, SO3C6H4CH3), 

3.026-4.861 (m, CellH and CH3(CH2)13CH2CH2N

(CH3)2), 7.108 (d, SO3C6H4CH3, 

m-H), 7.479 (d, SO3C6H4CH3, o-H); Anal. Calcd: C 59.35, H 8.56, N 5.06, S 3.86; found: 

C 58.95, H 8.68, N 4.98, S 3.79. 

 

3a: FT-IR ( 𝑣 ): 3424 cm
1

 (OH str.), 2922 cm
1

 (CH2 assym. Str.), 2852 cm
1

 (CH2 

sym. Str.), 1684 cm
1

 (Amide I, C=O str.), 1630 cm
1

 (phenylene), 1560 cm
1

 (Amide II, NH 

ben.), 1470 cm
1

 (CH2 scissor), 1382 cm
1

 (SO2, asymmetric), 1170 cm
1

 (SO2, 

symmetric); 
1
H-NMR: (400 MHz, DMSO-d6, ): 0.850 (t, CH3(CH2)11N


(CH3)2, 3H), 

1.234 (m, CH3(CH2)9CH2CH2N

(CH3)2, 18H), 1.656 (m, 

CH3(CH2)9CH2CH2N

(CH3)2, 2H), 1.882 (s, NHCOCH3), 2.285 (s, SO3C6H4CH3), 

2.941-4.840 (m, CellH and CH3(CH2)9CH2CH2N

(CH3)2), 7.113 (d, SO3C6H4CH3, 

m-H), 7.486 (d, SO3C6H4CH3, o-H); Anal. Calcd: C 58.41, H 8.32, N 5.29, S 4.54; found: 

C 58.32, H 8.48, N 5.18, S 4.50. 

 

3b: FT-IR ( 𝑣 ): 3419 cm
1

 (OH str.), 2925 cm
1

 (CH2 assym. Str.), 2851 cm
1

 (CH2 

sym. Str.), 1676 cm
1

 (Amide I, C=O str.), 1630 cm
1

 (phenylene), 1558 cm
1

 (Amide II, NH 

ben.), 1476 cm
1

 (CH2 scissor), 1380 cm
1

 (SO2, asymmetric), 1174 cm
1

 (SO2, 

symmetric); 
1
H-NMR: (400 MHz, DMSO-d6, ): 0.838 (t, CH3(CH2)13N


(CH3)2, 3H), 

1.238 (m, CH3(CH2)11CH2CH2N

(CH3)2, 22H), 1.657 (m, 

CH3(CH2)11CH2CH2N

(CH3)2, 2H), 1.883 (s, NHCOCH3), 2.287 (s, SO3C6H4CH3), 

2.944-4.849 (m, CellH and CH3(CH2)11CH2CH2N

(CH3)2), 7.111 (d, SO3C6H4CH3, 

m-H), 7.480 (d, SO3C6H4CH3, o-H); Anal. Calcd: C 59.45, H 8.55, N 5.09, S 4.36; found: 

C 59.36, H 8.60, N 4.98, S 4.29. 

 

3c: FT-IR ( 𝑣 ): 3415 cm
1

 (OH str.), 2928 cm
1

 (CH2 assym. Str.), 2850 cm
1

 (CH2 

sym. Str.), 1676 cm
1

 (Amide I, C=O str.), 1635 cm
1

 (phenylene), 1562 cm
1

 (Amide II, NH 

ben.), 1465 cm
1

 (CH2 scissor), 1375 cm
1

 (SO2, asymmetric), 1164 cm
1

 (SO2, 

symmetric); 
1
H-NMR: (400 MHz, DMSO-d6, ): 0.851 (t, CH3(CH2)15N


(CH3)2, 3H), 

1.234 (m, CH3(CH2)13CH2CH2N

(CH3)2, 26H), 1.653 (m, 

CH3(CH2)13CH2CH2N

(CH3)2, 2H), 1.886 (s, NHCOCH3), 2.285 (s, SO3C6H4CH3), 

3.023-4.844 (m, CellH and CH3(CH2)13CH2CH2N

(CH3)2), 7.116 (d, SO3C6H4CH3, 

m-H), 7.489 (d, SO3C6H4CH3, o-H); Anal. Calcd: C 60.42, H 8.75, N 4.90, S 4.20; found: 

C 60.38, H 8.80, N 4.82, S 4.15. 

 

3A.4.3 Gel permeation chromatography  

The products were further characterized by gel permeation chromatography (GPC). 

Molecular weights and polydispersities were determined on a Shimadzu-LC 20AD 

instrument with refractive index detector using a phenogel 5µ 10E5A column (300 × 7.8 mm-

Part No. 00H-0446-K0). GPC samples were run in N,N-dimethylacetamide solvent as mobile 

phase (flow rate of 1 mL/min). Seven different molecular weight pullulan standards obtained 

from Sigma-Aldrich (USA-catalogue 96351) were used for calibration in GPC. The range of 
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pullulan standards was from 10 to 805 kDa (10, 21.7, 48, 113, 200, 366 and 805 kDa). The 

molecular weights reported are relative to these standards. 

 

3A.4.4 Solubility of the chitin derivatives  

The solubility of the polymers in organic and aqueous solvents was studied following similar 

protocol as described in section of 2A.4.3 in Chapter 2A. 

 

3A.4.5 Preparation and characterization of the paint  

3A.4.5.1 Preparation of paint 

The polymers were coated onto different surfaces following similar protocol as described in 

section of 2A.4.4 in Chapter 2A. 

 

3A.4.5.2 Static contact angle measurement 

The water contact angle measurements were performed by using the static sessile drop 

method with a contact angle goniometer.  The images of water droplets (of size of 2 µl of 

deionized water) on the polymer coated surfaces were recorded using a camera attached to 

the contact angle goniometer. Contact angles were obtained by analyzing the images of the 

water droplets. A minimum of five measurements in five different spots were recorded for 

each sample, and the values reported are the average of these measurements.  

 

3A.4.6 Determination of antibacterial activity by spray method (air-borne bacteria)  

The same protocol was followed using all the polymeric coatings as described in the section 

2A.4.5.1 in Chapter 2A. 

 

3A.4.7 Antibacterial activity against water-borne bacteria (MIA) 

The same protocol was followed using all the polymeric coatings as described in the section 

2A.4.5.2 in Chapter 2A. 

  

3A.4.8 Mechanism of antibacterial action 

3A.4.8.1 Membrane depolarization assay  

The same protocol was followed using all the polymeric coatings as described in the section 

2A.4.6 in Chapter 2A. The polymer coating used in this experiment was 1.25 g/mm
2
 for S. 

aureus and 12.5 g/mm
2
 for E. coli respectively. 



152 

 

  

3A.4.8.2 Intracellular K
+
 ion leakage assay 

Midlog phase bacteria (S. aureus and E. coli) were washed and resuspended in a 1:1 mixture 

of HEPES (10 mM) and glucose solution (0.5% wt/vol) in a similar way as described in the 

membrane depolarization assay (5). The suspension (150 µL, 10
8
 CFU/mL) was added to the 

non-coated wells of 96-well plate (black plate, clear bottom with lid). Then 50 µL of 

potassium ion sensitive dye PBFI-AM (4 µM) was added to the bacterial suspension. 

Fluorescence intensity of the dye was recorded for about 6 min to obtain a stable baseline. 

Then the dye containing bacterial suspension was added to the wells of another black plate 

coated with polymers. The fluorescence intensity of  PBFI-AM was then recorded for about 

20 min at every 2 minutes interval using plate reader with excitation wavelength of 346 nm 

(slit width: 10 nm) and emission wavelength of 505 nm (slit width: 20 nm). The polymer 

coating used in this experiment was 1.25 g/mm
2
 for S. aureus and 12.5 g/mm

2
 for E. coli 

respectively. 

 

3A.4.8.3 Live and dead assay 

The same protocol was followed using all the polymeric coatings as described in the section 

2A.4.6.2 in Chapter 2A.  

 

3A.4.8.4 Scanning electron microscopy 

The same protocol was followed using all the polymeric coatings as described in the section 

2A.4.6.3 in Chapter 2A.  

 

3A.4.9 Bacterial biofilm inhibition assay  

Bacterial biofilm inhibition assay was performed by coating the most active polymer (2c) 

onto cover glass at MIA and 6  MIA following the protocol as described in the section 

2B.4.6 in Chapter 2B. 

 

3A.4.10 Antifungal assay 

3A.4.10.1 Minimum inhibitory amount (MIA) 

Minimum inhibitory amount of the polymer coated surfaces was evaluated following same 

protocol as described in the section 2A.4.7.1 in Chapter 2A.  
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3A.4.10.2 Minimum fungicidal amount (MFA) 

Minimum fungicidal amount of the polymer coated surfaces was evaluated following same 

protocol as described in the section 2A.4.7.2 in Chapter 2A. 

 

3A.4.10.3 Kinetics of antifungal activity 

Kinetics of Antifungal activity of the polymer coated surfaces was evaluated following same 

protocol as described in the section 2A.4.7.3 in Chapter 2A.  

  

3A.4.11 Mechanism of antifungal action 

Mechanism of antifungal action of the polymer coated surfaces was evaluated following same 

protocol as described in the section 2A.4.8 in Chapter 2A.  

 

3A.4.12 Fungal biofilm inhibition assay 

Fungal biofilm inhibition assay was performed by coating the most active polymer (2c) onto 

cover glass at MIA and 2  MIA following the protocol as described in the section 2B.4.9 in 

Chapter 2B. 

 

3A.4.13 Biodegradation 

3A.4.13.1 In-vitro biodegradation  

Microscopic cover slip (18 mm) were coated with the known amount of polymers 1b, 1c and 

2c following the coating procedure as described previously. The cover slips were placed in a 

6-well plate (the weight of uncoated and the polymer-coated cover slips were recorded to 

calculate the coating amount). Phosphate buffer saline (PBS, pH = 7.2) was used for this 

study and the enzyme was chicken egg lysozyme (≥ 40,000 units/mg protein). Lysozyme was 

dissolved in the PBS to give an enzyme concentration of 4 mg/mL and then was added (4 

mL) to the wells of 6-well plate containing coated cover slips. As control experiment, another 

polymer coated cover slip was placed in enzyme-free buffer-solution. The samples were 

incubated in a shaker incubator at 37 ˚C for 28 days under constant agitation. The cover slips 

were then removed at different time intervals from the plates, washed with Millipore water 

and dried in a vacuum oven till its weight remained unchanged. The weights of the dried 

cover slips were recorded and the extent of hydrolysis was calculated as % of the weight loss 

of the film after lysozyme treatment.  
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3A.4.13.2 In-vivo degradation  

In vivo degradation was performed with Wistar rats following the protocols approved by the 

Institutional Animal Ethics Committee (IAEC) in Jawaharlal Nehru Centre for Advanced 

Scientific Research. In each group, a total of five male wistar rats weighing 250-350 g were 

used. The rats were anesthetized with ketamine (100 mg/kg) and xylazine (5 mg/kg) intra-

peritoneally. The backs of the rats were shaved aseptically. A midline incision was then made 

in the skin above the mid-thoracic spine and a subcutaneous (s.c.) pouch was created by blunt 

dissection extending in each rat interiorly. Polymer discs (11 mm of diameter) of the 

polymers (1b, 1c and 2c) of known weight (40-60 mg) were made by a hydraulic press. Next 

the discs were sterilized by UV irradiation, soaked in sterile PBS for about 1 h (pH 7.4) prior 

to implantation and inserted into the s.c. pouch of rat. The incision was then closed with silk 

suture (6.0). After definite time intervals, the rats were killed and the polymer disc samples 

were harvested. The samples were then rinsed with Millipore water and dried to a constant 

weight at 60 ˚C in a vacuum oven. Finally the weight of the dried disc samples was recorded. 

The extent of in vivo degradation was expressed as the percentage of the weight loss of after 

implantation. Further, to visualize the surface morphology of the disc, discs were gold coated 

and imaged by Quanta 3D FEG FEI scanning electron microscope. 

 

3A.4.14 Biocompatibility  

3A.4.14.1 Hemolytic activity  

Hemolytic assay of the polymeric coating was evaluated following same protocol as 

described in the section 2A.4.10 in Chapter 2A. 

 

3A.4.14.2 In-vivo toxicity 

In-vivo toxicity of the cationic chitin derivatives were evaluated by coating the most active 

polymers (2c) onto medical grade catheter following the same protocol as described in the 

section 2B.4.11.3 in chapter 2B.     

 

3A.4.15 In-vivo activity  

In-vivo activity of the cationic chitin derivatives were evaluated by coating the most active 

polymers (2c) onto medical grade catheter following the same protocol as described in the 

section 2B.4.12 in chapter 2B.     
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3A.4.16 Resistance development study  

Resistance development assay of the polymeric coating (2c) was evaluated following same 

protocol as described in the section 2A.4.9 in Chapter 2A. 
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Abstract 

Chapter 3B reports in-situ development of highly effective dual action polymer-silver 

nanocomposites from quaternary chitin derivatives and a silver salt. The cationic 

antimicrobial polymers, water-insoluble and organo-soluble derivatives of naturally 

occurring polymer chitin, acted as both reducing and stabilizing agents to silver para 

toulenesulfonate (AgPTS) thereby provided a highly stable polymer-silver nanocomposites. 

The polymeric nanocomposites upon coating onto surfaces non-covalently via simple 

brush/spin/dip coating completely inactivated both Gram-positive and Gram-negative 

bacteria including the drug-resistant pathogens such as methicillin-resistant Staphylococcus 

aureus (MRSA), vancomycin-resistant Enterococcus faecium (VRE) and beta lactam-resistant 

Klebsiella pneumoniae (Minimum inhibitory amount, MIA 0.06-1.9 g/mm
2
). The 

nanocomposites were also shown to be highly effective against various human pathogenic 

fungi such as such as Candida spp. and Cryptococcus spp. (MIA 0.06-1.0 g/mm
2
). 

Importantly, the composites killed both bacteria and fungi at much lower amount than the 

individual components and were found to have rapid killing rates (30-60 min for bacteria and 

2-3 h for fungi). The nanocomposite coated surfaces showed remarkably long-lasting activity 

over a period of 14 days as tested and did not allow microbial (bacterial) resistant 

development even till 14 passages. Further, the composites when coated onto surfaces were 

shown to be effective in inhibiting both bacterial and fungal biofilm formation even after 

repeated challenges of the same surface. Notably, negligible in-vitro toxicity towards human 

erythrocytes and minimal inflammation to the tissue in-vivo was observed for the composites. 

Also, the composites showed excellent efficacy in reducing bacterial burden (4.9 log CFU 

reduction at 8.0 g/mm
2
 of coating) both on the catheter and in the surrounding tissues (5.8 

log CFU reduction) when a composite-coated catheter was infected with MRSA and 

implanted in mice subcutaneously. Further the coated catheter was also shown to be effective 

in inhibiting MRSA biofilm formation in-vivo. The one-pot synthesis of the polymeric 

nanocomposites from a biocompatible antimicrobial polymer thus could be used as safe and 

effective antimicrobial coatings in various biomedical devices and implants. 

 

 

Publication based on this work 

1. Hoque, J. et al.  In-situ synthesis of dual action polymer-silver nanocomposites that effectively kill microbes 

and inhibit biofilm formation. Manuscript submitted. 
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3B.1 Introduction 

Microbial infection at the site of implanted medical devices such as orthopaedic implants, 

catheter, etc. presents a serious ongoing problem in the biomedical arena.
1-3

 Infections due to 

the device implantation in the less vascular tissue (e.g., bone infection due to bone fixture 

devices) or in avascular tissue (e.g., cartilage infections due to joint replacement devices) are 

particularly more challenging because of the limited penetration of antibiotics which makes it 

very difficult to treat infections in those tissues.
4-6

 The situation is even more complicated 

upon bacterial biofilm formation on the device surfaces which is known to be resistant 

against both host defence systems and common antibiotic therapy.
7
 For example, infection 

associated with prosthetic joints, in particular osteomyelitis is by far the most common reason 

for complications which often require multiple revision surgeries and in extreme cases 

removal of the implants (74.3%).
8,9

 Though revision surgery (e.g., revision arthroplasty) have 

been shown to remove/reduce infections, it can often lead to various other complications such 

as re-infections of the implants due to surgical procedure or from the surrounding microbes 

hidden at the tissue level along with the increased cost, pain and suffering of the patients 

undergoing surgeries.
10

 It is therefore necessary to develop antimicrobial coatings which not 

only prevent infections on the medical devices but also eliminates difficult-to-treat bacteria at 

the surrounding tissue level. 

Dual action antimicrobial polymeric nanocomposites, composed of metal 

nanoparticles dispersed inside an antimicrobial polymeric matrix thus inactivating microbes 

upon contact and by releasing active ingredients, offer great potential and several advantages 

over the existing individual systems.
11-14

 These materials will not only kill pathogen on 

contact but also will be able to inactivate microorganisms by releasing active antimicrobials 

into the surroundings thus removing infections at the neighboring tissue level of a implants. 

Further, the antimicrobial components present in the nanocomposites can act simultaneously 

leading to an enhanced antimicrobial activity. Moreover, the nanomaterials can release the 

active antimicrobials over an extended period of time thereby can provide long-lasting 

antibacterial activity particularly required to combat device related infections especially in 

less vascular or avascular tissue level.  

Among various nanoparticles, silver nanoparticles are of special interest because of 

their broad-spectrum antimicrobial activity toward different pathogens, e.g., bacteria, fungi, 

viruses, etc.
15,16

 It has been shown that Ag
+
 ion, the active component of the silver-based 

antimicrobials, deactivate surface proteins, intracellular enzymes, DNA, etc. Silver-
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containing materials have been widely used by the biomedical industry in catheters, dental 

material, medical devices and implants, and wound dressings.
17-19

 However, most of the 

techniques used to incorporate silver into polymeric matrices involve synthesis of complex 

silver compounds, mixing ex-situ synthesized silver particles with the polymers, or 

complicated physical techniques such as sputtering and plasma deposition.
20-24

 These 

methods are generally costly, time-consuming and add complexity to the fabrication process. 

In addition, the polymers in the nanocomposites are generally non-active or poorly active 

against microbes and are toxic towards mammalian cells. Thus the composites mainly depend 

on the amount of nanoparticles present in the systems for their antimicrobial activity and can 

cause significant toxicity to mammalian cells. It is therefore desirable to develop dual action 

polymer-silver nanocomposites in a simple method wherein the composites can be coated 

onto surfaces non-covalently as paint and will be able to kill microbes rapidly and more 

effectively via both contact- and release-active mechanism without causing toxicity to 

mammalian cells.  

In chapter 3A, water-insoluble and organo-soluble quaternary N,N-dimethylalkyl 

ammonium chitin polymers capable of inactivating microbes (bacteria and fungi) and 

inhibiting biofilm formation were developed. Further, the polymers were shown to be 

biocompatible and biodegradable in both in-vitro and in-vivo. However, though highly 

effective against Gram-positive bacteria, antimicrobial efficacy of the polymers was found to 

be very low against Gram-negative bacteria. Further, in-vivo antimicrobial efficacy of the 

polymers was found to be poor when infected with higher number bacteria. Moreover, the 

coated surfaces require direct microbial contact with the polymer to achieve antimicrobial 

activity (the polymers are water-insoluble thus cannot diffuse from the coated surface and 

cannot kill the surrounding microorganism efficiently). Interestingly, the chitin polymer 

would still have its terminal aldehyde groups (no chemical modification was performed here 

while preparing the quaternary chitin derivatives) and therefore are expected to be able to 

reduce silver ions to metallic silver in-situ.
25

 In addition, the polymers with its electron 

donating atoms such as nitrogen or oxygen can act as potent capping agent to the silver 

nanoparticle and therefore can lead to stable and active polymer-silver nanocomposites.  

Herein chapter 3B describes the successful development of biocompatible and dual 

action antimicrobial polymer-silver nanocomposites via in-situ reduction of silver ions using 

the quaternary chitin derivatives. The organo-soluble nanocomposites allowed non-covalent 

immobilization of the materials directly onto surfaces as paint and were shown to be highly 

active against both Gram-positive and Gram-negative bacteria including various human 
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pathogenic fungi. Importantly, the composites were found to kill both bacteria and fungi at a 

much faster rate than the polymer alone and showed long-lasting durable activity. Further, the 

composites inhibited both bacterial and fungal biofilm formation on the coated surfaces even 

after repeated challenges. Negligible toxicity towards mammalian cells was observed both in-

vitro and in-vivo. The composites upon coating to a medical grade catheter showed excellent 

efficacy in reducing microbial burden both on the catheter and in the surrounding tissues in a 

mice model of subcutaneous infection. Further coated catheter was also shown to be effective 

in inhibiting MRSA biofilm formation in mice model.  

 

3B.2 Results and discussion 

3B.2.1 Synthesis and characterization of the nanocomposites  

The in-situ synthesis of the silver-polymer nanocomposites was depicted in Scheme 3B.1. 

The nanocomposites consist of one of the most active quaternary chitin derivatives (2c, 

having C16H33 long chain with 48% degree of quaternization) from chapter 3A and in-situ 

generated silver nanoparticle stabilized by the same polymer. The nanocomposites were 

prepared by adding the dimethyl sulfoxide (DMSO) solution of silver paratoluene sulfonate 

(AgPTS) to an equal volume of methanolic solution of the polymer and keeping the mixture 

at room temperature for the required period of time under dark condition (Figure 3B.1A). 

Two different composites were prepared by varying the amount of the silver salt (AgPTS) 

while keeping the polymer amount constant (2c:AgPTS = 1:1 and 1:0.5, w/w). The formation 

of silver nanoparticle was indicated by the appearance of yellow followed by brownish colour 

with time (Figure 3B.1A). The color changes as observed may be attributed to the surface 

plasmon resonance (SPR) of the in-situ generated silver nanoparticles (AgNP). However, no 

color change was observed for methanolic solution of polymer containing equal volume of 

DMSO and DMSO solution of AgPTS containing equal volume of methanol under similar 

conditions. The above facts therefore suggested that the polymer is responsible for the 

reduction of silver ions. The rate of formation as well as the overall time required for the 

complete reduction of the silver salt was monitored by observing surface plasmon of silver 

nanoparticle via UV-visible absorption spectroscopy. Polymer-capped silver nanoparticle had 

an SPR band at 415 nm and detectable amount of the Ag nanoparticle was observed after 12 

h in the absorption spectra for both the composites (Figure 3B.1B and C). The formation of 

nanoparticle was found to be time dependent and almost 5-7 days were required for the 

reduction of the silver ions (the complete reduction of all the silver ions required 10-11 days 
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for both the compositions). However, composite with lower silver salt/polymer ratio was 

found to get reduced at a relatively higher rate than the composite with higher silver 

salt/polymer ratio (Figure 3B.1B and C). Finally, solid 2c-AgNP nanocomposites were 

obtained by precipitation from the nanocomposite solutions upon addition of acetone. The 

solid composites could be easily re-dissolved in methanol, ethanol, DMSO, etc. to give back 

the clear solutions. 

 

 

Figure 3B.1: Preparation of polymer-silver nanocomposites. (A) Schematic representation of 

synthesis of 2c-AgNP nanocomposites. The nanoparticles shown in orange circle are shown 

to be stabilized by the capping effect of the polymer. Eppendorf tubes showing the polymer 

and polymer nanocomposites before and after the silver nanoparticle formation. UV-visible 

absorption spectra of the in-situ generated silver nanoparticle at different time interval. (B 

and C) surface plasmon absorbance for the 1:1 2c:AgNP and 1:0.5 2c:AgNP mixture. 

 

The formation of Ag nanoparticles was further confirmed by the transmission electron 

microscopy (TEM) as the TEM images clearly indicate the presence of spherical 

nanoparticles of 5-25 nm in 1:1 composites and 5-20 nm in 1:0.5 composites (Figure 3B.2A 

and 3A). Further, uniform distribution of nanoparticles was observed for both the composites 

which suggested that reduction is taking place in the vicinity of the polymeric chains. As the 

formation of the nanoparticle takes place very close to polymer chains, the growing 

nanoparticles are stabilized as well as prevented from aggregation by the capping effects of 
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the coordinating nitrogen or oxygen atoms of the polymers. Also steric isolation by the 

polymeric chain in stabilization of the silver nanoparticles cannot be ignored.  

 

 

 

Figure 3B.2: Characterization of 1:1 2c-AgNP composite. (A) TEM image of the 

nanocomposites showing uniform distribution of the silver nanoparticle. (B) HRTEM image 

of the nanoparticles showing lattice fringes. (C) Relevant selected area diffraction (SAED) 

pattern of the nanocomposites. X-ray photoelectron spectra of the nanocomposites: (D) 

survey scan and (E) relevant high resolution silver scan. (F) Thermogravimetric analysis 

curve showing % wt loss due to heating. 

 

However, no significant effect on the size distribution of the nanoparticles was observed 

when the amount of the precursor silver salt was varied while keeping the polymer amount 

constant (1:1 and 1:0.5 2c:AgPTS). Nonetheless, it should be mentioned that 1:0.5 composite 

was found to have more particles of somewhat lesser size (average size 5-10 nm) as 

compared to 1:1 composite (average size 10-20 nm) probably due to higher capping and 

stabilizing effect from the polymer (Figure 3B.2A and 3A). The high resolution TEM images 

showed the appearance lattice fringes characteristic of metal nanoparticles (Figure 3B.2B and 

3B). The crystalline nature of the nanoparticles was confirmed by selected area electron 

diffraction (SAED) pattern as the spectra revealed the presence of sharp spots with diffused 

rings (Figure 3B.2C and 3C). The chemical identity of the composites was established by 

energy dispersive X-ray spectroscopy (EDX). EDX spectra were recorded during TEM 
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imaging wherein the electron beam was focused on an approximately 0.1 m  0.1 m 

particle-rich region. The EDX spectra of both the composites clearly indicated the presence 

of silver in the composites along with the other characteristic elements such as carbon, 

nitrogen and sulfur. However, the EDX did not conclusively prove that whether the peak for 

silver is from the silver ion or from the reduced silver. In order to establish the oxidation state 

of the silver and to prove that all the silver ions got reduced by the polymer, x-ray 

photoelectron spectroscopy (XPS) was employed. 

 

 

 

Figure 3B.3: Characterization of 1:0.5 2c-AgNP composite. (A) TEM image of the 

nanocomposites showing uniform distribution of the silver nanoparticle. (B) HRTEM image 

of the nanoparticles showing lattice fringes. (C) Relevant selected area diffraction (SAED) 

pattern of the nanocomposites. X-ray photoelectron spectra of the nanocomposites: (D) 

survey scan and (E) relevant high resolution silver scan. (F) Thermogravimetric analysis 

curve showing % wt loss due to heating. 

 

XPS spectra of the silver in the Ag 3d (3d5/2 and 3d3/2) regions are very sensitive to its 

chemical environment and provide important information in discriminating silver ions and 

metallic silver. XPS spectra for both the composites was recorded by making a thin film on 

silicon wafers and the survey scan as well as Ag 3d3/2 and 3d5/2 spectra of 2c-AgNP 

composite films were analysed (Figure 3B.2 and 3). The survey scan showed the presence of 

carbon, nitrogen, oxygen, sulfur and silver atoms for both 1:1 and 1:0.5 composites thereby 
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establishing the chemical composition of the polymer-silver nanocomposites (Figure 3B.2D 

and 3D). XPS spectra of the above product showed a C 1s peak with binding energy at 286.4 

eV, characteristic of carbon bonded to oxygen in chitin macromolecules. Moreover, the Ag 

3d spectra showed peaks at 368.2 and 374.2 eV assigned to Ag 3d5/2 and Ag 3d3/2 peaks, 

respectively, matching with binding energy value of silver in zero oxidation state (Figure 

3B.2E and 3E). The above facts indicated that the silver is present in zero oxidation and the 

nanocomposites contained only the metallic nanosilver.    

 

To quantify the amount of silver (wt%) present in the composites, thermogravimetric 

analyses (TGA) of both 1:1 and 1:0.5 2c-AgNP composites were performed using a heating 

rate of 5 ˚C/min under argon flow. The curves showed two stages of weight loss for the 

composites (Figure 3B.2F and 3F). A very slight weight loss in the first stage between 60-140 

˚C indicated the loss of adsorbed moisture. However, the second stage of weight loss which 

occurred between 180-400 ˚C indicated the degradation of the polymer 2c mtarix, leaving 

only the silver residue. The amount of residue left by pure 2c as char was negligible (1.7%). 

The weight percentage of AgNP in 1:1 and 1:0.5 composites were found to be 38.1  0.4% 

and 18.9  0.3% (experimental value) respectively (Figure 3B.2F and 3F). The complete 

reduction of the silver salts by the polymer would provide 38.7% and 19.3% of silver 

(calculated value) in 1:1 and 1:0.5 composites respectively. Notably, the above results were 

in good agreement with the theoretically calculated values thus suggested that all the silver 

salt was reduced by the polymers (as found by the XPS earlier). The slightly lower silver 

content in the composites than the theoretical values could be due to loss of some silver 

during precipitation or washing steps and the presence of slightly moisture content in the 

composites.  

The fact that the polymer almost retained its structural integrity in the nanocomposites 

was confirmed via FT-IR spectrum as the spectra for both the composites clearly revealed the 

presence of all the functional groups like the precursor polymer (Figure 3B.4). The IR 

absorption peaks at 3200-3600 cm
-1

 indicated the stretching frequencies of OH and NH 

from the chitin derivative 2c. Peaks at 2918 cm
-1

 and 2857 cm
-1

 showed the peaks for CH 

stretching (of methylene and methyl groups). Importantly,  the C=O and NH stretching 

frequencies from the amide groups  were observed at 1661 cm
-1

 and 1541 cm
-1

 for both the 

composites. To identify the possible interactions between the silver nanoparticles and chitin 

derivatives, a change in the relative intensity ratio I1661/I1541 was calculated. It is expected that 
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the attachment of silver to nitrogen atoms in the polymer-silver nanocomposites would 

reduce the vibrational intensity of the NH bonds because of the increase in the molecular 

weight of the complex which would become heavier after Ag binding.  

 

 

 

Figure 3B.4: FT-IR spectra of polymer-silver nanocomposites. (A) Full spectra of 2c, 1:1 

and 1:0.5 2c-AgNP composites; (B) expanded spectra from 4000 to 2000 cm
-1

 of 2c, 1:1 and 

1:0.5 2c-AgNP composites; (C) expanded spectra from 2000 to 1000 cm
-1

 of 2c, 1:1 and 1:0.5 

2c-AgNP composites; (D) expanded spectra from 1000 to 500 cm
-1

 of 2c, 1:1 and 1:0.5 2c-

AgNP composites.  

 

Interestingly, I1661/I1541 ratio for the polymer alone was found to decrease from 1.6 to 1.4 for 

1:0.5 composite and 1.3 for 1:1 composite respectively. The above facts thus suggested that 

the silver could be coordinated with the nitrogen atoms of the polymer leading to stabilization 

of the silver nanoparticles. Interestingly, when tested for the stability of the silver 

nanoparticle present in the composites (stability was checked directly from the reaction 

mixture without precipitation), the particles were found to be highly stable till the tested 6-8 



171 
 

weeks.  Thus, by this method polymer-silver nanocomposies were prepared via a simple one-

pot reaction without any external reducing and stabilizing agents. 

The solid polymer nanocomposites were dissolved in methanol at different amount. 

The methanolic solution was then coated onto various surfaces such as polystyrene, glass, 

silicon, polyurethane, etc. via brush-or dip- or spin-coating or drop-casting. Upon drying the 

composites yielded good film onto the coated surfaces. For having a stable and proper film on 

surfaces (e.g., catheter), the composites were dissolved in methanol-DMSO or only DMSO 

and then coated. 

 

3B.2.2 In-vitro antibacterial activity                 

3B.2.2.1 Activity by spray method  

Antibacterial activity was determined by spraying the pathogen onto coated glass surfaces as 

described in the previous chapters. The surfaces were then incubated at 37 ˚C for 24 h along 

with suitable agar. As expected, the non-coated glass surface showed numerous bacterial 

colonies thereby indicated the bacterial growth on the plain surface which does not have any 

antibacterial activity (Figure 3B.5A and E). However, less or no bacterial colonies were 

observed on nanocomposite-coated surfaces depending on the amount present. Interestingly, 

the nanocomposites showed remarkably higher activity than the polymer alone against both 

Gram-positive S. aureus and Gram-negative E. coli. For example, surfaces coated with 1:1 

and 1:0.5 2c-AgNP composites showed 100% reduction (5 log) of viable S. aureus at 0.04 

g/mm
2
 each (61.9% polymer with 38.1% AgNP for 1:1 composite and 81.1% polymer with 

18.9% AgNP for 1:0.5 composite) while the polymer 2c coated surfaces showed 100% 

reduction at 0.15 g/mm
2
 (Figure 3B.5B-D). Similarly surfaces coated with 1:1 and 1:0.5 2c-

AgNP composites showed 100% reduction (5 log) of viable E. coli at 0.02 g/mm
2
 and 0.04 

g/mm
2
 respectively while 2c coated surface showed 100% reduction at 0.6 g/mm

2 
(Figure 

3B.5F-H). The above results therefore indicated that these nanocomposites were highly 

efficient in killing bacteria upon contact. Further, the composites were found to be more 

active against E. coli than S. aureus. The above results also showed that 1:1 composite is 

more active than the 1:0.5 composite. Clearly the high antibacterial activity of these 

nanocomposites against both Gram-positive and Gram-negative bacteria suggested that these 

materials could be used as potent bactericidal paint.  
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Figure 3B.5: Antibacterial activity of polymer coated surfaces. Photographs of microscopic 

glass slides after spraying bacteria and incubating for 24 h; (A) and (E): non-coated glass 

slides (controls); (B) and (F): slides coated with 2c (0.15 and 0.6 g/mm
2
); (C) and (G): 

slides coated with 1:1 2c-AgNP composite (0.04 and 0.02 g/mm
2
); (D) and (H): slides 

coated with 1:0.5 2c-AgNP composite (0.04 and 0.04 g/mm
2
); (I) and (M): slides coated 

with PLA (2.5 g/mm
2
); (J) and (N): slides coated with (0.15 g/mm

2
 2c + 2.5 g/mm

2
 PLA) 

and (0.6 g/mm
2
 1c + 2.5 g/mm

2
 PLA); (K) and (O): slides coated with (0.04 g/mm

2
 1:1 

2c-AgNP composite + 2.5 g/mm
2
 PLA) and (0.02 g/mm

2
 1:1 2c-AgNP composite + 2.5 

g/mm
2
 PLA); (L) and (P): slides coated with (0.04 g/mm

2
 1:0.5 2c-AgNP composite + 2.5 

g/mm
2
 PLA) and (0.04 g/mm

2
 1:0.5 2c-AgNP composite + 2.5 g/mm

2
 PLA). 

 

Notably, the nanocomposites when coated onto the glass surface along with medically 

relevant polymer such as polylactic acid (PLA) also killed bacteria (5 log CFU) completely 

upon spraying. For example surfaces, coated with PLA (2.5 g/mm
2
) and the 2c-AgNP 

composites, showed 100% reduction (5 log) of viable S. aureus at 0.04 g/mm
2
 of coating 

for both the 1:1 and 1:0.5 composites. On the other hand surfaces, coated with PLA (2.5 

g/mm
2
) and 2c, showed 100% reduction at 0.15 g/mm

2
 of the polymer coating (Figure 

3B.5I-L). Similar activity was for the E. coli also. For example, surfaces coated with PLA 

(2.5 g/mm
2
) and the 2c-AgNP composites showed 100% reduction (5 log CFU) of viable 

E. coli at 0.02 g/mm
2
 for 1:1 composite and at 0.04 g/mm

2
 for 1:0.5 composite 

respectively. On the other hand, surfaces coated with PLA (2.5 g/mm
2
) and the polymer 2c 

showed 100% reduction at 0.6 g/mm
2
 of the polymer coating (Figure 3B.5M-P). The above 

results therefore showed that the composites retained their activity even after coating along 

with PLA. These findings thus furnished that the composites could be potentially used to 

develop self-defensive biomaterials. 
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3B.2.2.2 Activity against water-borne bacteria (Minimum inhibitory amount) 

Antibacterial efficacy of the nanocomposites against water-borne bacteria was determined by 

coating polystyrene well plate followed by addition of bacterial suspensions in suitable broth. 

The plates (containing 200 L of 10
5
 CFU/mL bacteria) were incubated at 37 ˚C for about 

24 h and then visual turbidity was observed. The efficacy was expressed as minimum 

inhibitory amount (MIA), i.e., the minimum amount required to inhibit the growth of bacteria 

required/unit surface area as defined in chapter 2A. Like the spray method, the 

nanocomposites showed superior activity against bacteria over the polymer alone (Figure 

3B.6). To illustrate, MIA values of the polymer 2c were 0.06 g/mm
2
 and 3.9 g/mm

2
 

against S. aureus and E. coli respectively. On the other hand, MIA values of the 2c-AgNP 

nanocomposites were found to be 0.06 g/mm
2
 each for both 1:1 and 1:0.5 composites (0.04 

g/mm
2
 of 2c with 0.02 g/mm

2
 of AgNP for 1:1 composite and 0.05 g/mm

2
 of 2c with 

0.01 g/mm
2
 of AgNP for 1:0.5 composite) against S. aureus and, 0.24 g/mm

2
 for the 1:1 

composite (0.13 g/mm
2
 of 2c with 0.09 g/mm

2
 of AgNP) and 0.48 g/mm

2
 for 1:0.5 

composite (0.3 g/mm
2
 of 2c with 0.18 g/mm

2
 of AgNP) against E. coli respectively 

(Figure 3B.6A and B). The composites also showed high activity against P. aeruginosa, an 

opportunistic Gram-negative bacterium known to cause many nosocomial infections. While 

the MIA value of polymer 2c was found to be 7.8 g/mm
2
 against P. aeruginosa, 1:1 and 

1:0.5 composites showed MIA values of 0.48 g/mm
2
 (0.3 g/mm

2
 of 2c with 0.18 g/mm

2
 

of AgNP) and 0.98 g/mm
2
 (0.61 g/mm

2
 of 2c with 0.37 g/mm

2
 of AgNP) respectively 

against the same pathogen (Figure 3B.6C). Not only against drug-sensitive bacteria, surfaces 

coated with the composites showed activity against various drug-resistant bacteria such as 

methicillin-resistant S. aureus (MRSA), vancomycin-resistant E. faecium (VRE), and beta-

lactam-resistant K. pneumoniae. To illustrate, MIA values of the polymer 2c were 0.06 

g/mm
2
 each against drug-resistant MRSA and VRE. On the other hand, MIA values of 1:1 

and 1:0.5 composites were found to be 0.06 g/mm
2
 each (0.04 g/mm

2
 2c with 0.02 g/mm

2
 

AgNP for 1:1 composite and 0.05 g/mm
2
 2c with 0.01 g/mm

2
 AgNP for 1:0.5 composite) 

against MRSA and VRE (Figure 3B.6D and E). Against drug-resistant Gram-negative K. 

pneumoniae, while MIA value of polymer 2c was 15.6 g/mm
2
, MIA values of 1:1 and 1:0.5 

composites were found to be 1.9 g/mm
2
 (1.2 g/mm

2
 of 2c with 0.7 g/mm

2
 of AgNP) and 

3.9 g/mm
2
 (2.4 g/mm

2
 of 2c with 1.5 g/mm

2
 of AgNP) respectively against the same 

bacteria (Figure 3B.6F).  
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Figure 3B.6: Antibacterial activity (MIA) of composite coated surfaces after adding bacterial 

suspension and incubating for 24 h: (A) S. aureus; (B) E. coli; (C) P. aeruginosa; (D) MRSA; 

(E) VRE and (F) beta lactam-resistant K. pneumoniae. 

 

The above results therefore indicated that polymer-nanocomposites are more active against 

bacteria than the polymer alone. Further, the composites showed reasonably higher activity 

against Gram-negative bacteria than the polymer. One of the limitations with the 

hydrophobically modified cationic chitin derivatives was that the polymers were found to be 

less active against Gram-negative bacteria. By developing polymer-silver nanocomposites, it 

was therefore possible to obtain antimicrobial coating materials which are equally active 

against both Gram-positive and Gram-negative bacteria. Interestingly though not significantly 
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enough, both the composites showed MIA values lesser than the AgPTS alone (MIA values 

of AgPTS were 0.24 g/mm
2
 and 0.24 g/mm

2
 against S. aureus and E. coli). However, it 

should be mentioned that while AgPTS film can release all its silver ions into the solution 

immediately, only a fraction of silver ions will be released into the solution after 24 h by the 

polymer-silver nancomposites to have activity. Overall, 1:1 composite was more active than 

the 1:0.5 composite. Not only inhibition, the composites showed complete killing of the 

bacteria upon treatment with the coated surface. For example, the minimum bactericidal 

amounts (expressed as MBA, g/mm
2
) were found to be 0.06 g/mm

2
, 0.39 g/mm

2
, 0.98 

g/mm
2
, 0.24 g/mm

2
, 0.24 g/mm

2
 and 1.9 g/mm

2
 against S. aureus, E. coli, P. 

aeruginosa, MRSA, VRE and K. pneumoniae respectively. 

 

3B.2.2.3 Bactericidal kinetics 

To establish how fast the composites kill bacteria upon contact, the rate of action was 

investigated towards both S. aureus and E. coli using the more active 1:1 composite along 

with 2c and AgPTS at their respective MIA and 6  MIA values.  

 

 

 

Figure 3B.7: Kinetics of antibacterial action. Rate of killing for the composite (1:1), polymer 

2c and AgPTS, all at two different amounts: MIA and 6  MIA towards S. aureus (A) and E. 

coli (B) respectively. Stars represent  50 CFU/mL. 

 

While polymer 2c was found to kill S. aureus (5 log reduction) at 120 min at 6  MIA, 1:1 

composite was found to kill the same bacteria at only 60 min at 6  MIA. Notably, AgPTS 

was found to kill S. aureus at 360 min at 6  MIA (Figure 3B.7A). On the other hand, while 

2c killed E. coli (5 log reduction) at 240 min at 6  MIA, 1:1 composite was found to kill 

the same bacteria at only 60 min at 6  MIA. Notably, AgPTS was found to kill E. coli at 240 
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min at 6  MIA (Figure 3B.7B). These results thus indicate that the composite coatings have 

remarkably higher killing rates against both the bacteria making them suitable for efficient 

antimicrobial coating. 

 

3B.2.2.4 Membrane-active mode of action 

The mode of action of the nanocomposites was examined by confocal laser scanning 

microscopy (CLSM) via live and dead assay using SYTO 9 and propidium iodide (PI) 

respectively following protocols described earlier in the previous chapters.  

 

 

 

Figure 3B.8: Membrane-active mode of antibacterial action. CLSM images of bacterial cells: 

untreated (A) S. aureus and (B) E. coli; cells treated with the surface coated with 1:1 

composite against (C) S. aureus (D) E. coli respectively, all after staining with SYTO 9 and 

PI. 
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The polystyrene well plates were coated with the polymer nanocomposites at 6 × MIA and 

then bacteria were treated with the surface for about 4 h. The confocal microscopy images of 

non-treated samples showed green fluorescence for both S. aureus and E. coli thereby 

indicated the cell viability in control samples (Figure 3B.8A and C). The cell treated with 1:1 

nanocomposite at its 6  MIAs, showed appearance red fluorescence thereby indicated the 

loss of membrane integrity for both S. aureus and E. coli (Figure 3B.8B and D). 

 

3B.2.3 Bacterial biofilm inhibition  

The antibiofilm activity of the nanocomposites was therefore evaluated by coating the 

composite (1:1) onto glass surface at its 6  MIA against MRSA and P. aeruginosa, two of 

the most frequently biofilm forming bacteria and often causes nosocomial infections via 

biofilm formation.
26

 Further, antibiofilm efficacy of the composite was compared to that of 

the polymer 2c by challenging the same surface repeatedly. Coated glass cover slips were 

challenged against both MRSA and P. aeruginosa under stationary conditions at 37 ˚C. The 

glass surfaces were then imaged by confocal laser scanning microscopy (CLSM) after 24 h. 

The non-coated cover slips showed huge bacterial growth with an effective thickness of 12-

16 m thus indicating thick and matured biofilm formation for both MRSA and P. 

aeruginosa respectively (Figure 3B.9A and Figure 3B.10A). In contrast, both the polymer 

and the nancomposite coated surfaces showed only monolayered bacteria with an effective 

thickness of 2-3 m after 24 h against both MRSA and P. aeruginosa (Figure 3B.9B-C and 

Figure 3B.10B-C) thereby signifies that both polymer and nancomposite were capable of 

inhibiting the biofilm formation till 24 h. However, when the same surfaces were challenged 

again for another 24 h and 48 h against both MRSA and P. aeruginosa, the control surfaces 

further showed thickening of the biofilm layer (Figure 3B.9D and G for MRSA and Figure 

3B.10D and G for P. aeruginosa respectively). Notably, the polymer-coated surfaces showed 

cluster of bacteria with an effective thickness of 4-8 m thereby indicating that the polymer 

was failing to inhibit biofilm formation (Figure 3B.9E and H for MRSA and Figure 3B.10E 

and H for P. aeruginosa respectively). On the contrary, nancomposite coated surfaces 

showed only few bacteria with an effective thickness of 2-3 m even after 48 h and 72 h 

against both MRSA and P. aeruginosa (Figure 3B.9F and I for MRSA and Figure 3B.10F 

and I for P. aeruginosa respectively). The above results thereby signified the efficacy of the 

nancomposite in inhibiting biofilm formation for longer duration. 
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Figure 3B.9: Biofilm inhibition ability of the nanocomposite against MRSA. Confocal laser 

scanning microscopy images of non-coated, 2c-and nanocomposite-coated cover glass 

surfaces. (A-C): Surfaces for non-coated, 2c-and nanocomposite-coated cover glasses after 24 

h; (D-F): Surfaces for non-coated, 2c-and nanocomposite-coated cover glasses after 48 h and 

(G-I): Surfaces for non-coated, 2c-and nanocomposite-coated cover glasses after 72 h of 

treatment against MRSA. Scale bar 5 m. 

 

Further, when the bacterial counts were determined in the biofilms, (121.4) log reduction of 

S. aureus after 72 h and (100.9) log reduction of E. coli after 120 h were observed for the 

polymer coated surface at 6 × MIA compared to noncoated surface (the control surfaces 

showed 14.8 log CFU/mL of S. aureus and 12.2 log CFU/mL of E. coli respectively). 
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Figure 3B.10: Biofilm inhibition ability of the nanocomposite against P. aeruginosa. 

Confocal laser scanning microscopy images of non-coated, 2c-and nanocomposite-coated 

cover glass surfaces. (A-C): Surfaces for non-coated, 2c-and nanocomposite-coated cover 

glasses after 24 h; (D-F): Surfaces for non-coated, 2c-and nanocomposite-coated cover 

glasses after 48 h and (G-I): Surfaces for non-coated, 2c-and nanocomposite-coated cover 

glasses after 72 h of treatment against P. aeruginosa. Scale bar 5 m. 

 

 

3B.2.4 Antifungal activity 

3B.2.4.1 Minimum inhibitory amount 

Antifungal efficacy of both the composites was evaluated against different Candida spp. (C. 

albicans, C. dubliniensis, C. tropicalis) and Cryptococcus spp. (C. neoformans var. grubii 
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(serotype A), C. neoformans var. gattii (serotype B) and C. neoformans var. neoformans 

(serotype D)) and expressed as minimum inhibitory amount (MIA)/unit surface area as 

defined in chapter 2A. Like bacteria, the nanocomposites showed superior activity over the 

polymer alone against the fungal species tested (Figure 3B.11). For example, while the MIA 

value of polymer 2c was found to be 1.0 g/mm
2
 against Candida albicans, 1:1 and 1:0.5 2c-

AgNP composites showed MIA values of 1.0 g/mm
2
 (0.62 g/mm

2
 of 2c with 0.38 g/mm

2
 

of AgNP) and 2 g/mm
2
 (1.6 g/mm

2
 of 2c with 0.38 g/mm

2
 of AgNP) respectively against 

the same fungi (Figure 3B.11A). Thus only 1:1 composite was showed better activity against 

C. albicans over the polymer whereas 1:0.5 did not show any improvement in activity. 

However, the composites were found to be more active against other Candida spp. For 

example, while the MIA value of 2c was 1.0 g/mm
2
 against C. dubliensis, 1:1 and 1:0.5 

composites showed MIA values of 0.48 g/mm
2
 each (0.3 g/mm

2
 2c with 0.18 g/mm

2
 

AgNP for 1:1 composite and 0.39 g/mm
2
 2c with 0.09 g/mm

2
 AgNP for 1:0.5 composite) 

against the same fungi (Figure 3B.11B). Against C. tropicalis, another Candida spp., 2c 

showed MIA value of 0.24 g/mm
2
 whereas 1:1 and 1:0.5 composites showed MIA values of 

0.12 g/mm
2
 each (0.08 g/mm

2
 2c with 0.04 g/mm

2
 AgNP for 1:1 composite and 0.1 

g/mm
2
 2c with 0.02 g/mm

2
 AgNP for 1:0.5 composite) against the same fungi (Figure 

3B.11C). Notably, the nanocomposites showed very high activity against Cryptococcus spp. 

as well. While the MIA values of 2c were found to be 0.48 and 0.12 g/mm
2
 against C. 

neoformans ser A and C. neoformans ser B respectively, 1:1 and 1:0.5 composites showed 

MIA values of 0.12 g/mm
2
 each (0.08 g/mm

2
 2c with 0.04 g/mm

2
 AgNP for 1:1 

composite and 0.1 g/mm
2
 2c with 0.02 g/mm

2
 AgNP for 1:0.5 composite) against both the 

species (Figure 3B.11D and E). Against C. neoformans ser D, another Cryptococcus spp., 2c 

showed MIA value of 0.06 g/mm
2 

whereas 1:1 and 1:0.5 2c-AgNP composites also showed 

MIA values of 0.06 g/mm
2
 each (0.04 g/mm

2
 2c with 0.02 g/mm

2
 AgNP for 1:1 

composite and 0.05 g/mm
2
 2c with 0.01 g/mm

2
 AgNP) against the same species (Figure 

3B.11F).  
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Figure 3B.11: Antifungal activity of composite coated surfaces after adding bacterial 

suspension and incubating for 24 h: (A) C. albicans; (B) C. dubliensis; (C) C. tropicalis; (D) 

C. neformans ser A; (E) C. neformans ser B and (F) C. neformans ser D. 

 

The above results therefore indicated that polymer-nanocomposites especially 1:1 are more 

active against fungi than the polymer. However, as mentioned earlier that the nanocomposite 

films might release only a fraction of the silver ion into the suspension leading to relatively 

less activity unlike the spray method wherein the pathogen are in direct contact with both 

antimicrobial polymer and silver.  The composites were also shown to be fungicidal as well. 

The minimum fungicidal amounts (MFA) of the more active 1:1 composite were found to be 
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3.9 g/mm
2
 against C. albicans, 2.0 g/mm

2
 against C. dubliensis, 0.24 g/mm

2
 against C. 

tropicalis, 0.48 g/mm
2
 against C. neoformans ser A, 0.06 g/mm

2
 each against C. 

neoformans ser B and C. neoformans ser D respectively. The above results therefore 

indicated that in most of the cases minimum inhibitory amount is the minimum fungicidal 

amount for the composite. 

 

3B.2.4.2 Fungicidal kinetics 

To establish how fast the composites killed fungi, the rate of fungicidal action was 

investigated against C. albicans using surfaces coated with the composite (1:1).  

 

 

Figure 3B.12: Antifungal activities of the composites. (A) Antifungal kinetics of polymers 

2c coated surfaces at different amounts (MIA and 8  MIA) against C. albicans: 

representative cross section of the YPD agar plate showing the growth of fungal colonies at 

different times. Mechanistic investigation of antifungal activity of polymer coatings. 

Fluorescence microscopy images of C. albicans after staining with SYTO 9 and PI exposed 

to uncoated surfaces (control) and nanocomposite (1:1) coated surfaces. 

  

The rate of killing was also compared with the polymer and AgPTS at the respective 8  MIA 

values by treating the coated surfaces with 10
5
 CFU/mL cells. While the polymer and 

AgPTS coated surfaces killed fungi within 6 h, the composite coated surface killed C. 

albicans only within 3  (Figure 3B.12A). The above results therefore suggested that the 

composite acted at a much faster rate than the polymer alone. 
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3B.2.4.3 Membrane-active mode of antifungal action 

As the nanocomposites contain cationic polymer which was shown to be membrane active, 

the composites are also expected to show membrane-active mode of action leading cell death. 

To examine the mode of action of the composites, LIVE/DEAD assay was performed with 

the fungal cell (C. albicans) using green fluorescent SYTO 9 and red fluorescent PI dyes via 

confocal laser scanning microscopy (CLSM). Untreated fungi showed the presence of viable 

cells in the case of control samples (non-coated surface) as observed by the green 

fluorescence of SYTO 9 (Figure 3B.13B). Cells treated with the composites-coated surfaces, 

on the other hand, showed red fluorescence of PI thus indicated the compromised cell 

membrane (Figure 3B.13B).   

 

3B.2.5 Fungal biofilm inhibition 

The antibiofilm properties of the nanocomposites were evaluated by coating the more active 

composite (1:1 2c-AgNP) onto the wells of a 6-well plate and determining the ability in 

inhibiting fungal biofilm formation via fluorescence microscopy. The wells were coated (at 

MIA of C. albicans) and then incubated for about 48 h under stationary conditions. After the 

treatment, the supernatant from the wells was carefully removed, washed with PBS and then 

stained with SYTO 9.  

 

 

Figure 3B.13: Antibiofilm activity of the polymer-silver nanocomposite (1:1) coated surface. 

Scale bar 40 m. 
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The bottom of the wells was directly imaged via fluorescence microscopy. While the non-

coated wells showed huge fungal growth with filamentous structure indicative of biofilm 

formation (Figure 3B.13), the composite-coated surface was shown to have only few fungal 

cells without any filamentous structure. The above results thus suggested that the composite 

was capable of preventing fungal biofilm formation upon coating onto surface. In contrast 

though the polymer coated surface showed biofilm inhibition, the surface showed higher cell 

density at the respective MIA (Figure 3B.13). The above results therefore suggested that the 

composite was more active in inhibiting fungal biofilm and thus might be used as antibiofilm 

coatings. 

 

3B.2.6 Silver ion release study (Zone of inhibition)  

The composites were previously shown to be active upon contact onto the coated surface 

wherein both components of the composites were shown to act on contact. To prove that the 

silver nanocomposites kill microorganism also by releasing the silver ion to the surroundings, 

Kirby Bauer testing of zone of inhibition was performed.
13

 Circular Whatman filter paper was 

dip coated with only polymer (2c), only AgPTS and with both 1:1 and 1:0.5 2c-AgNP 

composites. The coated papers were then kept on agar plate containing bacterial suspension 

(freshly grown bacteria were sprayed onto the plate and the plates were covered by the 

bacterial solution). If the antimicrobial component(s) leach out from the coated paper, a clear 

zone of inhibition is expected due to bacterial death in the respective zone. Notably, the 

polymer coated paper did not show any inhibition zone against both S. aureus and E. coli 

thereby indicated that it can kill pathogen only upon contact (Figure 3B.14A and B). 

However, both AgPTS and polymer-AgNP coated papers showed significant zone of 

inhibition. The observed inhibition zone is a result of the leaching of active biocidal species 

Ag
+
 ion from the AgPTS or embedded Ag nanoparticles present in the composite into the 

surrounding aqueous medium. Importantly, nanocomposites showed significantly lower zone 

of inhibition compared to AgPTS. This could be due to the hydrophobically modified chitin 

derivative which reduces the leaching of Ag
+
 ion from surface by reducing the contact area of 

the surrounding aqueous media and the gradual dissolution of silver into Ag
+
 ion in sharpt 

contrast to already Ag
+
 ion of AgPTS. However, the above study also suggested that the 

nanocomposites kill pathogen not only upon contact but also by releasing Ag
+
 ion into the 

surroundings.  
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Figure 3B.14: Bacterial lawn growth inhibition, long lasting antibacterial activity and release 

kinetics of the nanocomposites. (A) Representative agar plate showing the zone of inhibition 

in an (A) S. aureus lawn and (B) E. coli lawn produced by diffusion of the antimicrobials. 

Long lasting antibacterial activity of the polymer 2c, AgPTS and  nanocomposite (1:1) coated 

surfaces challenged repeatedly for 14 days against (C) S. aureus and (D) E. coli respectively. 

Release kinetics of silver ion from the composite film. (E) Silver ion release from the 

composite coated surface in each day; (F) cumulative silver ion release from the composite 

coated surface. 

 

3B.2.7 Long lasting activity and silver ion release kinetics 

To be useful in biomedical devices and implants (e.g., orthopaedic implants) the coating 

should show activity over an extended period of time for the complete eradication of 

pathogen.
13

 Antimicrobial polymer-nanocomposites are expected to display long lasting 

activity because of their dual action (both release and contact active mechanism) and higher 
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efficacy. The antibacterial activities of the composites were therefore tested over an extended 

period of time. Polymer (2c) alone, AgPTS alone and the 1:1 and 1:0.5 2c-AgNP composites 

were coated onto glass cover slips (18 mm diameter) and then incubated daily with freshly 

grown bacteria (3.9 g/mm
2
 of coating against S. aureus and 7.8 g/mm

2
 of coating against 

E. coli for all the materials). At the end of each incubation cycle (approximately 24 h), the 

broth was inspected for bacterial growth (by visual turbidity). A quantity of 20 L of the 

medium was also plated on suitable agar plates and incubated to visualize bacterial colonies. 

This was performed to distinguish between the bactericidal and bacteriostatic effect in cases 

where the broth was still clear. At the end of each daily cycle, the old medium was discarded 

and fresh broth containing bacterial suspension was added to the coated cover slips. The 

method allowed testing the ability of the composites to generate sufficient amounts of 

bioavailable Ag
+
 ions each day without getting depleted. Bioavailable silver released each 

day would therefore be removed with the old broth, and the ability of the composite to 

generate more active species would be tested. Further, the method would unambiguously 

allow testing the repeatability of the coatings.  

Notably, the composite was shown to inhibit bacterial growth completely till 14 days 

as tested against both S. aureus and E. coli (Figure 3B. 14C and D). In contrast, AgPTS was 

shown to be effective inhibiting bacterial growth only for the first inoculation. The above 

facts therefore suggested that the composite sustained a sufficient concentration of 

bioavailable Ag+ ions in the medium for days along with its contact active mode of action to 

kill both S. aureus and E. coli. On the other hand, only the polymer coated surfaces was 

shown to inhibit S. aureus growth for 6 days and E. coli growth for 5 days Figure 3B. 14C 

and D. The reason for this short duration of polymer can be explained as follows. The 

cationic polymers kill bacteria by disrupting the membrane integrity upon contact. Also, the 

polymers are known to have bacteria-adsorbing effects (capture of negatively charged 

bacteria by cationic polymer). Once the polymer kills/captures bacteria, the cell membrane 

remnants/cell debris presumably remain tightly adsorbed on the polymer-coated surface thus 

preventing further antibacterial action. In contrast, composite continues to release Ag+ ions 

into the medium even after the surface is completely covered by dead bacteria also possibly 

by removing dead bacteria upon its release and hence allowing further contact with the 

antibacterial polymer, thereby showing long-lasting activity. 

  To prove that the composite coated surfaces released Ag
+
 ion over an extended period 

of time, release kinetics was performed by atomic emission spectroscopy (AES) by 
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measuring the amount of the Ag
+
 ion into released media. Glass cover slips (12 mm diameter) 

were coated with 1:1 nanocomposite thus containing certain amount of silver. Then the cover 

slips were dipped into 0.5 mL of water or nutrient broth and were incubated under constant 

shaking. After 24 h of incubation, the released media were collected and equal volume of 

fresh media (water and broth) was added. The cycle was repeated for about 14 days. Finally 

the amount of silver ion was quantified via AES. Rapid release of Ag
+
 ion was observed from 

in first two days the polymer-silver nanocomposite (containing 653 g of AgNP) in water 

(137 g in day 1 and 47 g in day 2). Interestingly, the release of Ag
+
 ion was found to be 

much lower in the case of nutrient media (25 g in day 1 and 14 g in day 2). However, from 

day 3, the composite released almost similar amount of Ag
+
 ion in both water and nutrient 

broth (Figure 3B. 14E). After day 14, the composite was shown to release 46% and 29% of 

the total silver content in water and nutrient broth respectively under the experimental 

conditions (Figure 3B.14F). Clearly the nanocomposite was able to release the silver ion over 

an extended period of time thus leading to long lasting (and higher biofilm inhibition) 

activity.          

 

3B.2.8 Toxicity of the nanocomposites 

3B.2.8.1 In-vitro toxicity (Hemolytic activity) 

Hemocompatibility of the nanocomposite-coated surfaces was evaluated with human red 

blood cells (hRBC) and expressed as HA50 (the amount of the coated polymer that caused 

50% hemolysis). The composites were found to be almost non-hemolytic upto 3.9 g/mm
2
. 

Only 5-6% hemolysis occurred at 7.8 g/mm
2
 of the composites coating which is much 

higher than their MIA values (Figure 3B.15A). These results thus indicated the polymers are 

selectively active toward bacteria over human erythrocytes. To visualize the effect of 

composite coating on the morphology of the erythrocytes, both treated and non-treated hRBC 

were also imaged microscopy. The microscopy images showed that RBCs taken from the 

composite coated surface as well as from the non-coated surface have characteristic healthy 

and round morphology, indicating that the composites are indeed non-hemolytic. In contrast, 

when the highly toxic detergent Triton-X (TX, 0.5%, v/v) was added, full hemolysis was 

observed as no blood cells were seen under the microscope (Figure 3B.15B).  
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Figure 3B.15: In-vitro and in-vivo biocompatibility of the 1:1 2c-AgNP composite. (A) % of 

Hemolysis of polymers as a function of the amount of polymer-coating; (B) phase-contrast 

images of hRBC taken from the coated-coated surfaces or from the non-coated surface with 

and without TX (Triton-X). Mice skin and subcutaneous tissue histopathology: (C) tissue 

surrounding the non-coated catheter showing normal architecture of epidermis, dermis and 

subcutaneous tissues (arrow); (D) tissue surrounding the composite catheter (2 g/mm
2
) 

showing normal skin epidermis and dermis layer with normal adipose tissue (arrow); (E) 

tissue surrounding the composite catheter (4 g/mm
2
) showing normal dermis layer of skin 

with sweat and sebaceous gland (arrow); (F) tissue surrounding the composite catheter (8 

g/mm
2
) showing only few infiltrations of inflammatory cells with neutrophils (arrow) with 

intact epidermis and dermis layer. 
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3B.2.8.2 In-vivo toxicity 

The compatibility of the nanocomposite coated surfaces was further evaluated under in-vivo 

conditions upon subcutaneous implantation of composite coated catheter in mice.
27

 Mice skin 

tissue surrounding the catheter was collected after 4 days, fixed with formalin and then 

imaged by haematoxylin and eosin staining. Tissue samples surrounding the catheters coated 

with 2 g/mm
2
, 4 g/mm

2
 and 8 g/mm

2 
of the composite showed negligible to mild 

inflammation after 4 days of implantation (like tissue surrounding the non-coated catheters 

(Figure 3B.15C-F). This showed that not only the polymer but also gradual release of silver 

did not cause any significant toxicity to the surrounding tissue. 

 

3B.2.9 In-vivo activity and biofilm inhibition  

Antibacterial and antibiofilm properties of the composites were evaluated by implanting 

composite-coated catheters (polyurethane, 5 Fr, 12 mm) subcutaneously in mice after 

infecting the catheter with MRSA. Catheter samples were given bacterial load of 1.1 × 10
8
 

CFU of MRSA at the time of implantation.
28

 After 96 h the mice were sacrificed, catheters 

were harvested and analyzed for cell counting. Notably, the control catheters showed 

bacterial burden of 8.6 log CFU thereby indicated the prevalence and growth of MRSA. 

However, all the coated catheters showed significantly lesser amount of bacteria. Polymer 2c 

coated catheters (8 g/mm
2
) showed 2.4 log reductions in MRSA count. However, the 

nanocomposite coated catheters showed remarkable reduction in MRSA count depending on 

the amount coated. For example, 1:1 composite coated-catheter with 4.0 g/mm
2
 and 8.0 

g/mm
2
 coating showed a reduction of 3.7 and 4.9 log CFU of MRSA respectively (Figure 

3B.16A). Clearly the nanocomposite coated surfaces showed much superior activity than the 

polymer alone at the same amount of coating. Further, the composite showed better activity 

even when coated lesser amount than the polymer alone. The above results therefore 

indicated that the composite are highly active under in-vivo conditions.  
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Figure 3B.16: In-vivo antibacterial activity of polymer-nanocomposite coated catheters. (A) 

Bacterial count after harvesting coated and non-coated catheters from mice; (B) bacterial 

count from tissue samples surrounding the catheters; p value (*) is 0.0001 for the composite 

at 8.0 g/mm
2
. Field emission scanning electron microscopy (FESEM) images of (C) non-

coated catheter and (D) nanocomposite-coated catheter. Mice skin and subcutaneous tissue 

histopathology: (E) tissue surrounding MRSA infected non-coated catheter; tissue 

surrounding MRSA-infected catheter coated with (F) 8.0 g/mm
2
 of polymer 2c; (G) 4.0 
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g/mm
2
 of composite and (H) 8.0 g/mm

2
 of composite. Cells were stained with 

haematoxylin and eosin staining agents. Insets are the high resolution images. 

 

As the polymer nanocomposite can release silver ions in the surrounding tissue thereby might 

reduce the bacterial count at the tissue level more effectively than the polymer. To see 

bacterial prevalence in the surrounding tissue, tissue samples were also collected and 

analysed for cell counting. It was observed that the tissue surrounding to 8.0 g/mm
2
 

polymer-coated catheter displayed only 2.8 log reduction of MRSA compared to tissue 

surrounding to non-coated infected catheter. However, the tissue samples surrounding to 4.0 

g/mm
2
 and 8.0 g/mm

2
 nanocomposite-coated catheters showed significant bacterial 

reduction of MRSA (3.8 log and 5.8 log reduction) (Figure 3B.16B). The superior activity of 

the nanocomposite thus suggested that these materials could be potentially used in various 

biomedical devices specially used in less vascular or avascular body parts. The antibiofilm 

efficacy of the nanocomposite coating was also evaluated by observing the catheter surface 

via scanning electron microscopy (SEM). Uncoated catheter was shown to display large 

amount of bacteria in multiple layers along with the mice skin tissue indicated a thick biofilm 

formation (Figure 3B.16C). In contrast, nanocomposit coated catheter (at 8.0 g/mm
2
) 

showed a fewer amount of bacteria with no clusters thereby indicated no biofilm formation 

onto the surface (Figure 3B.16D). The above results thus portrayed the efficacy of the 

nanocomposite in killing bacteria and inhibiting biofilm inhibition under in-vivo conditions.   

Histopathological analysis of the surrounding tissue was also performed to evaluate 

the inflammatory responses. Tissue surrounding non-coated catheter (infected with MRSA) 

showed severe infiltration of inflammatory cells mainly neutrophils and mononuclear cells in 

the subcutaneous tissues (arrow) with congestion of blood vessels (inset) surrounding the 

catheter and severe damage to dermis layer of skin (Figure 3B.16E). In contrast, tissue 

surrounding catheter coated with 8.0 g/mm
2
 of polymer alone showed moderate infiltration 

of inflammatory cells (arrow) mainly with neutrophils (inset) and moderate damage to skin 

dermis layer indicative of slight reduction of MRSA at the tissue level (Figure 3B.16F). 

However, tissues nearby to catheter coated with 4.0 and 8.0 g/mm
2
 of nanocomposite 

showed normal epidermis layer of skin with sweat and sebaceous gland along with mild-to-

negligible infiltration of inflammatory cells with neutrophils and mononuclear cells (Figure 

3B.16G and H). The above results thus further confirmed that the nanocomposite reduced 

bacterial count not only on the catheter surface but in the surrounding tissue. 
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3B.2.10 Propensity of bacterial resistance development 

Because of the membrane-active mode of action, the nanocomposites are also expected to 

withstand bacterial resistance development. The ability of the composites in hindering 

emergence of resistance development was assessed by serial exposure of bacteria to the 

composite coated surfaces. The coated surfaces were challenged against both S. aureus and E. 

coli repeatedly. Notably, the MIA values of both the composites were found to be unchanged 

(only 2-4 fold increase) whereas nofloxacin, a nucleic acid targeting Gram-positive antibiotic, 

showed 267 fold increase in MIC against sensitive S. aureus and colistin, a lipid II targeting 

Gram-negative lipopeptide, showed 124 fold increase in MIC against sensitive E. coli 

respectively after 14 serial passages (Figure 3B.17). These membrane-active composites thus 

can withstand the development of bacterial resistance. 

 

 

Figure 3B.17: Development of bacterial resistance against: (A) S. aureus with 2c-AgNP 

composites (1:1 and 1:0.5) and ciprofloxacin; (B) E. coli with composites (1:1 and 1:0.5) and 

colistin. 

 

3B.3 Conclusion 

In conclusion, highly effective dual action polymer-silver nanocomposites were developed of 

in-situ from a quaternary chitin derivative and a silver salt. The polymer acted as both 

reducing and stabilizing agents to silver nanoparticles thereby provided highly stable 

polymer-silver nanocomposites. The nanocomposites upon coating onto surfaces non-

covalently were shown to inactivate both Gram-positive and Gram-negative bacteria 

including the drug-resistant pathogens completely. The nanocomposites were also shown to 

be highly effective against various human pathogenic fungi such as such as Candida spp. and 

Cryptococcus spp. Rapid bactericidal and fungicidal activity was observed for the composites 

compared to individual components. Further, the composites were shown to be effective in 
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inhibiting both bacterial and fungal biofilm formation in contrast to polymer. The composite 

coated surfaces were shown to have long-lasting activity against microbes. Notably, the 

composites showed negligible toxicity towards human erythrocytes in-vitro and minimal 

inflammation at the tissue level in-vivo. Also, the composites showed excellent efficacy in 

reducing bacterial burden both on the catheter and in the surrounding tissues in a mice model 

of subcutaneous MRSA infection. The composite coated catheter was also shown to be 

effective in inhibiting MRSA biofilm formation under in-vivo conditions. The polymeric 

nanocomposites obtained from a biocompatible antimicrobial polymer via one-pot synthesis 

thus portrayed that these materials could be used as safe and effective antimicrobial coatings 

in biomedical devices and implants.  

 

3B.4 Experimental section  

3B.4.1 Materials and instrumentation  

Chitin with a degree of acetylation 75% and potassium hydroxide (KOH) were purchased 

from SD Fine, India. Lithium chloride (LiCl), potassium bromide (KBr), triethylamine 

(NEt3), acetic anhydride (Ac2O), p-toluene sulfonylchloride (TsCl), silver para-

tolunesulfonate (AgPTS), N,N-dimethylhexadecylamine and anhydrous N,N 

dimethylacetamide (DMAc) were obtained from Sigma-Aldrich, USA. Anhydrous dimethyl 

sulfoxide (DMSO), anhydrous diethylether (Et2O) and all other solvents were purchased from 

Spectrochem, India and were of analytical grade. Methanol was dried with calcium hydride 

and stored over 4 Å molecular sieves. Triethylamine was dried with KOH and stored over 

KOH. Bacterial strains S. aureus (MTCC 737), E. coli (MTCC 443) and P. aeruginosa 

(MTCC 424) were purchased from MTCC (Chandigarh, India). Vancomycin-resistant E. 

faecium (VRE) (ATCC 51559), methicilin-resistant S. aureus (MRSA) (ATCC 33591) -

lactam-resistant K. pneumoniae (ATCC 700603) were obtained from ATCC (Rockvillei, 

Md). . The fungal strains are Candida albicans (SC5314), Candida dubliniensis (CD36), 

Candida tropicalis (MYA3404), Cryptococcus neoformans var. grubii (serotype A) (H99), 

Cryptococcus gattii (serotype B) (WM276) and Cryptococcus neoformans var. neoformans 

(serotype D) (JEC21). Nuclear magnetic resonance spectra (
1
H NMR) were recorded on a 

Bruker AMX-400 instrument (400 MHz) in deuterated solvents. Infra red spectra of the 

polymers were recorded on a Bruker IFS66 V/s spectrometer using potassium bromide 

pellets. Thermo Finnigan FLASH EA 1112 CHNS analyzer was used to perform elemental 

analysis of the polymers. Scanning electron microscope images were obtained using Quanta 

3D FEG, FEI field emission scanning electron microscopy. Thermogravimetric analyses were 
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performed on a TGA 850C Mettler, Toledo thermogravimetric analyzer. UV-Visible spectra 

were taken by Perkin Elmer Lambda 900 UV/Vis/NIR spectrometer. TEM was performed on 

a Technai F30 UHR version electron microscope, using a field emission gun (FEG) operating 

at an accelerating voltage of 200 kV. Atomic emission spectroscopy was performed in Perkin 

Elmar Optima 7000 DV instrument with inductively coupled plasma set up. Polymer coatings 

and paints were made by a WS5000 spin coater, Techno India, India. Optical density (OD) 

values were measured by a TECAN (Infinite series, M200) Plate Reader. Eppendorf 5810R 

centrifuge was used for bacterial centrifugation. Bacterial imaging was performed using a 

Leica DM2500 fluorescent microscope. A Zeiss 510 Meta confocal laser scanning 

microscope was used for confocal microscopy imaging. 

 

3B.4.2 Synthesis of polymer  

The synthesis of the quaternary chitin derivative (2c) was performed following same protocol 

as described in section of 3A.4.2 in Chapter 3A. 

 

3B.4.3 Preparation and characterization of nanocomposites  

3B.4.3.1 Preparation of nanocomposites  

To prepare the Ag-containing composites, 2c (0.1 g) was dissolved in 1 mL of dry methanol. 

The required amount of AgPTS (0.1 g or 0.05 g) was dissolved in 1 mL anhydrous dimethyl 

sulfoxide. Both the polymer and the AgPTS solutions were then mixed vigorously and kept in 

dark place at room temperature for about 10-11 days. Finally, the polymeric composite was 

precipitated in acetone and dried under vacuum for 24 h to yield a brownish solid.  

 

3B.4.3.2 Characterization of nanocomposites 

To monitor the growth of the silver nanoparticle, the reaction mixture (methanol-DMSO 

containing the composites) was directly used for UV-visible absorption spectroscopy. After 

definite time interval, 20 L of the composite solution was taken in UV cuvette and then 

absorption was recorded everyday for next 12 days. Also, the solution was kept for 2 months 

to check the stability of the nanoparticle. For TEM imaging, solid composites were 

redissolved in methanol and then drop casted on TEM grid. Also, the composite solutions 

were directly drop-casted on the grid and then TEM images were recorded to see the 

difference in sized due to precipitation. For X-ray photoelectron spectroscopy (XPS) 

measurements, the solutions were directly drop casted on silicon wafers, dried and then used 
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for XPS. Thermogravimetric analyses were performed by taking the solid samples (5-10 mg) 

and the measurements were done from 30 to 700 ˚C for both the composites at a constant 

heating rate of 5 ˚C/min under argon atmosphere (40 mL/min).     

 

3B.4.4 Preparation of surface coating 

The solid composites were dissolved in methanol or DMSO at required amounts and then 

were coated onto different surfaces following same protocol as described in section of 2A.4.4 

in Chapter 2A. 

 

3B.4.5 Antimicrobial activity  

3B.4.5.1 Determination of antibacterial activity by spray method (air-borne bacteria) 

Antibacterial activity of the nanocomposite coated surfaces (glass slides, 2.5 cm  5.5 cm) 

was evaluated following same protocol as described in the section 2A.4.5.1 in Chapter 2A.  

 

3B.4.5.2 Determination of antibacterial activity (water-borne bacteria) 

Antibacterial activity of the nanocomposite coated surfaces (wells of polystyrene tissue 

culture plate) was evaluated following same protocol as described in the section 2A.4.5.2 in 

Chapter 2A.  

 

3B.4.5.3 Antibacterial kinetics 

Antibacterial kinetics of the nanocomposite coated surfaces (wells of polystyrene tissue 

culture plate) was evaluated following same protocol as described in the section 2A.4.5.3 in 

Chapter 2A. 

 

3B.4.5.4 Mechanism of antibacterial action  

Membrane-active mode of action of the nanocomposite coated surfaces (wells of polystyrene 

tissue culture plate) against S. aureus and E. coli was evaluated following same protocol as 

described in the section 2B.4.5.4 in Chapter 2B. 

 

3B.4.6 Bacterial biofilm inhibition assay  

Biofilm inhibition abilities of the nanocomposite coated surfaces (cover slips with 18 mm of 

diameter) against MRSA and P. aeruginosa were evaluated following same protocol as 

described in the section 2B.4.6 in Chapter 2B.  
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3B.4.7 Antifungal assay 

3B.4.7.1 Minimum inhibitory amount (MIA)  

Antibacterial activity of the nanocomposite coated surfaces (wells of polystyrene tissue 

culture plate) was evaluated following same protocol as described in the section 2A.4.7.1 in 

Chapter 2A  

 

3B.4.7.2 Minimum fungicidal amount (MFA) 

Antibacterial activity of the nanocomposite coated surfaces (wells of polystyrene tissue 

culture plate) was evaluated following same protocol as described in the section 2A.4.7.2 in 

Chapter 2A.  

  

3B.4.7.3 Kinetics of antifungal activity  

Antibacterial activity of the nanocomposite coated surfaces (wells of polystyrene tissue 

culture plate) was evaluated following same protocol as described in the section 2A.4.7.3 in 

Chapter 2A.  

 

3B.4.8 Mechanism of antifungal action  

Antibacterial activity of the nanocomposite coated surfaces (wells of polystyrene tissue 

culture plate) was evaluated following same protocol as described in the section 2A.4.8 in 

Chapter 2A.  

 

3B.4.9 Fungal biofilm inhibition assay 

Biofilm inhibition ability of the nanocomposite coated surfaces (wells of polystyrene tissue 

culture plate) against fungi was evaluated following same protocol as described in the section 

2B.4.9 in Chapter 2B.  

 

3B.4.10 Zone of inhibition study 

Whatman filter paper (Whatman, cat no 1440125) was cut into a circular pieces (0.5 cm 

diameter) and each piece was dipped into methanol solutions of polymer, AgPTS and 

polymer-nanocomposite solutions (all 50 mg/mL against S. aureus and 100 mg/mL against E. 

coli) to coat the paper. Bacterial suspension taken in PBS buffer (1 mL, 10
8
 CFU/mL) were 

spread onto the agar plate and allowed to dry for 2-3 min. The coated papers were then placed 
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on the agar plates and incubated at 37 ˚C for 24 h. After incubation, the agar plates were 

observed for the zone of inhibitin and imaged by Cell Biosciences gel 

documentation instrument. Images were captured under white light and processed using 

Alpha-imager software. A non-coated disk (dipped into methanol) was used as control 

experiment. 

 

3B.4.11 Long lasting antibacterial activity  

The long lasting antibacterial activity of the polymeric composites was evaluated by coating 

the 2c-AgNP composite (1:1) onto glass cover slips. DMSO solution of solid nancomposites 

(50 L, 50 mg/mL) was drop casted onto the cover glasses (12 mm diameter) and then dried 

to obtain thin films that contain fixed amount of the nanocomposite coatings. The coated 

cover slips were then taken into the wells of a 24 well plate and then bacterial (S. aureus and 

E. coli) suspensions (1 mL, 10
5
 CFU/mL) in suitable broth were added to the wells. The 

plates were then incubated at 37 ˚C for about 24 h. After the incubation, all the media were 

carefully removed and then optical density of the media was recorded at 600 nm. Also, 20 L 

of the solutions were directly plated on the agar plate to visualized bacterial growth. To the 

wells containing the coated cover slips, bacteria were similarly added and the method was 

repeated for at least 14 days.    

   

3B.4.12 Release of Ag
+
 ions from composite (Atomic emission spectroscopy) 

The release of the silver ions from the polymer-silver nanocomposites was evaluated by 

coating the 2c-AgNP composite (1:1) onto glass cover slips. The cover slips were coated 

similarly as described in the previous section. The coated cover slips were then taken into the 

wells of a 24 well plate and water and nutrient broth (0.5 mL) were added to the wells. The 

plates were then incubated at 37 ˚C for about 24 h. After the incubation, both water and the 

media were carefully collected. To the wells containing the coated cover slips, bacteria were 

similarly added and the method was repeated for at least 14 days. Finally, Ag
+
 ion 

concentration in both water was determined using ICP-AES (Perkin Elmer Optima 7000UV) 

(Argon Plasma, excitation wavelengths: 224.874 and 328.068 nm, Ag sensitivity of 0.005 

ppm).  
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3B.4.13 Biocompatibility of polymers  

3B.4.13.1 Hemolytic activity of the composites 

Hemolytic assay of the polymeric silver composites was evaluated following same protocol 

as described in the section 2A.4.10 in Chapter 2A. 

 

3B.4.13.2 In-vivo toxicity 

In-vivo toxicity of the nanocomposites was evaluated following same protocol as described in 

the section 2B.4.11.3 in Chapter 2B. 

 

3B.4.14 In-vivo activity  

In-vivo activity of the nanocomposites was evaluated following same protocol as described in 

the section 2B.4.12 in Chapter 2B. 
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Abstract 

Chapter 4A describes development of cationic small molecular biocides featuring two 

positive charges, multiple non-peptide amide groups positioned in different places of the 

molecules and variable hydrophobic/hydrophilic character which mimics the action of 

natural microbicidal peptides yet stable under plasma conditions and non-toxic towards 

mammalian cells. The molecules synthesized via facile inexpensive methodology not only 

displayed good antibacterial activity against wild-type bacteria but also showed activity 

against various drug-resistant bacteria such as methicillin-resistant Staphylococcus aureus 

(MRSA), vancomycin-resistant Enterococcus faecium (VRE) and β-lactam-resistant 

Klebsiella pneumoniae (minimum inhibitory concentration, MIC= 1-15 g/mL). The biocides 

were also shown to eradicate established S. aureus, MRSA and E. coli biofilms, the most 

common bacteria that often form biofilms on various biotic surfaces (e,g. skin, urinary tract). 

Mechanistic studies revealed that the cationic molecules inactivated bacteria by disrupting 

the membrane integrity and were shown to hinder the propensity of their resistance 

development. Negligible toxicity against human red blood cells (hRBC) and human embryo 

kidney (HEK) cells were observed for the most active molecules. Further the molecules 

showed high 50% lethal doses (LD50) upon intraperitonial (i.p.) and subcutaneous (s.c.) 

administration in mice (LD50 >55 mg/kg) and no skin toxicity upon application on skin. 

Notably, the optimised molecule was shown to reduce MRSA burden (5.3 log reduction) and 

eradicate preformed bacterial biofilm in murine model of superficial skin infection. 

Development of these novel non-toxic small molecules with high antibacterial and antibiofilm 

activities thus could lead to the new generation of therapeutics which would find applications 

in various healthcare especially topical treatments. 
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4A.1 Introduction 

Coupled with the inexorable proliferation of drug-resistant microorganisms, the antimicrobial 

drugs getting approved by the Food and Drug Administration (FDA) are declining steadily.
1
 

This poses a grim scenario for the generation to come when most antimicrobials may prove 

ineffective, taking human medicine to the pre-antibiotic era. Antibiotics which in general 

target the cellular processes of bacteria are rendered ineffective due to point mutations, 

production of drug-inactivating enzymes and/or highly effective efflux pumps developed by 

bacteria.
2-4

 Another major threat to human health is the formation of bacterial biofilm.
5,6

 

Pathogens living in biotic biofilm induce persistent chronic infections and significantly 

elevate bacterial resistance to antibiotics and host immune system as a result of the diffusion 

barrier due to extra-cellular matrix (EPS), slow metabolism, genetic mutation, persister cells 

and so on.
7
 Compared with the planktonic cells, bacteria in biofilm state are 10-1000-times 

more resistant to host immune responses and conventional antibiotic treatment.
8,9

 More 

importantly, bacterial biofilms account for over 80% of microbial infections in humans, e.g., 

endocarditis, periodontitis, and chronic lung infections in cystic fibrosis (CF) patients are 

some of the prominent diseases. In order to prevent infections associated with bacterial 

biofilms, various synthetic antibiofilm agents capable of inhibiting biofilm formation have 

been developed.
10-13

 Nonetheless, from a clinical standpoint, infections caused by already 

established biofilms pose significant threat to human health as biofilms are inherently 

resistant to host immune system and conventional therapeutic antibiotics.
8, 14

 It is therefore 

necessary to develop molecules that are capable of eradicating preformed bacterial biofilms 

while sparing the mammalian cells.   

Antimicrobial peptides (AMPs) and lipopeptides are the nature’s very own design of 

membrane-active agents.
15-17

 Cationic AMPs and lipopeptides, composed of positively 

charged amino acids, hydrophobic moieties from hydrophobic amino acids or fatty acid and 

peptide (or amide) bonds, are known to interact with the bacterial cell membrane in a non-

specific manner. Consequently, propensity of developing bacterial resistance against these 

agents is low. Further, these are also shown to have the potency to destroy preformed 

bacterial biofilms.
18

 Thus they appear to be ideal antibacterial agents to supplement or to 

replace existing antibiotic arsenal. However, low in-vivo potency, high cost of manufacture, 

low stability in plasma and low selectivity towards mammalian cells limit the large-scale use 

of these natural peptides as clinical antibacterial agents. Non-natural peptidomimetic 

approaches that mimic AMPs/lipopeptides to improve plasma stability and selectivity may 



208 
 

circumvent the problems associated with the natural peptides. To this end, various synthetic 

mimics of these agents were developed such as -peptoids, -peptides, oligoureas, oligoacyl 

lysines, aryl-amide foldamers, antimicrobial polymers, alkylated peptoids, etc.
19-22

 However, 

the rational design of these peptidomimitics often turns out to be complicated due to the 

involvement of a variety of molecular frameworks and functional groups in order to tune their 

structure-activity relationship and selectivity.
23

 Furthermore, synthetic complexity associated 

with such molecules even limits their large-scale usage. Further, the biofilm disrupting ability 

of the synthetic molecules needs further investigation both in-vitro and in-vivo as the efficacy 

against established biofilms of most of these systems were not shown. 
 

In this chapter, an initiative was taken to develop non-toxic and stable membrane-

active cationic small molecular biocide which are easy to synthesis and mimic the basic 

structural and functional features of the AMPs. The molecules were designed to possess non-

peptidic amide bonds (devoid of amino acids), two positive charges (quaternary ammonium 

groups) and varying hydrophobic and hence amphiphilic character along with spatial 

positioning of hydrophobicity. The biocides were synthesized quantitatively in 2-4 synthetic 

steps using commercially available diaminoalkanes and dibromoalkanes as framework. 

Antibacterial activity against various bacteria and toxicity against mammalian cells were 

evaluated both in-vitro and in-vivo. Membrane active mechanism of action, plasma stability 

studies, activity in presence of complex mammalian fluids and ability of these compounds to 

withstand bacterial resistance were evaluated. Further, the potential to destroy the preformed 

biofilm were evaluated in-vitro and in-vivo in murine model of superficial MRSA infections 

thus establishing these biocides as potent topical antimicrobials. 

 

4A.2 Results and discussion 

4A.2.1 Synthesis of the small molecular biocides  

Some of the important structural features of AMPs are the presence of positive charges (due 

to cationic amino acids), hydrophobic moiety (due to hydrophobic amino acids) and peptidic-

amide bonds between two amino acids. Recently other than expected electrostatic and 

hydrophobic interactions, amphiphilic antimicrobials with amide groups have been shown to 

interact with bacterial cell membrane via hydrogen bonding thereby leading to enhanced 

activity.
24

 Keeping in mind about these structural features, simple cationic small molecular 

systems were designed. Thus, three different sets (set I-III) of cationic small molecular 

biocides with varying number and position of non-peptidic amide bonds along with varying 
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amphiphilic character were synthesized. Set I contained molecules that bear two positive 

charges, three lipophilic alkyl moieties (one confined in between two charges and the other 

two pending from both the charges) and four non-peptidic amide groups placed both in 

confined and pendent alkyl chains (Scheme 4A.1). Set II contained molecules that bear two 

positive charges, three lipophilic alkyl moieties (one confined in between two charges and the 

other two pending from both the charges) and two non-peptidic amide groups placed only in 

confined alkyl chains (Scheme 4A.2). Set III contained molecules that bear two positive 

charges, three lipophilic alkyl moieties (one confined in between two charges and the other 

two pending from both the charges) and two non-peptidic amide groups placed only in 

pendent alkyl chains (Scheme 4A.3).  

 

 

Scheme 4A.1: Synthesis of lipophilic cationic small molecular biocides bearing non-peptidic 

amide groups both in the confined (spacer) and in the pendent alkyl chains. 

 

Molecules of set I and II were synthesized using diaminoalkanes as framework whereas 

molecules of set III were synthesized using dibromoalkanes as framework. In order to assess 

the importance of amphiphilic balance, length of both pendent and confined lipophilic alkyl 

chains were varied in all three sets. To fine-tune the structure-activity relationship further, 
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positioning of confined hydrophobicity (restrained between two positive charges) was varied 

while keeping the hydrophobic/hydrophilic balance unchanged. To synthesize molecules of 

Set I, first various intermediates (1a-1e, 2a-2d and 3a-3d) were synthesized. Intermediates 

1a-1e were synthesized by reacting N-alkyl amines with bromoacetyl bromide in presence of 

aqueous K2CO3 (Scheme 4A.1). Intermediates 2a-2d were synthesized with quantitative 

yields by the reacting 1a-1e with N,N-dimethylamine at room temperature for 12 h and 

subsequent deprotonation with aqueous KOH. Intermediates 3a-3d were prepared by reacting 

diaminoalkanes with bromoacetyl bromide following the protocol similar to the preparation 

of 1a-1e. Finally, 2a-2d were reacted individually with the 3a-3d to give various cationic 

small molecular compounds with four amide bonds at different places in the molecules (4a-

4d, 5a-5d, 6a-6d and 7a-7d) (Scheme 4A.1). Molecules of set II were synthesized by 

reacting the intermediates 3a-3d with N,N-dimethylalkyl amines with varying alkyl chains 

(Scheme 4A.2). This simple method thus allowed the introduction of non-peptidic amide 

functionality only in the confined spacer chain (8a-8d, 9a-9d, 10a-10d and 11a-11d). 

  

 

Scheme 4A.2: Synthesis of lipophilic cationic small molecular biocides bearing non-peptidic 

amide groups in the confined (spacer) chain. 

 

Molecules of set III were synthesized in a simple three step method. First, intermediates 

(N,N,N′,N′-tetramethyl-,-diaminoalkanes, 12a-12f) were synthesized from ,-

dibromoalkanes by reacting the bromoalkanes with N,N-dimethylamine. The length of the 

confined hydrocarbon chain in ,-dibromoalkanes was varied from a very low chain to high 

chain to obtain molecules with variable confined and pendent hydrophobicity. Finally, 

N,N,N′,N′-tetramethyl-,-diaminoalkanes were reacted with N-alkyl-1-bromoethanamide to 

obtain the cationic small molecules (13a-13f, 14a-14f, 15a-15f and 16a-16f) (Scheme 4A.3). 

The products were purified and isolated by precipitation to give more than 99% yield. All the 

final compounds were characterized by FT-IR, 
1
H-NMR, 

13
C-NMR and HRMS. An 



211 
 

important feature of these compounds is the inclusion of permanent positive charges instead 

of soft charges in AMPs/lipopeptides in addition to variable hydrophobic character and non-

peptidic amide bonds. 

 

Scheme 4A.3: Synthesis of lipophilic cationic small molecular biocides bearing non-peptidic 

amide groups in the pendent alkyl chains. 

 

4A.2.2 Antibacterial activity  

The antibacterial efficacy was determined in suitable media by broth dilution method and 

expressed as minimum inhibitory concentration (MIC), i.e., the minimum concentration of 

the molecules required to inhibit the growth of bacteria.
25

 All the cationic molecules were 

challenged against a wide spectrum of drug-sensitive bacteria such as S. aureus, E. coli and 

P. aeruginosa and drug-resistant bacteria such as methicillin-resistant S. aureus (MRSA), 

vancomycin-resistant E. faecium (VRE), -lactam-resistant K. pneumoniae. A glycopetide 

antibiotic vancomycin and a lipopetide antibiotic colistin were also used in this study to 

compare the results. In general, all the compounds except molecules with very low or very 

high alkyl pendent chain (C6H13 or C16H33 lipophilic chain) showed good activity against 

all the bacteria tested (Table 4A.1, 4A.2 and 4A.3 respectively). For example in the case of 

set I, the range of MIC values for compounds 5a-5d (C8H17 lipophilic chain and m = 2-6) 

was 1-4 g/mL against S. aureus and 2-24 g/mL against E. coli respectively whereas the 

MIC values for compounds 4a-4d (C6H13 lipophilic chain and m = 2-6), 6a-6d (C12H25 

lipophilic chain and m = 2-6) and 7a-7d (C16H33 lipophilic chain and m = 2-6) were 4-16 

g/mL, 3-4 g/mL and 94-125 g/mL against S. aureus and 24-62 g/mL, 16-32 g/mL and 

1000 g/mL against E. coli respectively. The above results thus suggested that an optimum 

lipophilic alkyl chain length is required to obtain maximum activity.  
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Table 4A.1 Antibacterial and hemolytic activities of molecules from set I 

 

 

Biocides 

MIC (g/mL)  

HC50 
(g/mL) 

Drug-sensitive bacteria Drug-resistant bacteria 
S. aureus E. coli P. aeruginosa MRSA VRE K. pneumoniae 

4a 16  62 375 32   32  187  440 

4b 16  32 187 24 24 125  420 

4c 15 32  93  24 16   93 400 

4d 4  24 48  8  7.8  93  338 

5a 4  24 32  4  12  93 385 

5b 4  12  32   4  6  48  330 

5c 2   4 24  2 4  24 255 

5d 0.9  2    16  1  1   16 132 

6a 3.5 32 367 6  6 375  46 

6b 2.8  24  367  3.9 4  375 44 

6c 3.4 15.6  375 3.9 4 375 43 

6d 4  31  375  3.9  4 375   41 

7a 94   >1000  >1000  94  187  >1000  80 

7b 94  >1000  >1000  94  187  >1000  52 

7c 125 >1000  >1000  94  187  >1000  38 

7d 125 >1000  >1000  125 250 >1000  36 
Colistin 20   0.4  0.4 54   >199  1.2  > 250  

Vancomycin 0.63  ND  ND 0.64  750   ND  >1000  

MRSA = Methicillin-resistant S. aureus (ATCC 33591); VRE = vancomycin-resistant 

Enterococcus faecium (ATCC 51559); K. pneumoniae = beta lactam-resistant K. pneumoniae 

(ATCC 700603); HC50
 
= Hemolytic concentration at which 50% hemolysis occurs. 

 

To understand the role of lipophilic alkyl chain more closely, the MIC values of the 

compounds of different alkyl chains and a particular spacer chain were compared. For 

example, 4d (R = C6H13), 5d (R = C8H17), 6d (R = C12H25) and 7d (R = C16H33), 

molecules with fixed spacer chain (m = 6) in set I, showed MIC values of 4 g/mL, 0.9 

g/mL, 4 g/mL and 125 g/mL against S. aureus and 24 g/mL, 2 g/mL, 31 g/mL and  

1000 g/mL against E. coli respectively. In order to fine-tune the antibacterial activity of 

these small molecules further, amphiphilic balance was also varied by varying the lipophilic 

spacer chain length by one and/or two methylene units while keeping the optimum alkyl 

chain length constant. For example, 5a (m = 2), 5b (m = 3), 5c (m = 4) and 5d (m = 6), 

molecules with fixed pendent chain (C10H21) in set I, showed MIC values of  4 g/mL, 4 

g/mL, 2 g/mL and 0.9 g/mL against S. aureus and 24 g/mL, 12 g/mL, 4 g/mL and 2 

g/mL against E. coli respectively. Thus an optimum confined and pended alkyl chain was 
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required to obtain the maximum antibacterial activity. Similar trends were observed for the 

molecules of set II and set III also (Table 4A.2 and 4A.3).  

 

Table 4A.2 Antibacterial and hemolytic activities of molecules from set II 

 

 

Biocides 

MIC (g/mL)  

HC50 

(g/mL) 
Drug-sensitive bacteria Drug-resistant bacteria 

S. aureus E. coli P. aeruginosa MRSA VRE K. pneumoniae 

8a 22 125 188 20 94 500 > 1000 

8b 18 62.5 188 17 125 500 > 1000 

8c 7.8 31.2 125 8 62 250 > 1000 

8d 1.9 3.9 31.2 3 6 31.2 780 

9a 2 3.9 6 1.5 1.5 8 200 

9b 1.9 3.9 6 1 1 6 140 

9c 1.5 3.9 6 1 1 4 110 

9d 1.5 1.9 3 1 1 3 45 

10a 2 3.9 9 3.9 2 6 53 

10b 1.9 2 10 3.9 1.5 6 40 

10c 1.9 2 14 3.9 1.5 6 33 

10d 1.0 1.9 28 8 1.5 8 31 

11a 125 >1000 250 47 188 530 49 

11b 94 >1000 186 47 147 517 41 

11c 62.5 >1000 186 47 137 500 37 

11d 62.5 >1000 250 31 94 500 32 

 

 

Notably, molecules were found to be more active towards Gram-positive bacteria than 

the Gram-negative bacteria. For example, the range of MIC values for 4a-4d, 5a-5d, 6a-6a-

6d and 7a-7d were 1-125 g/mL against Gram-positive S. aureus whereas the range of MIC 

values was 2-1000 g/mL for Gram-negative E. coli (Table 4A.1). However, to be suitable 

for applications in healthcare settings, the molecules should selectively act on bacterial cells 

over the mammalian cells. One simplest way to check the toxicity of the molecules is to study 

their hemolytic activity against human red blood cells (hRBC). Being highly fragile to 

environmental change and devoid of any intracellular organelles, lysis of hRBC in the 

presence of active molecules represents an important tool to determine the toxicity of the 

molecules. Interestingly, when the hydrophobic character hence the overall amphiphilic 

balance of the molecules was varied, hemolytic activity expressed as HC50 (concentration at 

which 50% hemolysis occurs) was found to vary differently depending on the length of the 

alkyl chain. For example, when the length of confined spacer chain was increased for the 
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molecules with C6H13 pendent chain in set III, hemolytic toxicity of the molecules were 

found to vary non-significantly (Table 4A.3).  

 

Table 4A.3 Antibacterial and hemolytic activities of molecules from set III 

 

Small 

molecules 

MIC (g/mL) 
HC50 

(g/mL) 
Drug-sensitive bacteria Drug-resistant bacteria 

S. aureus E. coli P. aeruginosa MRSA VRE K. pneumoniae 

13a 125 250 500 250 250 500 1000 

13b 62.5 125 250 125 250 500 1000 

13c 62.5 125 250 125 125 250 1000 

13d 15.6 31.2 250 31.2 62.5 125 1000 

13e 3.9 3.9 125 7.8 15.6 31.2 1000 

13f 1.0 2.0 31.2 2.0 3.9 15.6 805 

14a 2.0 3.9 15.6 3.9 15.6 125 250 

14b 2.0 3.9 15.6 3.9 15.6 125 250 

14c 2.0 3.9 15.6 3.9 15.6 62.5 200 

14d 1.0 1.0 7.8 3.9 7.8 15.6 125 

14e 1.0 1.0 7.8 2.0 7.8 3.9 100 

14f 1.0 2.0 7.8 1.0 7.8 3.9 50 

15a 2.0 2.0 62.5 2.0 7.8 3.9 62 

15b 2.0 2.0 62.5 2.0 7.8 3.9 55 

15c 2.0 2.0 62.5 2.0 7.8 3.9 55 

15d 2.0 3.9 62.5 2.0 7.8 7.8 55 

15e 2.0 3.9 125 2.0 7.8 31.2 50 

15f 31.2 500 1000 2.0 7.8 1000 48 

16a 2.0 3.9 1000 31.2 15.6 62.5 55 

16b 31.2 125 1000 62.5 62.5 125 52 

16e 31.2 250 1000 125 125 1000 50 

16d 125 250 1000 125 125 1000 45 

16e 62.5 500 1000 31.2 15.6 500 44 

16f 15.6 125 1000 15.6 7.8 250 42 

 

To illustrate, HC50 values of all the molecules with C6H13 pendent chain (13a-13f) were 

close to or more than 1000 g/mL. On the other hand, when length of the confined chain was 

increased for the molecules with C8H17 pendent chain in the same set, hemolytic activity 

varied greatly. To illustrate, HC50 values of molecules with C8H17 pendent chain (14a-14f) 

were 50-250 g/mL (Table 4A.3). In summary above facts indicated that an optimum 

amphiphilic balance is important to obtain active yet non-toxic compounds. The most 

selective compounds (selectivity, S = HC50/MIC) from all three sets were found to be 8d and 

13f. While these molecules showed excellent antibacterial efficacy against both Gram-

positive S. aureus and Gram-negative E. coli (MIC values of 8d and 13f were 1.9 and 1.0 

g/mL against S. aureus and 3.9 and 2.0 g/mL E. coli respectively), negligible toxicity 
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towards hRBC was observed for both molecules (HC50 values of 8d and 13f were 780 and 

805 g/mL respectively). Thus molecules 8d and 13f were shown 205-410 and 402-805 

times more selective towards bacteria than human erythrocytes. Thus among all the 

molecules synthesized, 13f was found to be the most selective molecule. It should be 

mentioned that molecules with four non-peptidic amide bonds (set I) though provided active 

molecules but did not yield highly selective compounds. 

 

Interestingly, the molecules showed activity against P. aeruginosa, a difficult-to-treat 

Gram-negative bacterium which causes many nosocomial infections and is known to show 

resistant to almost all the clinically approved drugs (Table 4A.1, 4A.2 and 4A.3).
38

 The MIC 

values displayed by the two most optimized compounds 8d and 13f were 31.2 g/mL each 

against P. aeruginosa. Not only active against drug-sensitive bacteria, the cationic molecules 

also showed activity against various drug-resistant bacteria. Like the drug-sensitive bacteria, 

the cationic molecules showed similar trends in their activity against drug-resistant bacteria 

upon variation in their amphiphilic balance (Table 4A.1, 4A.2 and 4A.3). The optimized 

compounds 8d and 13f displayed MIC values of 3 g/mL and 2 g/mL respectively against 

MRSA. The activity of 8d and 13f against VRE was also excellent as they exhibited MIC 

values of 6 g/mL and 3.9 g/mL respectively. These biocides were also found to be active 

against -lactam-resistant K. pneumoniae. The MIC values of compounds 8d and 13f were 

31.2 g/mL and 15.6 g/mL respectively against this Gram-negative drug-resistant 

bacterium.  

 

4A.2.3. Plasma stability and activity in mammalian fluids  

One of the major disadvantages of the natural antibacterial peptides is the loss of 

antibacterial efficacy due to protease degradation which in-turn results in decreased 

antibacterial activity in the blood plasma.
26

 In order to determine the stability of the non-

peptidic amide containing biocides under plasma condition, first one of the optimized and 

active compounds 13f was treated in 50% human plasma for different period of time and 

subsequently antibacterial efficacy of the plasma-treated biocides was evaluated.
27

 

Interestingly 13f, after treating with 50% plasma for 0 h, 3 h and 6 h respectively, did not 

reveal any significant loss in activity. The MIC values of 13f were found to be 1 g/mL after 

0 h, 3 h and 6 h treatment in 50% plasma (Figure 4A.1A). Notably, MSI-78, a naturally 

occurring antimicrobial peptide, is known to show 2-fold increase in MIC in the presence of 
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50% human serum itself than in the absence of serum (100% media).
28

 The above result thus 

indicated that the compound 13f did not lose antibacterial efficacy under plasma condition.  

 

 

Figure 4A.1: Antibacterial activity after pre-incubating in plasma and activity in complex 

mammalian fluids systems of compound 13f: (A) antibacterial efficacy of 13f against S. 

aureus after pre-incubating in 50% plasma for different period of time (0 h, 3 h and 6 h; (B) 

minimum bactericidal concentrations (MBCs) of 13f in 50% serum, 50% plasma and 50% 

blood against MRSA.  

 

Another serious concern of the antibacterial agents is the loss of antibacterial activity 

in presence of complex mammalian fluids due to complexation and loss of bioavailability.
29

  

Hence the antibacterial efficacy of 13f was directly investigated in various complex 

mammalian fluid systems (50% serum, 50% plasma and 50% blood) against MRSA-a drug-

resistant Gram-positive bacterium causes many infections in humans. Antibacterial activity 

was investigated by determining the minimum bactericidal concentration (MBC) of the 

compound 13f in 50% serum, 50% plasma and 50% blood supplemented with 50% minimum 

essential media (MEM) containing 10
5
 CFU/mL MRSA. Notably, the compound was found 

to be active in 50% serum, 50% plasma and 50% blood. The MBC values of 13f were 2 

g/mL in 50% serum, 4 g/mL in 50% plasma and 8 g/mL 50% blood respectively (while 

the MBC value of 13f was 2 g/mL against S. aureus in nutrient media) (Figure 4A.1B). The 

above results indicated that the compound was able to retain its antibacterial activity even in 

very complex mammalian fluids like serum, plasma and blood thus implying its potential as 

an antibacterial agent. The 2-4 fold increase of MBC value could be possibly due to 

negatively charged proteins and macromolecules in human serum, plasma or blood that 

tightly bind to the cationic molecules, thereby deactivating it toward membrane disruption.
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4A.2.4 Mechanism of action  

4A.2.4.1 Cytoplasmic membrane depolarization  

To confirm that these cationic small molecular biocides act by disrupting the bacterial cell 

membrane integrity, detailed molecular mechanism of action was investigated using both 

spectroscopic methods. To find out whether the biocides act by depolarizing the bacterial 

cell membrane and to establish the effect of molecular architecture on membrane 

depolarization, fluorescence spectroscopy was used using the membrane-potential sensitive 

dye 3,3'-dipropylthiadicarbocyanine iodide (diSC35).
30

 In general, due to potential gradient 

the dye is taken up the bacteria and accumulation in the membrane led to a decrease in 

fluorescence intensity due to self-quenching. However, when bacteria were treated with the 

biocides, an increase in fluorescence intensity was observed due to the displacement of 

diSC35 into the solution against both S. aureus and E. coli. Thus the above fact indicated 

that the biocides dissipated the membrane potential of both types of bacteria. Further, 

different biocides showed different extent of dissipation of membrane potential. For 

example, biocides 14a-14f (m = 2-12 and R = C8H17) and 15a-15f (m = 2-12 and R = 

C10H21) showed the maximum membrane depolarization whereas biocides 13a-13f (m = 2-

6 and R = C6H13) and 16a-16f (m = 2-12 and R = C16H33) exhibited less or negligible 

membrane depolarization against both S. aureus and E. coli (Figure 4A.2A and B). The 

above results further indicated that the biocides with C8H17 and C10H21 lipophilic moiety 

are more active in disrupting the potential than the biocides with C6H13 and C16H33 which 

are well correlated with their MIC values. However, it should be mentioned that as the 

mechanistic studies were performed in HEPES buffer where the activity of these compound 

might vary and be different than that of obtained in nutrient media. 

 

4A.2.4.2 Membrane permeabilization  

The ability of biocides to permeabilize the cytoplasmic membrane of bacteria was studied 

using propidium iodide (PI) dye.
31

 PI is known to enter inside bacterial cell only through 

compromised membrane and fluoresces upon binding to the cellular DNA. Upon treatment 

with the biocides, an enhancement in the fluorescence intensity was found to observe against 

S. aureus and E. coli. Thus the biocides were efficient in permeabilizing the cytoplasmic 

membranes of both Gram-positive (S. aureus) and Gram-negative (E. coli) bacteria. All the 

biocides were found to show the membrane permeabilization against both the bacteria. 

Biocides 14a-14f and 15a-15f showed the maximum membrane permeabilization whereas 
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13a-13f and 16a-16f exhibited less or negligible membrane permeabilization against S. 

aureus. On the other hand, all the biocides showed membrane permeabilization at the tested 

concentration against E. coli. However, biocides 15a-15f and 16a-16f showed higher 

cytoplasmic permeabilization (Figure 4A.2C and D) probably due to similar reason as 

explained earlier. In summary, all the above studies indicated that these cationic small 

molecules indeed interacted with the negatively charged bacterial cell membrane and 

disrupted the membrane integrity. 

 

 

Figure 4A.2: Mechanism of antibacterial action of the cationic small molecular biocides at 

40 g/mL: (A and B) membrane depolarization against S. aureus and E. coli respectively 

using diSC3(5) dye as fluorescence probe and (C and D) cytoplasmic membrane 

permeabilization against S. aureus and E. coli respectively using propidium iodide (PI) as 

fluorescence probe. 

 

4A.2.5 In-vitro biofilm eradication ability 

The ability of the optimized non-toxic molecule to eradicate established bacterial biofilms 

was tested developing matured bacterial biofilms in-vitro and then treating the biofilm with 

the molecule. S. aureus and E. coli biofilms were treated with 13f (at 32 g/mL) and 
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analyzed for cell counting as well as observed by confocal laser scanning microscopy 

(CLSM).
32

 Molecule 13f was found to reduce 9.2 log bacterial burdens against S. aureus 

biofilm and 7.1 log against E. coli biofilm respectively under in-vitro conditions thus 

showing the ability to destroy biofilm-encased bacteria. The biofilm disrupting property of 

the molecule was further established by CLSM via staining with green fluorescent dye SYTO 

9. In the untreated samples, thick and matured biofilms of thickness 14-18 μm were seen 

(Figure 4A.3A and C) while treated samples showed scattered mono layered bacteria of only 

2-3 μm thickness against both S. aureus and E. coli respectively (Figure 4A.3B and D). These 

results further demonstrated the ability of the molecules to eradicate establish bacterial 

biofilms.  

 

 

 

Figure 4A.3: In-vitro antibiofilm efficacy of molecule 13f. CLSM images of (A and C) non-

treated S. aureus and E. coli biofilm; (B and D) 13f treated S. aureus and E. coli biofilm (at 

32 g/mL) after staining with SYTO 9. Scale bar 5 m. 
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The minimum biofilm eradication concentration (MBEC) for the cationic molecules was also 

determined. MBEC values of 13f were found to be 31.2-62.5 g/mL against S. aureus and E. 

coli. The above results thus indicated that these molecules are capable of annihilating 

established biofilms completely. To evaluate the potential of these small molecules as 

antibiofilm agents, MBEC values were also compared with some common antiseptics (BAC-

14 and DDAC-10) and cationic amphiphiles (DTAB and CTAB). Notably, the molecules 

showed similar or even better MBEC values compared to those of commercial quaternary 

compounds 31.2-125 g/mL against S. aureus and E. coli. 

 

4A.2.6 In-vitro toxicity against mammalian cells  

 

Figure 4A.4: Cytotoxicity of the small molecule. Fluorescence microscopy images of HEK 

293 cells after treatment with the molecule for 24 h and staining with calcein AM and PI. 

Panel (A): non-treated cells (negative control); panel (B): cells treated with 13f at 16 g/mL; 

panel (C): cells treated with 13f at 32 g/mL; panel (D) cells treated with 13f at 64 g/mL; 

panel (E) cells treated with TX (0.1 vol%). 
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One of the major concerns in the development of clinically useful antibacterial agents for 

biomedical applications is their selectivity towards mammalian cells over bacterial cells. 

Previously the optimised molecule was shown to be highly hemocompatible. To strengthen 

the non-cytotoxic behaviour of the optimized molecule, human embryonic kidney (HEK 

293) cells were treated with 13f at 16 g/mL, 32 g/mL and 64 g/mL and then imaged by 

fluorescence microscopy using membrane permeable green fluorescent dye calcein-AM and 

membrane impermeable red fluorescent dye propidium iodide (PI).
33

 Untreated cells showed 

complete green fluorescence (Figure 4A.4A) thereby indicated the presence of live cells. 

Notably cells treated with molecule 13f showed almost complete green fluorescence at all 

three tested concentrations (Figure 4A.4B-D). On the other hand, TX treated cells showed 

completely red fluorescence indicative of cell death (Figure 4A.4F). The above facts thus 

indicated the non-cytotoxic nature of the optimized molecule. 

 

4A.2.7 In-vivo studies  

4A.2.7.1 In-vivo toxicity  

In-vivo toxicity of the cationic small molecules still remains a major concern for the 

molecules to be used in healthcare applications. The toxic effect of the optimized molecule 

was briefly evaluated by determining the lethal dose (LD50) upon topical application in mice. 

LD50 value for 13f was found to be more than 200 mg/kg in an acute dermal toxicity study 

(OECD 425). Also, no visible inflammation or abnormal skin reaction was observed for the 

molecule at 200 mg/kg when applied on the mice skin.  

 

4A.2.7.2 In-vivo antibiofilm activity  

Another important limitation of the antimicrobials is their relatively poor potency under in-

vivo conditions. In general, it has been observed that small molecules lack the ability to 

eliminate preformed bacterial biofilms in-vivo, which has largely limited their pre-clinical 

entry. Thus in-vivo efficacy of the most potent molecule to eradicate preformed biofilm of 

MRSA (one of the leading biofilm forming and the most common bacteria that cause many 

nosocomial infections) was evaluated.
34

 Importantly, the optimised molecule showed 

remarkable biofilm eradicating ability under in-vivo conditions. In a murine model of 

superficial skin infection and biofilm formation, a wound was first induced on the back of 

mice (dorsal midline) and then infected with MRSA.
6
 The biofilms formed after 24 h of 
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infection were then treated by 3b topically (40 mg/kg once a day) (Figure 4A.5A) for four 

days.  

 

 

Figure 4A.5: In-vivo activity and antibiofilm efficacy of 13f. (A) Experimental plan of 

murine model of superficial MRSA biofilm formation and treatment after mice were rendered 

neutropenic; (B) bacterial count of the treated and un-treated skin tissue sample from mice. 

Scanning electron microscopy images of the skin tissue samples representing bacteria (C) 

after 24 h of infection and (D) after 4 days of treatment with 13f (at 40 mg/kg). Arrow 

indicates the bacterial cells; p values (*) are 0.0001, 0.0183 and 0.0025 for 13f-, Reliheal 

silver- and fusidic acid- treated samples. Mice skin histopathology of (E) infected non-treated 

skin tissue and (F) treated skin tissue after haematoxylin and eosin staining. 
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After 18 h of the application of last dosage, mice were sacrificed and skin tissues were 

collected. Notably, 3b treated skin tissue samples showed 5.3 log (> 99.999%) reduction of 

MRSA compared to the untreated tissue samples (p value 0.0001) (Figure 4A.5B). In 

contrast, fusidic acid and silver nanoparticle containing commercial ointment (ReliHeal) 

which are used in clinics to treat skin infections, were found to reduce MRSA count by 2.2 

and 2.3 log reduction at 40 mg/kg and 200 mg/kg respectively (Figure 4A.5B) (p values were 

0.0183 and 0.0025 respectively). The fact that the molecule 13f was much more effective in 

comparison to the approved drug fusidic acid emphasizes on the clinical potential of the 

molecule. The ability of the small molecule in eradicating matured biofilm under in-vivo 

conditions was further established by imaging skin tissue samples with scanning electron 

microscopy. Tissue samples after 24 h of infection showed the presence of a thick dense 

MRSA layer thereby indicated the formation and persistence of biofilm (Figure 4A.5C). The 

treated skin tissue sample, on the other hand, showed negligible number of bacteria on the 

tissue surface (Figure 4A.5D). Histopathological responses of both untreated and molecule-

treated skin tissues were recorded. While the MRSA infected mice showed mild infiltration 

of inflammatory cells mainly neutrophils in dermis layer (arrow), tissue treated with 13f 

showed normal appearance of skin with thin layer of epidermis and hair follicles, sweat 

glands (arrow) (Figure 4A.5E-F). These result thus indicated the ability of the optimised 

molecule to eradicate bacterial biofilms under in-vivo conditions. 

 

4A.2.8 Propensity to induce bacterial resistance  

The ability of these biocides to suppress the development of resistance was evaluated by 

taking the most potent biocide (13f) against both Gram-positive S. aureus and Gram-negative 

E. coli. Norfloxacin, an antibiotic commonly used to treat the Gram-positive infections, was 

used as a positive control for S. aureus, whereas colistin, a lipopeptide antibiotic active 

against Gram-negative bacteria, was used in case of E. coli. These antibacterial agents were 

repeatedly challenged against bacteria at their sub-MIC values to allow bacteria to develop 

resistance. Interestingly, no change in the MIC of 13f was observed against both S. aureus 

and E. coli even after 20 passages whereas around 810-fold and 248-fold increase in MIC 

was observed in case of norfloxacin and colistin respectively (Figure 4A.6). The above 

results thus indicated that bacteria find it difficult to develop resistance against this type of 

biocides within the experimental time period. 

 



224 
 

 

 

Figure 4A.6: Propensity of development of bacterial resistance against compound 13f: (A) 

for S. aureus where norfloxacin was used as control (B) for E. coli where colistin was used as 

control. 

 

4A.3. Conclusion  

In conclusion, novel membrane-active small molecules have been developed via simple yet 

quantitative methodology. The compounds displayed excellent antibacterial activity against 

various wild-type and drug resistant bacteria (both Gram-positive and Gram-negative). 

Variation of amphiphilic nature of the compounds drastically improved their antibacterial 

activity and as well as selectivity. Additionally, the small molecules were found to be stable 

under plasma conditions and showed excellent activity in various complex mammalian fluids 

such as serum, plasma and blood. Further, these compounds were shown to eradicate 

established bacterial biofilms under in-vitro conditions. These molecules acted on bacteria 

rapidly by disrupting the membrane and did not allow bacteria to develop resistance. The 

compounds showed negligible toxicity against mammalian cells. Moreover, the molecule was 

also found to eradicate preformed bacterial biofilm under more complex in-vivo conditions 

without causing substantial skin toxicity. The results furnished herein thus emphasize the 

potential of this class of molecules to be useful in guiding and developing future antibacterial 

and antibiofilm small molecules with improved biocompatibility. 

 

4A.4 Experimental Section 

4A.4.1 Materials and instrumentation  

1-Aminohexane, 1-aminooctane, 1-aminododecane, 1-aminohexadecane, N,N-dimethyl 

octylamine, N,N-dimethyl decylamine, N,N-dimethyl dodecylamine, N,N-dimethyl 

hexadecylamine, N,N,N′,N′-tetramethyl-1,2-diaminoethane, N,N,N′,N′-tetramethyl-1,4-
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diaminobutane, 1,6-dibromohexane, 1,8-dibromooctane, 1,10-dibromodecane and 1,12-

dibromododecane 1,2-diaminoethane, 1,3-diaminopropane, 1,4-diaminobutane, 1,6-

diaminohexane, bromoacetyl bromide, 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic 

acid (HEPES) and alpha D(+) glucose were purchased from Sigma-Aldrich and used as 

received. Anhydrous potassium carbonate (K2CO3), anhydrous sodium sulphate (Na2SO4), 

phosphorous pentaoxide (P2O5), calcium hydride (CaH2), N,N-dimethylamine solution (40%),  

dichloromethane (DCM), chloroform, ethanol, acetonitrile, diethyl ether, acetone and 

molecular sieves (4 Å) were purchased from SD Fine, India and were of analytical grade. 

Acetonitrile, DCM and chloroform were dried over P2O5 and ethanol was dried over CaH2 

and stored over molecular sieves. Nuclear magnetic resonance (NMR) spectra were recorded 

using Bruker AMX-400 (400 MHz for 
1
H NMR and 100 MHz for 

13
C NMR) spectrometer. 

The chemical shift (δ) values are reported in parts per million (ppm). Mass spectra were 

recorded on a 6538-UHD Accurate mass Q-TOF LC-MS high resolution mass-spectrometer 

(HRMS). Infrared (IR) spectra were recorded by Bruker IFS66 V/s spectrometer on NaCl 

crystal for liquid compounds and KBr pellet for solid compounds. For optical density (O. D.) 

measurement, Tecan Infinite Pro series M200 Microplate Reader was employed. 

Staphylococcus aureus (MTCC 737) and Escherichia coli (MTCC 443) were purchased from 

MTCC (Chandigarh, India). Pseudomonas aeruginosa (ATCC 424), methicillin-resistant 

Staphylococcus aureus (ATCC 33591), vancomycin-resistant Enterococcus faecium (ATCC 

51559) and -lactam-resistant Klebsiella pneumoniae (ATCC 700603) were obtained from 

ATCC (Rockville, MD, USA).  

 

4A.4.2 General synthetic procedure 

4A.4.2.1 General procedure for the synthesis of 1a-1e  

Intermediates 1a-1e was synthesized from 1-aminoalkanes following the same protocol as 

described in the section 2B.4.2 of chapter 2B. 

 

1a (2-Bromo-N-hexylethanamide): FT-IR ( 𝑣 ): 3250 cm
-1

 (amide N–H str.), 2928 cm
-1

 (–

CH2– assym. str.), 2850 (–CH2– sym.  str.), 1680 cm
-1 

(Amide I, C=O str.), 1560 cm
-1

 (Amide 

II, N–H ben.), 1470 cm
-1

 (–CH2– scissor);  
1
H NMR: (400 MHz, CDCl3): δ 0.859 (t, terminal 

–CH3, 3H), 1.309 (m, –(CH2)3–, 6H), 1.530 (q, –CH2(CH2)3–, 2H), 3.248 (m, –CONHCH2–, 

2H), 3.861 (s, –COCH2Br, 2H), 6.581 (br s, amide –NHCO, 1H); 
13

C-NMR (100 MHz, 

CDCl3): δ 14.190, 22.770, 26.912, 29.711, 31.994, 40.408, 165.589. 

 

1b (2-Bromo-N-octylethanamide): FT-IR ( 𝑣 ): 3252 cm
-1

 (amide N–H str.), 2929 cm
-1

 (–

CH2-assym. str.), 2851 (–CH2– sym.  str.), 1680 cm
-1 

(Amide I, C=O str.), 1556 cm
-1

 (Amide 
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II, N–H ben.), 1469 cm
-1

 (–CH2– scissor);  
1
H-NMR: (400 MHz, CDCl3): δ 0.877 (t, terminal 

–CH3, 3H), 1.291 (m, –(CH2)5–, 10H), 1.535 (q, –CH2(CH2)5–, 2H), 3.252 (t, –CONHCH2–, 

2H), 3.865 (s, –COCH2Br, 2H), 6.565 (br s, amide –NHCO, 1H); 
13

C-NMR (100 MHz, 

CDCl3): δ 14.188, 22.698, 26.904, 29.411, 29,589, 29.998, 31.989, 40.402, 165.578. 

 

1c (2-Bromo-N-decylethanamide): FT-IR ( 𝑣 ): 3255 cm
-1

 (amide N–H str.), 2932 cm
-1

 (–

CH2-assym. str.), 2850 (–CH2– sym.  str.), 1685 cm
-1 

(Amide I, C=O str.), 1555 cm
-1

 (Amide 

II, N–H ben.), 1469 cm
-1

 (–CH2– scissor);  
1
H-NMR: (400 MHz, CDCl3): δ 0.878 (t, terminal 

–CH3, 3H), 1.292 (m, –(CH2)7–, 14H), 1.535 (q, –CH2(CH2)7–, 2H), 3.258 (t, –CONHCH2–, 

2H), 3.874 (s, –COCH2Br, 2H), 6.585 (br s, amide –NHCO, 1H); 
13

C-NMR (100 MHz, 

CDCl3): δ 14.188.7, 22.699, 26.914, 29.411, 29,589, 29.978, 31.919, 40.412, 165.598. 

 

1d (2-Bromo-N-dodecylethanamide): FT-IR ( 𝑣 ): 3251 cm
-1

 (amide N–H str.), 2929 cm
-1

 (–

CH2–assym. str.), 2851 (–CH2– sym.  str.), 1685 cm
-1 

(Amide I, C=O str.), 1558 cm
-1

 (Amide 

II, N–H ben.), 1470 cm
-1

 (–CH2– scissor);  
1
H-NMR: (400 MHz, CDCl3): δ 0.858 (t, terminal 

–CH3, 3H), 1.289 (m, –(CH2)9–, 18H), 1.533 (q, –CH2(CH2)9–, 2H), 3.278 (t, –CONHCH2–, 

2H), 3.881 (s, –COCH2Br, 2H), 6.475 (br s, amide –NHCO, 2H); 
13

C-NMR (100 MHz, 

CDCl3): δ 14.192, 22.765, 26.901, 29.321, 29.420, 29.585, 29.643, 29.705, 31.992, 40.401, 

165.587. 

 

1e (2-Bromo-N-hexadecylethanamide): FT-IR ( 𝑣 ): 3250 cm
-1

 (amide N–H str.), 2927 cm
-1

 

(–CH2-assym. str.), 2849 (–CH2– sym.  str.), 1679 cm
-1 

(Amide I, C=O str.), 1562 cm
-1

 

(Amide II, N–H ben.), 1468 cm
-1

 (–CH2– scissor);  
1
H-NMR: (400 MHz, CDCl3): δ 0.878 (t, 

terminal –CH3, 3H), 1.300 (m, –(CH2)13–, 26H), 1.547 (q, –CH2(CH2)13–, 2H), 3.279 (t, –

CONHCH2–, 2H), 3.883 (s, –COCH2Br, 2H), 6.575 (br s, amide –NHCO, 2H); 
13

C NMR 

(100 MHz, CDCl3): δ 14.193, 22.769, 26.903, 29.334, 29.413, 29.578, 29.636, 29.718, 

29.818, 32.095, 40.413, 165.567. 

 

4A.4.2.2 General procedure for the synthesis of 2a-2d  

N-Alkyl-1-bromoethanamide 1a-1d (40 mmol) was dissolved in dry chloroform (40 mL) in a 

screw-top pressure tube. Dry NHMe2 gas was collected to the solution of N-alkyl-1-

bromoethanamide in chloroform at 0 °C until the volume of the resulting solution was 

roughly doubled (80 mL). Then the reaction mixture was stirred for 24 h at 80 °C overnight. 

After the reaction, the pressure tube was cooled and the reaction mixture was transferred to a 

round bottom (RB) flask and the final volume of the reaction mixture was made to 150 mL 

by adding chloroform. The unreacted gas was removed carefully by heating slowly until wet 

litmus paper no longer turns blue on exposure to the emerging vapors. The solution was 

washed with 2 M KOH solution (3  100 mL) in order to deprotonate the products. Finally, 

the organic layer was passed through anhydrous Na2SO4 and was dried to give yellow colored 

liquids with 100% yield. The products were characterized by FT-IR, 
1
H NMR and 

13
C NMR 

spectroscopy. 
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2a (2-(N,N-Dimethyl)-Nˊ-hexylethanamide): FT-IR ( 𝑣 ): 3230 cm
-1

 (amide N–H str.), 2926 

cm
-1

 (–CH2– assym. str.), 2852 cm
-1

 (–CH2– sym. str.), 1680 cm
-1 

(Amide I, C=O str.), 1560 

cm
-1

 (Amide II, N–H ben.), 1470 cm
-1

 (–CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.879 

(t, terminal –CH3, 3H), 1.239 (m, CH3(CH2)3–, 6H), 1.547 (q, CH3(CH2)3CH2–, 2H), 2.286 (s, 

(CH3)2N–, 6H), 2.883 (s, (CH3)2NCH2CO–, 2H), 3.224 (q, –CH2NHCO–, 2H), 7.137 (br s, 

amide –NH, 1H).  

 

2b (2-(N,N-Dimethyl)-Nˊ-octylethanamide): FT-IR ( 𝑣 ): 3232 cm
-1

 (amide N–H str.), 2936 

cm
-1

 (–CH2– assym. str.), 2855 cm
-1

 (–CH2– sym. str.), 1678 cm
-1 

(Amide I, C=O str.), 1560 

cm
-1

 (Amide II, N–H ben.), 1470 cm
-1

 (–CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.831 

(t, terminal –CH3, 3H), 1.237 (m, CH3(CH2)5–, 10H), 1.489 (q, CH3(CH2)5CH2–, 2H), 2.236 

(s, (CH3)2N–, 6H), 2.884 (s, (CH3)2NCH2CO–, 2H), 3.274 (q, –CH2NHCO–, 2H), 7.139 (br s, 

amide –NH, 1H). 

 

2c (2-(N,N-Dimethyl)-Nˊ-dodecylethanamide): FT-IR ( 𝑣 ): 3229 cm
-1

 (amide N–H str.), 

2934 cm
-1

 (–CH2– assym. str.), 2856 cm
-1

 (–CH2– sym. str.), 1680 cm
-1 

(Amide I, C=O str.), 

1559 cm
-1

 (Amide II, N–H ben.), 1471 cm
-1

 (–CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 

0.869 (t, terminal –CH3, 3H), 1.247 (m, CH3(CH2)9–, 18H), 1.489 (q, CH3(CH2)9CH2–, 2H), 

2.229 (s, (CH3)2N–, 6H), 2.926 (s, (CH3)2NCH2CO–, 2H), 3.281 (q, –CH2NHCO–, 2H), 

7.136 (br s, amide –NH, 1H). 

 

2d (2-(N,N-Dimethyl)-Nˊ-hexadecylethanamide): FT-IR ( 𝑣 ): 3228 cm
-1

 (amide N–H str.), 

2935 cm
-1

 (–CH2– assym. str.), 2859 cm
-1

 (–CH2– sym. str.), 1681 cm
-1 

(Amide I, C=O str.), 

1559 cm
-1

 (Amide II, N–H ben.), 1470 cm
-1

 (–CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 

0.871 (t, terminal –CH3, 3H), 1.239 (m, CH3(CH2)13–, 26H), 1.529 (q, CH3(CH2)13CH2–, 2H), 

2.268 (s, (CH3)2N–, 6H), 2.934 (s, (CH3)2NCH2CO–, 2H), 3.265 (q, –CH2NHCO–, 2H), 

7.120 (br s, amide –NH, 1H). 

 

4A.4.2.3 General procedure for the synthesis of 3a-3d  

Diaminoalkanes (50 mmol) was dissolved in chloroform (100 mL) and a solution of K2CO3 

(20.7 g, 150 mmol) in water (100 mL) was added to it. The binary mixture was then cooled to 

5
 
°C in a cold incubator. Bromoacetyl bromide (30.4 g, 150 mmol) was dissolved in 

chloroform (100 mL) and was added to the mixture drop wise for about 30 min. After the 

completion of addition, the reaction mixture was stirred at room temperature for 12 h. After 

the reaction, the insoluble solid was filtered through a sintered glass funnel and washed 

repeatedly with water. Finally, the precipitate was dried in vacuum oven at 60 °C to obtain 

white colored products (1
st
 collection). Also, organic layer from the reaction mixture after the 

filtration was separated using a separating funnel and the aqueous layer was subjected to 

repeated wash with chloroform (2  50 mL). All the organic solutions were then combined 

and washed with water (3  75 mL). The final organic layer was passed through anhydrous 

Na2SO4. The organic solvent was evaporated to obtain white products (2
nd

 collection). The 

products were characterized by FT-IR, 
1
H-NMR and 13C-NMR spectroscopy. The products 
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obtained in both ways (from precipitate and solution) were same and combined weight gave 

quantitative (100%) yield of 3a-3d. 

 

3a: FT-IR ( 𝑣 ): 3294 cm
-1

 (amide N–H str.), 2938 cm
-1

 (–CH2– assym. str.), 2860 cm
-1

 (–

CH2– sym. str.), 1645 cm
-1 

(Amide I, C=O str.), 1542 cm
-1

 (Amide II, N–H ben.), 1480 cm
-1

 

(–CH2– scissor); 
1
H-NMR: (400 MHz, CDCl3): δ 3.290 (m, –NH(CH2)2NH–, 4H), 3.873 (s, –

CH2CONH(CH2)2NHCOCH2–, 4H), 6.551 (br s, amide –CONH(CH2)2NHCO–, 2H); 
13

C-

NMR (100 MHz, CDCl3): δ 29.495, 40.134, 165.531. 

3b: FT-IR ( 𝑣 ): 3295 cm
-1

 (amide N–H str.), 2942 cm
-1

 (–CH2– assym. str.), 2863 cm
-1

 (–

CH2– sym. str.), 1645 cm
-1 

(Amide I, C=O str.), 1544 cm
-1

 (Amide II, N–H ben.), 1485 cm
-1

 

(–CH2– scissor); 
1
H-NMR: (400 MHz, CDCl3): δ 1.542 (m, –CH2CH2CH2–, 4H), 3.291 (m, –

NHCH2CH2CH2NH–, 4H), 3.876 (s, –CH2CONH(CH2)3NHCOCH2–, 4H), 6.589 (br s, amide 

–CONH(CH2)3NHCO–, 2H); 
13

C-NMR (100 MHz, CDCl3): δ 29.239, 29.482, 40.194, 

165.538. 

 

3c: FT-IR ( 𝑣 ): 3294 cm
-1

 (amide N–H str.), 2939 cm
-1

 (–CH2– assym. str.), 2859 cm
-1

 (–

CH2– sym. str.), 1642 cm
-1 

(Amide I, C=O str.), 1545 cm
-1

 (Amide II, N–H ben.), 1480 cm
-1

 

(–CH2– scissor); 
1
H-NMR: (400 MHz, CDCl3): δ 1.541 (m, –CH2(CH2)2CH2–, 4H), 3.293 (q, 

–CH2(CH2)2CH2–, 4H), 3.874 (s, –CH2CONH(CH2)4NHCOCH2–, 4H), 6.554 (br s, amide –

CONH(CH2)4NHCO–, 2H); 
13

C-NMR (100 MHz, CDCl3): δ 29.254, 29.479, 40.294, 

165.540. 

 

3d: FT-IR ( 𝑣 ): 3295 cm
-1

 (amide N–H str.), 2937 cm
-1

 (–CH2– assym. str.), 2858 cm
-1

 (–

CH2– sym. str.), 1639 cm
-1 

(Amide I, C=O str.), 1540 cm
-1

 (Amide II, N–H ben.), 1483 cm
-1

 

(–CH2– scissor); 
1
H-NMR: (400 MHz, CDCl3): δ 1.369 (m, –CH2CH2(CH2)2CH2CH2–, 4H), 

1.539 (m, –CH2CH2(CH2)2CH2CH2–, 4H), 3.293 (q, –CH2CH2(CH2)2CH2CH2–, 4H), 3.877 

(s, –CH2CONH(CH2)6NHCOCH2–, 4H), 6.548 (br s, amide –CONH(CH2)6NHCO–, 2H); 
13

C-NMR (100 MHz, CDCl3): δ 26.268, 29.264, 29.485, 40.034, 165.531. 

 

4A.4.2.4 General procedure for the synthesis of 4a-4d, 5a-5d, 6a-6d and 7a-7d  

To the individual solutions of 3a-3d (4 mmol) in organic solvents (EtOH for 3a, CHCl3 for 

3b and MeCN for 3c and 3d, 50 mL) were added 2a-2d (12 mmol) separately and the 

reaction mixtures were stirred at 85 °C for about 24 h. After the reaction, the mixtures were 

cooled to room temperature and transferred to RB. Then the volume of the reaction mixtures 

was reduced to 1/10
th
 to its original volume by rotary evaporator. Finally, the products were 

precipitated with excess of diethyl ether/acetone (150 mL). Either the organic solvent was 

decanted off and the precipitate was washed three times with diethyl ether or the precipitates 

were filtered through sintered glass funnel and washed repeatedly with diethyl ether and 

vacuum dried to give more than 99% yield. All the final products (4a-4d, 5a-5d, 6a-6d and 

7a-7d) were characterized by FT-IR, 
1
H-NMR, 

13
C-NMR and HRMS. The purity of the 

compounds checked by reverse phase high performance liquid chromatography (HPLC) 
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using 0.1% trifluoroacetic acid (TFA) in water/acetonitrile (0-100%) as mobile phase and 

was found to be more than 95%.  

 

4a: FT-IR ( 𝑣 ): 3208 cm
-1

 (amide N–H str.), 2909 cm
-1

 (–CH2– assym. str.), 2860 cm
-1

 (–

CH2– sym. str.), 1675 cm
-1 

(amide I, C=O str.), 1555 cm
-1

 (amide II, N–H ben.), 1468 cm
-1

 (–

CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.875 (t, terminal –CH3, 6H), 1.259 (m, –

CH3(CH2)3CH2–, 12H), 1.581 (m, CH3(CH2)3CH2CH2–, 4H), 3.231 (m, CH3(CH2)3CH2CH2–, 

4H), 3.439 (m, –NHCH2CH2NH–, 4H), 3.611 (s, –CH2N
+
(CH3)2CH2–, 12H), 4.630 (s, –

CH2N
+
(CH3)2CH2–, 4H), 8.219 (br s, CH3(CH2)5NHCO–, 2H), 8.684 (br s, –CONHCH2–, 

2H); 
13

C-NMR (100 MHz, CDCl3): δ 14.219, 22.777, 27.281, 29.225, 29.415, 38.941, 

40.409, 52.829, 64.182, 66.226, 162.664, 162.880; HRMS (ESI): m/z calculated for 

C26H54N6O4Br2 [M–Br]
+
 and [M–2Br]

2+
: 593.3571, 595.3571 and 257.2194 Found: 

593.3394, 595.3379 and 257.2112. 

 

4b: FT-IR ( 𝑣 ): 3212 cm
-1

 (amide N–H str.), 2928 cm
-1

 (–CH2– assym. str.), 2860 cm
-1

 (–

CH2– sym. str.), 1685 cm
-1 

(amide I, C=O str.), 1565 cm
-1

 (amide II, N–H ben.), 1465 cm
-1

 (–

CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.862 (t, terminal –CH3, 6H), 1.269 (m, –

CH3(CH2)3CH2–, 12H), 1.615 (m, CH3(CH2)3CH2CH2–, 4H), 1.851 (m, –

NHCH2CH2CH2NH–, 2H), 3.231 (m, CH3(CH2)3CH2CH2–, 4H), 3.381 (m, –

NHCH2CH2CH2NH–, 4H), 3.580 (s, –CH2N
+
(CH3)2CH2–, 12H), 4.614 (s, –

CH2N
+
(CH3)2CH2–, 4H), 8.208 (br s, CH3(CH2)5NHCO–, 2H), 8.665 (br s, –CONHCH2–, 

2H); 
13

C-NMR (100 MHz, CDCl3): δ 14.209, 22.707, 26.138 27.278, 29.224, 29.409, 38.978, 

40.412, 52.838, 64.194, 66.234, 162.647, 162.856; HRMS (ESI): m/z calculated for 

C27H56N6O4Br2 [M–Br]
+
 and [M–2Br]

2+
: 607.3726, 609.3726 and 264.2272. Found: 

607.2185, 609.3509 and 264.2185. 

 

4c: FT-IR ( 𝑣 ): 3210 cm
-1

 (amide N–H str.), 2920 cm
-1

 (–CH2– assym. str.), 2860 cm
-1

 (–

CH2– sym. str.), 1678 cm
-1 

(amide I, C=O str.), 1557 cm
-1

 (amide II, N–H ben.), 1470 cm
-1

 (–

CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.872 (t, terminal –CH3, 6H), 1.254 (m, –

CH3(CH2)3CH2–, 12H), 1.534 (m, CH3(CH2)3CH2CH2–, 4H), 1.578 (m, –

NHCH2(CH2)2CH2NH–, 4H), 3.220 (m, CH3(CH2)3CH2CH2–, 4H), 3.321 (m, –

NHCH2(CH2)2CH2NH–, 4H), 3.558 (s, –CH2N
+
(CH3)2CH2–, 12H), 4.610 (s, –

CH2N
+
(CH3)2CH2–, 4H), 8.205 (br s, CH3(CH2)7NHCO–, 2H), 8.447 (br s, –CONHCH2–, 

2H); 
13

C-NMR (100 MHz, CDCl3): δ 14.221, 22.760, 26.108, 27.144, 27.173, 29.308, 

29.336, 31.160, 40.056, 52.788, 64.447, 65.532, 162.773, 162.943; HRMS (ESI): m/z 

calculated for C28H58N6O4Br2 [M–Br]
+
 and [M–2Br]

2+
: 677.4510, 679.4510 and 299.2663. 

Found: 677.4306, 679.4290 and 299.2618. 

 

4d: FT-IR ( 𝑣 ): 3207 cm
-1

 (amide N–H str.), 2914 cm
-1

 (–CH2– assym. str.), 2855 cm
-1

 (–

CH2– sym. str.), 1675 cm
-1 

(amide I, C=O str.), 1558 cm
-1

 (amide II, N–H ben.), 1470 cm
-1

 (–

CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.875 (t, terminal –CH3, 6H), 1.262 (m, –

CH3(CH2)5CH2–, 20H), 1.414 (m, –NHCH2CH2(CH2)2CH2CH2NH–, 4H), 1.554-1.571 (m, – 

CH3(CH2)5CH2CH2– and –NHCH2CH2(CH2)2CH2CH2NH–, 8H), 3.241-3.316 (m, 

CH3(CH2)5CH2CH2– and –NHCH2(CH2)4CH2NH–, 8H), 3.586 (s, –CH2N
+
(CH3)2CH2–, 

12H), 4.641 (s, –CH2N
+
(CH3)2CH2–, 4H), 8.229 (br s, CH3(CH2)7NHCO–, 2H), 8.440 (br s, –

CONHCH2–, 2H); 
13

C-NMR (100 MHz, CDCl3): δ 14.206, 22.743, 26.198, 27.129, 28.308, 

29.156, 29.297, 29.320, 39.313, 40.040, 52.621, 64.782, 65.243, 162.765, 162.862; HRMS 
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(ESI): m/z calculated for C30H62N6O4Br2 [M–Br]
+
 and [M–2Br]

2+
: 649.4197, 651.4197 and 

285.2507 Found: 649.4109, 651.4098 and 285.2493. 

 

5a: FT-IR ( 𝑣 ): 3215 cm
-1

 (amide N–H str.), 2918 cm
-1

 (–CH2– assym. str.), 2855 cm
-1

 (–

CH2– sym. str.), 1678 cm
-1 

(amide I, C=O str.), 1560 cm
-1

 (amide II, N–H ben.), 1465 cm
-1

 (–

CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.866 (t, terminal –CH3, 6H), 1.266 (m, –

CH3(CH2)5CH2–, 20H), 1.564 (m, CH3(CH2)5CH2CH2–, 4H), 3.229 (m, CH3(CH2)5CH2CH2–, 

4H), 3.459 (m, –NHCH2CH2NH–, 4H), 3.605 (s, –CH2N
+
(CH3)2CH2–, 12H), 4.629 (s, –

CH2N
+
(CH3)2CH2–, 4H), 8.234 (br s, CH3(CH2)7NHCO–, 2H), 8.734 (br s, –CONHCH2–, 

2H); 
13

C-NMR (100 MHz, CDCl3): δ 14.228, 22.767, 27.163, 29.180, 29.313, 29.338, 

31.939, 38.822, 40.403, 52.829, 64.122, 66.238, 162.765, 163.380; HRMS (ESI): m/z 

calculated for C30H62N6O4Br2 [M–Br]
+
 and [M–2Br]

2+
: 649.4197, 651.4197 and 285.2507 

Found: 649.4109, 651.4098 and 285.2493. 

 

5b: FT-IR ( 𝑣 ): 3210 cm
-1

 (amide N–H str.), 2925 cm
-1

 (–CH2– assym. str.), 2860 cm
-1

 (–

CH2– sym. str.), 1680 cm
-1 

(amide I, C=O str.), 1565 cm
-1

 (amide II, N–H ben.), 1470 cm
-1

 (–

CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.860 (t, terminal –CH3, 6H), 1.264 (m, –

CH3(CH2)5CH2–, 20H), 1.555 (m, CH3(CH2)5CH2CH2–, 4H), 1.848 (m, –

NHCH2CH2CH2NH–, 2H), 3.241 (m, CH3(CH2)5CH2CH2–, 4H), 3.377 (m, –

NHCH2CH2CH2NH–, 4H), 3.583 (s, –CH2N
+
(CH3)2CH2–, 12H), 4.666 (s, –

CH2N
+
(CH3)2CH2–, 4H), 8.178 (br s, CH3(CH2)7NHCO–, 2H), 8.601 (br s, –CONHCH2–, 

2H); 
13

C-NMR (100 MHz, CDCl3): δ 14.201, 22.790, 26.128, 27.134, 27.189, 29.412, 

29.289, 31.260, 40.456, 52.898, 64.401, 65.516, 162.768, 162.848; HRMS (ESI): m/z 

calculated for C31H64N6O4Br2 [M–Br]
+
 and [M–2Br]

2+
: 663.4354, 665.4354 and 292.2585. 

Found: 663.4164, 665.4133 and 292.2564. 

 

5c: FT-IR ( 𝑣 ): 3205 cm
-1

 (amide N–H str.), 2915 cm
-1

 (–CH2– assym. str.), 2852 cm
-1

 (–

CH2– sym. str.), 1674 cm
-1 

(amide I, C=O str.), 1560 cm
-1

 (amide II, N–H ben.), 1468 cm
-1

 (–

CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.864 (t, terminal –CH3, 6H), 1.262 (m, –

CH3(CH2)5CH2–, 20H), 1.544 (m, CH3(CH2)5CH2CH2–, 4H), 1.580 (m, –

NHCH2(CH2)2CH2NH–, 4H), 3.213 (m, CH3(CH2)5CH2CH2–, 4H), 3.316 (m, –

NHCH2(CH2)2CH2NH–, 4H), 3.558 (s, –CH2N
+
(CH3)2CH2–, 12H), 4.610 (s, –

CH2N
+
(CH3)2CH2–, 4H), 8.205 (br s, CH3(CH2)7NHCO–, 2H), 8.447 (br s, –CONHCH2–, 

2H); 
13

C-NMR (100 MHz, CDCl3): δ 14.221, 22.760, 26.108, 27.144, 27.173, 29.308, 

29.336, 31.160, 40.056, 52.788, 64.447, 65.532, 162.773, 162.943; HRMS (ESI): m/z 

calculated for C32H66N6O4Br2 [M–Br]
+
 and [M–2Br]

2+
: 677.4510, 679.4510 and 299.2663. 

Found: 677.4306, 679.4290 and 299.2618. 

 

5d: FT-IR ( 𝑣 ): 3207 cm
-1

 (amide N–H str.), 2914 cm
-1

 (–CH2– assym. str.), 2855 cm
-1

 (–

CH2– sym. str.), 1675 cm
-1 

(amide I, C=O str.), 1558 cm
-1

 (amide II, N–H ben.), 1470 cm
-1

 (–

CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.875 (t, terminal –CH3, 6H), 1.262 (m, –

CH3(CH2)5CH2–, 20H), 1.414 (m, –NHCH2CH2(CH2)2CH2CH2NH–, 4H), 1.554-1.571 (m, – 

CH3(CH2)5CH2CH2– and –NHCH2CH2(CH2)2CH2CH2NH–, 8H), 3.241-3.316 (m, 

CH3(CH2)5CH2CH2– and –NHCH2(CH2)4CH2NH–, 8H), 3.586 (s, –CH2N
+
(CH3)2CH2–, 

12H), 4.641 (s, –CH2N
+
(CH3)2CH2–, 4H), 8.229 (br s, CH3(CH2)7NHCO–, 2H), 8.440 (br s, –

CONHCH2–, 2H); 
13

C-NMR (100 MHz, CDCl3): δ 14.206, 22.743, 26.198, 27.129, 28.308, 

29.156, 29.297, 29.320, 39.313, 40.040, 52.621, 64.782, 65.243, 162.765, 162.862; HRMS 

(ESI): m/z calculated for C34H70N6O4Br2 [M–Br]
+
 and [M–2Br]

2+
: 705.4824, 707.4824 and 

313.2820. Found: 705.4618, 707.4602 and 313.2761. 
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6a: FT-IR ( 𝑣 ): 3212 cm
-1

 (amide N–H str.), 2920 cm
-1

 (–CH2– assym. str.), 2860 cm
-1

 (–

CH2– sym. str.), 1682 cm
-1 

(amide I, C=O str.), 1565 cm
-1

 (amide II, N–H ben.), 1468 cm
-1

 (–

CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.886 (t, terminal –CH3, 6H), 1.259 (m, –

CH3(CH2)9CH2–, 36H), 1.589 (m, CH3(CH2)9CH2CH2–, 4H), 3.219 (m, CH3(CH2)9CH2CH2–, 

4H), 3.459 (m, –NHCH2CH2NH–, 4H), 3.612 (s, –CH2N
+
(CH3)2CH2–, 12H), 4.627 (s, –

CH2N
+
(CH3)2CH2–, 4H), 8.229 (br s, CH3(CH2)11NHCO–, 2H), 8.824 (br s, –CONHCH2–, 

2H); 
13

C-NMR (100 MHz, CDCl3): δ 14.198, 22.801, 27.098, 29.280, 29.320, 29.431, 

29.615, 29.718, 32.401, 38.816, 40.415, 52.909, 64.221, 66.285, 162.749, 163.258; HRMS 

(ESI): m/z calculated for C38H78N6O4Br2 [M–Br]
+
 and [M–2Br]

2+
: 761.5450, 763.5450 and 

341.3133 Found: 761.5241, 763.5229 and 341.3037. 

 

6b: FT-IR ( 𝑣 ): 3214 cm
-1

 (amide N–H str.), 2929 cm
-1

 (–CH2– assym. str.), 2862 cm
-1

 (–

CH2– sym. str.), 1681 cm
-1 

(amide I, C=O str.), 1562 cm
-1

 (amide II, N–H ben.), 1468 cm
-1

 (–

CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.877 (t, terminal –CH3, 6H), 1.264 (m, –

CH3(CH2)9CH2–, 36H), 1.521 (m, CH3(CH2)9CH2CH2–, 4H), 1.839 (m, –

NHCH2CH2CH2NH–, 2H), 3.250 (m, CH3(CH2)9CH2CH2–, 4H), 3.379 (m, –

NHCH2CH2CH2NH–, 4H), 3.579 (s, –CH2N
+
(CH3)2CH2–, 12H), 4.689 (s, –

CH2N
+
(CH3)2CH2–, 4H), 8.210 (br s, CH3(CH2)11NHCO–, 2H), 8.612 (br s, –CONHCH2–, 

2H); 
13

C-NMR (100 MHz, CDCl3): δ 14.218, 22.789, 27.112, 29.310, 29.318, 29.428, 

29.595, 29.710, 32.412, 38.821, 40.421, 52.913, 64.230, 66.290, 162.752, 163.308; HRMS 

(ESI): m/z calculated for C39H80N6O4Br2 [M–Br]
+
 and [M–2Br]

2+
: 775.1874, 777.1874 and 

348.1345. Found: 775.1396, 777.1381 and 348.1123. 

 

6c: FT-IR ( 𝑣 ): 3210 cm
-1

 (amide N–H str.), 2912 cm
-1

 (–CH2– assym. str.), 2855 cm
-1

 (–

CH2– sym. str.), 1675 cm
-1 

(amide I, C=O str.), 1563 cm
-1

 (amide II, N–H ben.), 1470 cm
-1

 (–

CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.878 (t, terminal –CH3, 6H), 1.257 (m, –

CH3(CH2)9CH2–, 36H), 1.539 (m, CH3(CH2)9CH2CH2–, 4H), 1.578 (m, –

NHCH2(CH2)2CH2NH–, 4H), 3.218 (m, CH3(CH2)9CH2CH2–, 4H), 3.320 (m, –

NHCH2(CH2)2CH2NH–, 4H), 3.560 (s, –CH2N
+
(CH3)2CH2–, 12H), 4.612 (s, –

CH2N
+
(CH3)2CH2–, 4H), 8.218 (br s, CH3(CH2)11NHCO–, 2H), 8.451 (br s, –CONHCH2–, 

2H); 
13

C-NMR (100 MHz, CDCl3): δ 14.220, 22.791, 27.110, 29.312, 29.321, 29.425, 

29.598, 29.707, 32.417, 38.821, 40.418, 52.924, 64.232, 66.288, 162.756, 163.310; HRMS 

(ESI): m/z calculated for C40H82N6O4Br2 [M–Br]
+
 and [M–2Br]

2+
: 789.763, 791.5763 and 

355.329. Found: 789.5557, 791.5545 and 355.3197. 

 

6d: FT-IR ( 𝑣 ): 3210 cm
-1

 (amide N–H str.), 2918 cm
-1

 (–CH2– assym. str.), 2858 cm
-1

 (–

CH2– sym. str.), 1676 cm
-1 

(amide I, C=O str.), 1560 cm
-1

 (amide II, N–H ben.), 1465 cm
-1

 (–

CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.879 (t, terminal –CH3, 6H), 1.258 (m, –

CH3(CH2)9CH2–, 36H), 1.421 (m, –NHCH2CH2(CH2)2CH2CH2NH–, 4H), 1.552-1.574 (m, – 

CH3(CH2)9CH2CH2– and –NHCH2CH2(CH2)2CH2CH2NH–, 8H), 3.240-3.318 (m, 

CH3(CH2)9CH2CH2– and –NHCH2(CH2)4CH2NH–, 8H), 3.588 (s, –CH2N
+
(CH3)2CH2–, 

12H), 4.642 (s, –CH2N
+
(CH3)2CH2–, 4H), 8.227 (br s, CH3(CH2)11NHCO–, 2H), 8.438 (br s, 

–CONHCH2–, 2H); 
13

C-NMR (100 MHz, CDCl3): δ 14.218, 22.786, 27.108, 29.318, 29.341, 

29.435, 29.599, 29.714, 32.423, 38.828, 40.419, 52.928, 64.241, 66.294, 162.757, 163.312; 

HRMS (ESI): m/z calculated for C42H86N6O4Br2 [M–Br]
+
 and [M–2Br]

2+
: 817.6076, 

819.6076 and 369.3446. Found: 817.5849, 819.5837 and 369.3339. 

 

7a: FT-IR ( 𝑣 ): 3208 cm
-1

 (amide N–H str.), 2925 cm
-1

 (–CH2– assym. str.), 2862 cm
-1

 (–

CH2– sym. str.), 1680 cm
-1 

(amide I, C=O str.), 1560 cm
-1

 (amide II, N–H ben.), 1467 cm
-1

 (–

CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.880 (t, terminal –CH3, 6H), 1.249 (m, –
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CH3(CH2)13CH2–, 52H), 1.580 (m, CH3(CH2)13CH2CH2–, 4H), 3.217 (m, 

CH3(CH2)13CH2CH2–, 4H), 3.458 (m, –NHCH2CH2NH–, 4H), 3.618 (s, –CH2N
+
(CH3)2CH2–, 

12H), 4.628 (s, –CH2N
+
(CH3)2CH2–, 4H), 8.224 (br s, CH3(CH2)15NHCO–, 2H), 8.828 (br s, 

–CONHCH2–, 2H); 
13

C-NMR (100 MHz, CDCl3): δ 14.212, 22.745, 27.112, 29.321, 29.347, 

29.429, 29.578, 29.726, 32.420, 38.824, 40.422, 52.931, 64.244, 66.289, 162.754, 163.307; 

HRMS (ESI): m/z calculated for C46H94N6O4Br2 [M–Br]
+
 and [M–2Br]

2+
: 873.6703, 

875.6703 and 397.6760 Found: 873.6499, 875.6489 and 397.3687. 

 

7b: FT-IR ( 𝑣 ): 3215 cm
-1

 (amide N–H str.), 2930 cm
-1

 (–CH2– assym. str.), 2860 cm
-1

 (–

CH2– sym. str.), 1682 cm
-1 

(amide I, C=O str.), 1565 cm
-1

 (amide II, N–H ben.), 1465 cm
-1

 (–

CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.881 (t, terminal –CH3, 6H), 1.260 (m, –

CH3(CH2)13CH2–, 52H), 1.531 (m, CH3(CH2)13CH2CH2–, 4H), 1.842 (m, –

NHCH2CH2CH2NH–, 2H), 3.252 (m, CH3(CH2)13CH2CH2–, 4H), 3.368 (m, –

NHCH2CH2CH2NH–, 4H), 3.584 (s, –CH2N
+
(CH3)2CH2–, 12H), 4.682 (s, –

CH2N
+
(CH3)2CH2–, 4H), 8.206 (br s, CH3(CH2)15NHCO–, 2H), 8.624 (br s, –CONHCH2–, 

2H); 
13

C-NMR (100 MHz, CDCl3): δ 14.220, 22.789, 23.878, 27.142, 29.321, 29.334, 

29.438, 29.584, 29.714, 32.425, 38.829, 40.427, 52.920, 64.238, 66.297, 162.757, 163.314; 

HRMS (ESI): m/z calculated for C47H96N6O4Br2 [M–Br]
+
 and [M–2Br]

2+
: 887.6859, 

889.6859 and 404.3838. Found: 887.6662, 889.6652 and 404.3786. 

 

7c: FT-IR ( 𝑣 ): 3205 cm
-1

 (amide N–H str.), 2910 cm
-1

 (–CH2– assym. str.), 2850 cm
-1

 (–

CH2– sym. str.), 1674 cm
-1 

(amide I, C=O str.), 1560 cm
-1

 (amide II, N–H ben.), 1464 cm
-1

 (–

CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.869 (t, terminal –CH3, 6H), 1.251 (m, –

CH3(CH2)13CH2–, 52H), 1.537 (m, CH3(CH2)13CH2CH2–, 4H), 1.581 (m, –

NHCH2(CH2)2CH2NH–, 4H), 3.220 (m, CH3(CH2)13CH2CH2–, 4H), 3.324 (m, –

NHCH2(CH2)2CH2NH–, 4H), 3.556 (s, –CH2N
+
(CH3)2CH2–, 12H), 4.607 (s, –

CH2N
+
(CH3)2CH2–, 4H), 8.211 (br s, CH3(CH2)15NHCO–, 2H), 8.454 (br s, –CONHCH2–, 

2H); 
13

C-NMR (100 MHz, CDCl3): δ 14.217, 22.788, 23.867, 27.151, 29.318, 29.328, 

29.441, 29.542, 29.708, 32.418, 38.820, 40.420, 52.918, 64.228, 66.290, 162.753, 163.322; 

HRMS (ESI): m/z calculated for C48H98N6O4Br2 [M–Br]
+
 and [M–2Br]

2+
: 901.7016, 

903.7016 and 411.3916. Found: 901.6819, 903.6814 and 411.3865. 

 

7d: FT-IR ( 𝑣 ): 3208 cm
-1

 (amide N–H str.), 2920 cm
-1

 (–CH2– assym. str.), 2860 cm
-1

 (–

CH2– sym. str.), 1675 cm
-1 

(amide I, C=O str.), 1563 cm
-1

 (amide II, N–H ben.), 1467 cm
-1

 (–

CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.889 (t, terminal –CH3, 6H), 1.254 (m, –

CH3(CH2)13CH2–, 52H), 1.429 (m, –NHCH2CH2(CH2)2CH2CH2NH–, 4H), 1.550-1.575 (m, – 

CH3(CH2)13CH2CH2– and –NHCH2CH2(CH2)2CH2CH2NH–, 8H), 3.241-3.320 (m, 

CH3(CH2)13CH2CH2– and –NHCH2(CH2)4CH2NH–, 8H), 3.591 (s, –CH2N
+
(CH3)2CH2–, 

12H), 4.640 (s, –CH2N
+
(CH3)2CH2–, 4H), 8.225 (br s, CH3(CH2)15NHCO–, 2H), 8.451 (br s, 

–CONHCH2–, 2H); 
13

C-NMR (100 MHz, CDCl3): δ 14.220, 22.784, 23.860, 27.150, 29.314, 

29.324, 29.440, 29.540, 29.712, 32.422, 38.814, 40.425, 52.925, 64.230, 66.294, 162.758, 

163.323; HRMS (ESI): m/z calculated for C50H102N6O4Br2 [M–Br]
+
 and [M–2Br]

2+
: 

929.7329, 931.7329 and 425.4073. Found: 929.7130, 931.7121 and 425.4075. 

 

4A.4.2.5 General procedure for the synthesis of 8a-8d, 9a-9d, 10a-10d and 11a-11d 

N,N-Dimethylalkylamines (15 mM) were added to the organic solutions of intermediates 3a-

3d (5 mM; EtOH for 3a, CHCl3 for 3b and MeCN for 3c and 3d, 50 mL) separately in screw 

top pressure tubes and the reaction mixtures were stirred at 85 °C for about 24 h. After the 
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reaction, the mixtures were allowed to cool down to room temperature and transferred to 

round bottom flask. Then, the organic solvents were removed and volume of the reaction 

mixtures was reduced to 1/10
th

 to its original volume. Finally, the products were precipitated 

in excess of dry diethyl ether/acetone (150 mL). The precipitates were filtered and washed 

repeatedly with diethyl ether/acetone. The white precipitates were vacuum dried to give more 

than 99% yield of 8a-8d, 9a-9d, 10a-10d and 11a-11d. All the final products were 

characterized by FT-IR, 
1
H-NMR, 

13
C-NMR and HRMS. 

 

8a: FT-IR ( 𝑣 ): 3215 cm
-1

 (amide N–H str.), 2922 cm
-1

 (–CH2– assym. str.), 2861 cm
-1

 (–

CH2– sym. str.), 1685 cm
-1 

(amide I, C=O str.), 1560 cm
-1

 (amide II, N–H ben.), 1468 cm
-1

 (–

CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.868 (t, terminal –CH3, 6H), 1.288 (m, –

CH3(CH2)5CH2–, 20H), 1.789 (m, CH3(CH2)5CH2CH2–, 4H), 3.392-3.515 (m, –

CH2N
+
(CH3)2CH2– and CH3(CH2)5CH2CH2–, 16H), 3.619 (m, –NHCH2CH2NH–, 4H), 4.663 

(s, –N
+
(CH3)2CH2CO–, 4H), 8.882 (br s, –CONHCH2–, 2H); 

13
C-NMR (100 MHz, CDCl3): δ 

14.217, 22.782, 26.350, 29.424, 29.591, 29.678, 31.978, 38.514, 52.265, 63.624, 66.502, 

163.623; HRMS (ESI): m/z calculated for C26H56N4O2Br2 [M–Br]
+
 and [M–2Br]

2+
: 

535.3575, 537.3554 and 228.2196 Found: 535.3619, 537.3605 and 228.2268. 

 

8b: FT-IR ( 𝑣 ): 3222 cm
-1

 (amide N–H str.), 2930 cm
-1

 (–CH2– assym. str.), 2865 cm
-1

 (–

CH2– sym. str.), 1685 cm
-1 

(amide I, C=O str.), 1565 cm
-1

 (amide II, N–H ben.), 1471 cm
-1

 (–

CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.887 (t, terminal –CH3, 6H), 1.298 (m, –

CH3(CH2)5CH2–, 20H), 1.789 (m, CH3(CH2)5CH2CH2–, 4H), 1.882 (m, –

NHCH2CH2CH2NH–, 2H), 3.269-3.466 (m, –CH2N
+
(CH3)2CH2– and CH3(CH2)5CH2CH2–, 

16H), 3.678 (m, –NHCH2CH2CH2NH–, 4H), 4.687 (s, –N
+
(CH3)2CH2CO–, 4H), 8.860 (br s, 

–CONHCH2–, 2H); 
13

C-NMR (100 MHz, CDCl3): δ 14.201, 22.675, 22.981, 26.267, 27.779, 

29.201, 29.439, 29.475, 31.920, 52.106, 63.543, 65.913, 163.207; HRMS (ESI): m/z 

calculated for C27H58N4O2Br2 [M–Br]
+
 and [M–2Br]

2+
: 549.3137, 551.3116 and 235.2274. 

Found: 549.3729, 551.3712 and 235.2274. 

 

8c: FT-IR ( 𝑣 ): 3215 cm
-1

 (amide N–H str.), 2915 cm
-1

 (–CH2– assym. str.), 2859 cm
-1

 (–

CH2– sym. str.), 1675 cm
-1 

(amide I, C=O str.), 1560 cm
-1

 (amide II, N–H ben.), 1476 cm
-1

 (–

CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.889 (t, terminal –CH3, 6H), 1.290 (m, –

CH3(CH2)5CH2–, 20H), 1.639 (m, CH3(CH2)5CH2CH2–, 4H), 1.781 (m, –

NHCH2(CH2)2CH2NH–, 4H), 3.302 (m, –NHCH2(CH2)2CH2NH–, 4H), 3.423 (s, –

CH2N
+
(CH3)2CH2–, 12H), 3.624 (m, CH3(CH2)5CH2CH2–, 4H), 4.641 (s, –N

+
(CH3)2CH2CO–

, 4H), 8.6798 (br s, –CONHCH2–, 2H); 
13

C-NMR (100 MHz, CDCl3): δ 14.241, 22.829, 

26.270, 26.344, 29.245, 29.448, 29.569, 32.123, 38.890, 52.201, 63.609, 66.403, 163.179; 

HRMS (ESI): m/z calculated for C28H60N4O2Br2 [M–Br]
+
 and [M–2Br]

2+
: 563.3961, 

565.3886 and 242.2353. Found: 563.3961, 565.3946 and 242.2427. 

 

8d: FT-IR ( 𝑣 ): 3216 cm
-1

 (amide N–H str.), 2921 cm
-1

 (–CH2– assym. str.), 2862 cm
-1

 (–

CH2– sym. str.), 1675 cm
-1 

(amide I, C=O str.), 1561 cm
-1

 (amide II, N–H ben.), 1465 cm
-1

 (–

CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.849 (t, terminal –CH3, 6H), 1.278 (m, –

CH3(CH2)5CH2–, 20H), 1.418 (m, –NHCH2CH2(CH2)2CH2CH2NH–, 4H), 1.544 (m, 

CH3(CH2)5CH2CH2–, 4H), 1.769 (m, –NHCH2CH2(CH2)2CH2CH2NH–, 4H), 3.267 (m, –

NHCH2(CH2)4CH2NH–, 4H), 3.487 (s, –CH2N
+
(CH3)2CH2–, 12H), 3.667 (m, 
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CH3(CH2)5CH2CH2–, 4H), 4.667 (m, –N
+
(CH3)2CH2CO–, 4H), 8.691 (br s, –CONHCH2–, 

2H); 
13

C-NMR (100 MHz, CDCl3): δ 14.211, 22.817, 23.226, 26.423, 28.201, 29.317, 

29.518, 29.614, 29.696, 32.160, 39.479, 52.209, 63.392, 66.116, 163.219; HRMS (ESI): m/z 

calculated for C30H64N4O2Br2 [M–Br]
+
 and [M–2Br]

2+
: 591.4203, 593.4182 and 256.2510. 

Found: 591.4242, 593.4228 and 256.2595. 

 

9a: FT-IR ( 𝑣 ): 3215 cm
-1

 (amide N–H str.), 2925 cm
-1

 (–CH2– assym. str.), 2858 cm
-1

 (–

CH2– sym. str.), 1685 cm
-1 

(amide I, C=O str.), 1560 cm
-1

 (amide II, N–H ben.), 1468 cm
-1

 (–

CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.856 (t, terminal –CH3, 6H), 1.288 (m, –

CH3(CH2)7CH2–, 28H), 1.765 (m, CH3(CH2)7CH2CH2–, 4H), 3.402-3.465 (m, –

CH2N
+
(CH3)2CH2– and CH3(CH2)7CH2CH2–, 16H), 3.620 (m, –NHCH2CH2NH–, 4H), 4.654 

(s, –N
+
(CH3)2CH2CO–, 4H), 8.889 (br s, –CONHCH2–, 2H); 

13
C-NMR (100 MHz, CDCl3): δ 

14.220, 22.778, 23.105, 26.297, 29.329, 29.514, 29.554, 29.787, 31.987, 38.511, 52.248, 

63.614, 66.410, 163.613; HRMS (ESI): m/z calculated for C30H64N4O2Br2 [M–Br]
+
 and [M–

2Br]
2+

: 591.4203, 593.4182 and 256.2510. Found: 591.4244, 593.4218 and 256.2504. 

 

9b: FT-IR ( 𝑣 ): 3215 cm
-1

 (amide N–H str.), 2930 cm
-1

 (–CH2– assym. str.), 2865 cm
-1

 (–

CH2– sym. str.), 1680 cm
-1 

(amide I, C=O str.), 1565 cm
-1

 (amide II, N–H ben.), 1470 cm
-1

 (–

CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.887 (t, terminal –CH3, 6H), 1.285 (m, –

CH3(CH2)7CH2–, 28H), 1.787 (m, CH3(CH2)7CH2CH2–, 4H), 1.877 (m, –

NHCH2CH2CH2NH–, 2H), 3.264-3.455 (m, –CH2N
+
(CH3)2CH2– and CH3(CH2)7CH2CH2–, 

16H), 3.648 (m, –NHCH2CH2CH2NH–, 4H), 4.678 (s, –N
+
(CH3)2CH2CO–, 4H), 8.859 (br s, 

–CONHCH2–, 2H); 
13

C-NMR (100 MHz, CDCl3): δ 14.147, 22.710, 22.957, 26.277, 27.790, 

29.165, 29.434, 29.472, 31.915, 52.104, 63.347, 65.884, 163.128; HRMS (ESI): m/z 

calculated for C31H66N4O2Br2 [M–Br]
+
 and [M–2Br]

2+
: 605.4359, 607.4338 and 263.2588. 

Found: 605.4347, 607.4333 and 263.2598. 

 

9c: FT-IR ( 𝑣 ): 3215 cm
-1

 (amide N–H str.), 2925 cm
-1

 (–CH2– assym. str.), 2862 cm
-1

 (–

CH2– sym. str.), 1675 cm
-1 

(amide I, C=O str.), 1563 cm
-1

 (amide II, N–H ben.), 1478 cm
-1

 (–

CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.874 (t, terminal –CH3, 6H), 1.284 (m, –

CH3(CH2)7CH2–, 28H), 1.644 (m, CH3(CH2)7CH2CH2–, 4H), 1.788 (m, –

NHCH2(CH2)2CH2NH–, 4H), 3.311 (m, –NHCH2(CH2)2CH2NH–, 4H), 3.420 (s, –

CH2N
+
(CH3)2CH2–, 12H), 3.630 (m, CH3(CH2)7CH2CH2–, 4H), 4.639 (s, –N

+
(CH3)2CH2CO–

, 4H), 8.670 (br s, –CONHCH2–, 2H); 
13

C-NMR (100 MHz, CDCl3): δ 14.230, 22.804, 

23.145, 26.270, 26.344, 29.239, 29.512, 29.550, 29.711, 32.113, 38.965, 52.194, 63.549, 

66.370, 163.179; HRMS (ESI): m/z calculated for C32H68N4O2Br2 [M–Br]
+
 and [M–2Br]

2+
: 

619.4516, 621.4495 and 270.2666. Found: 619.4498, 621.4482 and 270.2674. 

 

9d: FT-IR ( 𝑣 ): 3212 cm
-1

 (amide N–H str.), 2922 cm
-1

 (–CH2– assym. str.), 2860 cm
-1

 (–

CH2– sym. str.), 1675 cm
-1 

(amide I, C=O str.), 1565 cm
-1

 (amide II, N–H ben.), 1468 cm
-1

 (–

CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.866 (t, terminal –CH3, 6H), 1.291 (m, –

CH3(CH2)7CH2–, 28H), 1.410 (m, –NHCH2CH2(CH2)2CH2CH2NH–, 4H), 1.574 (m, 

CH3(CH2)7CH2CH2–, 4H), 1.809 (m, –NHCH2CH2(CH2)2CH2CH2NH–, 4H), 3.287 (m, –

NHCH2(CH2)4CH2NH–, 4H), 3.432 (s, –CH2N
+
(CH3)2CH2–, 12H), 3.649 (m, 

CH3(CH2)7CH2CH2–, 4H), 4.691 (m, –N
+
(CH3)2CH2CO–, 4H), 8.670 (br s, –CONHCH2–, 

2H); 
13

C-NMR (100 MHz, CDCl3): δ 14.206, 22.783, 23.126, 26.343, 26.720, 28.192, 

29.225, 29.440, 29.554, 29.706, 32.120, 39.532, 52.219, 63.402, 66.116, 163.209; HRMS 

(ESI): m/z calculated for C34H72N4O2Br2 [M–Br]
+
 and [M–2Br]

2+
: 647.4516, 649.4495 and 

284.3192. Found: 647.4813, 649.4800 and 284.2868. 
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10a: FT-IR ( 𝑣 ): 3215 cm
-1

 (amide N–H str.), 2922 cm
-1

 (–CH2– assym. str.), 2861 cm
-1

 (–

CH2– sym. str.), 1685 cm
-1 

(amide I, C=O str.), 1560 cm
-1

 (amide II, N–H ben.), 1470 cm
-1

 (–

CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.859 (t, terminal –CH3, 6H), 1.279 (m, –

CH3(CH2)9CH2–, 36H), 1.764 (m, CH3(CH2)9CH2CH2–, 4H), 3.412-3.445 (m, –

CH2N
+
(CH3)2CH2– and CH3(CH2)9CH2CH2–, 16H), 3.619 (m, –NHCH2CH2NH–, 4H), 4.653 

(s, –N
+
(CH3)2CH2CO–, 4H), 8.878 (br s, –CONHCH2–, 2H); 

13
C-NMR (100 MHz, CDCl3): δ 

14.214, 22.780, 23.005, 26.347, 29.229, 29.419, 29.503, 29.544, 29.687, 31.999, 38.509, 

52.255, 63.603, 66.401, 163.603; HRMS (ESI): m/z calculated for C34H72N4O2Br2 [M–Br]
+
 

and [M–2Br]
2+

: 647.4516, 649.4495 and 284.3192. Found: 647.4601, 649.4594 and 

284.2854. 

 

10b: FT-IR ( 𝑣 ): 3215 cm
-1

 (amide N–H str.), 2930 cm
-1

 (–CH2– assym. str.), 2865 cm
-1

 (–

CH2– sym. str.), 1685 cm
-1 

(amide I, C=O str.), 1565 cm
-1

 (amide II, N–H ben.), 1470 cm
-1

 (–

CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.881 (t, terminal –CH3, 6H), 1.305 (m, –

CH3(CH2)9CH2–, 36H), 1.790 (m, CH3(CH2)9CH2CH2–, 4H), 1.880 (m, –

NHCH2CH2CH2NH–, 2H), 3.270-3.453 (m, –CH2N
+
(CH3)2CH2– and CH3(CH2)9CH2CH2–, 

16H), 3.649 (m, –NHCH2CH2CH2NH–, 4H), 4.677 (s, –N
+
(CH3)2CH2CO–, 4H), 8.857 (br s, 

–CONHCH2–, 2H); 
13

C-NMR (100 MHz, CDCl3): δ 14.131, 22.690, 22.950, 26.270, 27.793, 

29.161, 29.334, 29.432, 29.471, 31.911, 52.006, 63.343, 65.893, 163.127; HRMS (ESI): m/z 

calculated for C34H70N4O2Br2 [M–Br]
+
 and [M–2Br]

2+
: 661.4986, 663.4964 and 291.2901. 

Found: 661.4959, 661.4945 and 291.2890. 

 

10c: FTIR ( 𝑣 ): 3212 cm
-1

 (amide N–H str.), 2915 cm
-1

 (–CH2– assym. str.), 2858 cm
-1

 (–

CH2– sym. str.), 1675 cm
-1 

(amide I, C=O str.), 1560 cm
-1

 (amide II, N–H ben.), 1475 cm
-1

 (–

CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.869 (t, terminal –CH3, 6H), 1.288 (m, –

CH3(CH2)9CH2–, 36H), 1.646 (m, CH3(CH2)9CH2CH2–, 4H), 1.776 (m, –

NHCH2(CH2)2CH2NH–, 4H), 3.302 (m, –NHCH2(CH2)2CH2NH–, 4H), 3.419 (s, –

CH2N
+
(CH3)2CH2–, 12H), 3.624 (m, CH3(CH2)9CH2CH2–, 4H), 4.641 (s, –N

+
(CH3)2CH2CO–

, 4H), 8.699 (br s, –CONHCH2–, 2H); 
13

C-NMR (100 MHz, CDCl3): δ 14.237, 22.804, 

23.045, 26.270, 26.341, 29.235, 29.440, 29.503, 29.555, 29.705, 32.023, 38.980, 52.197, 

63.449, 66.363, 163.171; HRMS (ESI): m/z calculated for C36H76N4O2Br2 [M–Br]
+
 and [M–

2Br]
2+

: 675.5142, 677.5121 and 298.2979. Found: 675.5119, 677.5104 and 298.2942. 

 

10d: FT-IR ( 𝑣 ): 3212 cm
-1

 (amide N–H str.), 2920 cm
-1

 (–CH2– assym. str.), 2860 cm
-1

 (–

CH2– sym. str.), 1675 cm
-1 

(amide I, C=O str.), 1560 cm
-1

 (amide II, N–H ben.), 1465 cm
-1

 (–

CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.869 (t, terminal –CH3, 6H), 1.288 (m, –

CH3(CH2)9CH2–, 36H), 1.414 (m, –NHCH2CH2(CH2)2CH2CH2NH–, 4H), 1.586 (m, 

CH3(CH2)9CH2CH2–, 4H), 1.779 (m, –NHCH2CH2(CH2)2CH2CH2NH–, 4H), 3.284 (m, –

NHCH2(CH2)4CH2NH–, 4H), 3.429 (s, –CH2N
+
(CH3)2CH2–, 12H), 3.653 (m, 

CH3(CH2)9CH2CH2–, 4H) 4.701 (m, –N
+
(CH3)2CH2CO–, 4H), 8.688 (br s, –CONHCH2–, 

2H); 
13

C-NMR (100 MHz, CDCl3): δ 14.236, 22.803, 23.046, 26.343, 26.720, 28.191, 

29.227, 29.439, 29.498, 29.554, 29.706, 32.020, 39.529, 52.119, 63.412, 66.106, 163.119; 

HRMS (ESI): m/z calculated for C38H80N4O2Br2 [M–Br]
+
 and [M–2Br]

2+
: 703.5456, 

705.5434 and 312.3136. Found: 703.5440, 705.5427 and 312.3124. 

 

11a: FT-IR ( 𝑣 ): 3219 cm
-1

 (amide N–H str.), 2928 cm
-1

 (–CH2– assym. str.), 2861 cm
-1

 (–

CH2– sym. str.), 1680 cm
-1 

(amide I, C=O str.), 1555 cm
-1

 (amide II, N–H ben.), 1470 cm
-1

 (–

CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.872 (t, terminal –CH3, 6H), 1.311 (m, –

CH3(CH2)13CH2–, 52H), 1.780 (m, CH3(CH2)13CH2CH2–, 4H), 3.410-3.456 (m, –

CH2N
+
(CH3)2CH2– and CH3(CH2)13CH2CH2–, 16H), 3.611 (m, –NHCH2CH2NH–, 4H), 
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4.671 (s, –N
+
(CH3)2CH2CO–, 4H), 8.943 (br s, –CONHCH2–, 2H); 

13
C-NMR (100 MHz, 

CDCl3): δ 14.256, 22.830, 23.026, 26.371, 29.248, 29.503, 29.530, 29.583, 29.727, 29.801, 

29.839, 32.066, 38.452, 52.311, 63.523, 66.112, 163.453; HRMS (ESI): m/z calculated for 

C42H88N4O2Br2 [M–Br]
+
 and [M–2Br]

2+
: 759.6082, 761.6061 and 340.3449 Found: 

759.6044, 761.6035 and 340.3584. 

 

11b: FT-IR ( 𝑣 ): 3215 cm
-1

 (amide N–H str.), 2929 cm
-1

 (–CH2– assym. str.), 2865 cm
-1

 (–

CH2– sym. str.), 1683 cm
-1 

(amide I, C=O str.), 1565 cm
-1

 (amide II, N–H ben.), 1475 cm
-1

 (–

CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.871 (t, terminal –CH3, 6H), 1.325 (m, –

CH3(CH2)13CH2–, 52H), 1.785 (m, CH3(CH2)13CH2CH2–, 4H), 1.883 (m, –

NHCH2CH2CH2NH–, 2H), 3.383-3.425 (m, –CH2N
+
(CH3)2CH2– and CH3(CH2)13CH2CH2–, 

16H), 3.604 (m, –NHCH2CH2CH2NH–, 4H), 4.814 (s, –N
+
(CH3)2CH2CO–, 4H), 8.876 (br s, 

–CONHCH2–, 2H); 
13

C-NMR (100 MHz, CDCl3): δ 14.250, 22.824, 22.989, 26.354, 27.646, 

29.213, 29.497, 29.564, 29.717, 29.802, 29.828, 32.059, 52.088, 63.518, 66.144, 163.252; 

HRMS (ESI): m/z calculated for C43H90N4O2Br2 [M–Br]
+
 and [M–2Br]

2+
: 773.6238, 

775.6218 and 347.3527. Found: 773.6192, 775.6183 and 347.3605. 

 

11c: FT-IR ( 𝑣 ): 3215 cm
-1

 (amide N–H str.), 2925 cm
-1

 (–CH2– assym. str.), 2861 cm
-1

 (–

CH2– sym. str.), 1675 cm
-1 

(amide I, C=O str.), 1565 cm
-1

 (amide II, N–H ben.), 1475 cm
-1

 (–

CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.868 (t, terminal –CH3, 6H), 1.289 (m, –

CH3(CH2)13CH2–, 52H), 1.645 (m, CH3(CH2)13CH2CH2–, 4H), 1.787 (m, –

NHCH2(CH2)2CH2NH–, 4H), 3.299 (m, –NHCH2(CH2)2CH2NH–, 4H), 3.418 (s, –

CH2N
+
(CH3)2CH2–, 12H), 3.624 (m, CH3(CH2)9CH2CH2–, 4H), 4.648 (s, –N

+
(CH3)2CH2CO–

, 4H), 8.711 (br s, –CONHCH2–, 2H); 
13

C-NMR (100 MHz, CDCl3): δ 14.243, 22.816, 

23.048, 26.278, 26.350, 29.247, 29.487, 29.516, 29.574, 29.720, 29.784, 29.807, 29.826, 

32.053, 38.974, 52.1990, 63.453, 66.379, 163.179; HRMS (ESI): m/z calculated for 

C44H92N4O2Br2 [M–Br]
+
 and [M–2Br]

2+
: 787.6395, 789.6374 and 354.3606. Found: 

787.6352, 789.6343 and 354.3759. 

 

11d: FT-IR ( 𝑣 ): 3215 cm
-1

 (amide N–H str.), 2921 cm
-1

 (–CH2– assym. str.), 2865 cm
-1

 (–

CH2– sym. str.), 1674 cm
-1 

(amide I, C=O str.), 1560 cm
-1

 (amide II, N–H ben.), 1465 cm
-1

 (–

CH2– scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.876 (t, terminal –CH3, 6H), 1.337 (m, –

CH3(CH2)13CH2–, 52H), 1.421 (m, –NHCH2CH2(CH2)2CH2CH2NH–, 4H), 1.587 (m, 

CH3(CH2)13CH2CH2–, 4H), 1.779 (m, –NHCH2CH2(CH2)2CH2CH2NH–, 4H), 3.299 (m, –

NHCH2(CH2)4CH2NH–, 4H), 3.429 (s, –CH2N
+
(CH3)2CH2–, 12H), 3.644 (m, 

CH3(CH2)13CH2CH2–, 4H), 4.681 (m, –N
+
(CH3)2CH2CO–, 4H), 8.682 (br s, –CONHCH2–, 

2H); 
13

C-NMR (100 MHz, CDCl3): δ 14.241, 22.815, 23.050, 26.350, 26.737, 28.180, 

29.237, 29.486, 29.511, 29.571, 29.717, 29.783, 29.805, 29.824, 32.052, 39.538, 52.122, 

63.420, 66.111, 163.136; HRMS (ESI): m/z calculated for C46H96N4O2Br2 [M–Br]
+
 and [M–

2Br]
2+

: 815.6708, 817.6687 and 368.3763. Found: 815.6661, 817.6652 and 368.3823.  

 

4A.4.2.6 General Synthesis of 12a-12f  

NHMe2 gas was collected into dry CHCl3 (40 mL) in a screw-top pressure tube set at 0 
°
C 

until the volume of the resulting solution became 1.5 fold (~60 mL). Dibromoalkane (10 g) 

was then added through syringe and stirred for 24 h at room temperature. After cooling, the 

reaction mixture was transferred into a round bottomed flask quantitatively. Excess gas was 

removed by heating the reaction mixture slowly. Finally, the mixture was diluted with CHCl3 
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followed by washing with NaOH (2 M, 100 mL × 2) solution. Organic layer was then 

collected and passed through anhydrous Na2SO4. Finally, the organic solution was dried and 

light yellow gummy liquid was obtained as product with quantitative yield. 12a and 12b were 

obtained from commercial source. 

 

12c (N,N,N′,N′-Tetramethyl-1,6-diaminohexane):  
1
H-NMR (400 MHz, CDCl3): δ 1.288-

1.342 (m,  CH2CH2CH2NMe2, 4H), 1.421-1.476 (m,  CH2CH2CH2NMe2, 4H), 2.204-2.255 

(br. m, CH2CH2N(CH3)2 and CH2CH2CH2NMe2, 16H); 
13

C NMR (100 MHz, CDCl3): δ 

27.636, 27.879, 45.656, 60.030.  

 

12d (N,N,N′,N′-Tetramethyl-1,8-diaminoctane):  
1
H-NMR (400 MHz, CDCl3): δ 1.223-1.314 

(br. m,  (CH2)2CH2CH2NMe2, 8H), 1.398-1.451 (m,  (CH2)2CH2CH2NMe2, 4H), 2.179-

2.228 (br. m, CH2CH2N(CH3)2 and (CH2)2CH2CH2NMe2, 16H); 
13

C NMR (100 MHz, 

CDCl3): δ 27.615, 27.877, 29.685, 45.638, 60.092. 

 

12e (N,N,N′,N′-Tetramethyl-1,10-diaminodecane):  
1
H-NMR (400 MHz, CDCl3): δ 1.257 (br. 

m,  (CH2)3CH2CH2NMe2, 12H), 1.409-1.444 (m,  (CH2)3CH2CH2NMe2, 4H), 2.192-2.242 

(br. m, CH2CH2N(CH3)2 and (CH2)3CH2CH2NMe2, 16H); 
13

C NMR (100 MHz, CDCl3): δ 

27.671, 27.908, 29.703, 29.753, 45.643, 60.119. 

 

12f (N,N,N′,N′-Tetramethyl-1,12-diaminododecane):  
1
H-NMR (400 MHz, CDCl3): δ 1.246-

1.262 (br. m,  (CH2)4CH2CH2NMe2, 16H), 1.410-1.445 (m,  (CH2)4CH2CH2NMe2, 4H), 

2.190-2.231 (br. m, CH2CH2N(CH3)2 and (CH2)4CH2CH2NMe2 and, 16H); 
13

C NMR (100 

MHz, CDCl3): δ 27.682, 27.922, 29.753, 29.775, 45.652, 60.130. 

 

4A.4.2.7 General synthesis of 13a-13f, 14a-14f, 15a-15f and 16a-16f 

N,N,N′,N′-Tetramethyl-,-diaminoalkanes (5 mmol) was reacted with N-alkyl-1-

bromoethanamide (15 mmol) in dry CHCl3 (40 mL) in a screw-top pressure tube at 85 
°
C for 

about 24 h. After the reaction, the solvent was evaporated and the product was precipitated 

using excess diethylether. Finally the product was filtered and washed multiple times with 

diethylether. The precipitate was then dried overnight in vacuum oven at 55 ˚C to give 13a-

13f, 14a-14f, 15a-15f and 16a-16f quantitatively. 

 

13a: FT-IR ( 𝑣 ): 3263 cm
-1

 (NH str.), 2925 cm
-1

 (CH2 assym. str.), 2852 cm
-1

 (CH2 sym.  

str.), 1688 cm
-1 

(amide I, C=O str.), 1562 cm
-1

 (amide II, NH ben.), 1481 cm
-1

 (CH2 scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.88 (t, terminal –CH3, 6H), 1.26-1.35 (m, CH2(CH2)3CH3, 

12H), 1.57 (m, CH2(CH2)3CH3 4H), 3.24 (m, CONHCH2, 4H), 3.62 (s, (CH3)2N
+
, 

12H), 4.67 (br. m, (Me)2
+
NCH2, 4H), 4.79 (s, NHCOCH2, 4H), 8.81 (br. s, amide –NH, 

2H); 
13

C-NMR (100 MHz, CDCl3): δ 14.3, 22.6, 26.8, 29.1, 31.5, 40.2, 53.1, 63.2, 162.2; 

HRMS: calculated m/z 479.2955, 481.2940 [M–Br

]

+
, 200.1883 [M–2Br


]

2+
; observed m/z 

479.2954, 481.2938 [M–Br

]

+
, 200.1886 [M–2Br


]
2+

. 
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13b: FT-IR ( 𝑣 ): 3260 cm
-1

 (NH str.), 2928 cm
-1

 (CH2 assym. str.), 2860 cm
-1

 (CH2 sym.  

str.), 1681 cm
-1 

(amide I, C=O str.), 1556 cm
-1

 (amide II, NH ben.), 1484 cm
-1

 (CH2 scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.89 (t, terminal –CH3, 6H), 1.26-1.29 (br. m, 

CH2(CH2)3CH3 12H), 1.54 (m, CH2(CH2)3CH3, 4H), 2.14 (br. m, CH2CH2N
+
Me2, 4H) 

3.25 (m, CONHCH2, 4H), 3.47 (s, (CH3)2N
+
, 12H), 3.91 (br. m, (Me)2

+
NCH2, 4H), 

4.46 (s, NHCOCH2, 4H), 8.51 (br. s, amide –NH, 2H); 
13

C-NMR (100 MHz, CDCl3): δ 

14.1, 20.4, 22.6, 26.7, 29.1, 31.4, 40.1, 52.2, 63.1, 65.5, 162.6; HRMS: calculated m/z 

507.3268, 509.3291 [M–Br

]

+
, 214.2039 [M–2Br


]

2+
; observed m/z 507.3250, 509.3285 [M–

Br

]

+
, 214.2063 [M–2Br


]

2+
. 

 

13c: FT-IR ( 𝑣 ): 3261 cm
-1

 (NH str.), 2925 cm
-1

 (CH2 assym. str.), 2850 cm
-1

 (CH2 sym.  

str.), 1680 cm
-1 

(amide I, C=O str.), 1560 cm
-1

 (amide II, NH ben.), 1482 cm
-1

 (CH2 scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.87 (t, terminal –CH3, 6H), 1.26-1.37 (m, CH2(CH2)3CH3, 

12H), 1.55 (m, CH2(CH2)3CH3 and (CH2)2CH2CH2N
+
Me2,  8H), 2.1 (br. m, 

CH2CH2N
+
Me2, 4H) 3.25 (m, CONHCH2, 4H), 3.44 (s, (CH3)2N

+
, 12H), 3.74 (br. m, 

(Me)2
+
NCH2, 4H), 4.58 (s, NHCOCH2, 4H), 8.61 (br. s, amide –NH, 2H); 

13
C-NMR 

(100 MHz, CDCl3): δ 14.1, 21.8, 22.6, 24.5, 26.7, 29.1, 31.4, 39.9, 52.3, 62.8, 66.8, 162.8; 

HRMS: calculated m/z 535.3581, 537.3569 [M–Br

]

+
, 228.2196 [M–2Br


]

2+
; observed m/z 

535.3593, 537.3576 [M–Br

]

+
, 228.2207 [M–2Br


]
2+

.  

 

13d: FT-IR ( 𝑣 ): 3260 cm
-1

 (NH str.), 2930 cm
-1

 (CH2 assym. str.), 2860 cm
-1

 (CH2 sym.  

str.), 1685 cm
-1 

(amide I, C=O str.), 1552 cm
-1

 (amide II, NH ben.), 1480 cm
-1

 (CH2 scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.87 (t, terminal –CH3, 6H), 1.28-1.35 (br. m, 

CH2(CH2)3CH3 12H), 1.48 (m, CH2(CH2)4CH2, 8H), 1.59 (m, CH2(CH2)3CH3, 4H), 1.95 

(br. m, CH2CH2N
+
Me2, 4H) 3.26 (m, CONHCH2, 4H), 3.41 (s, (CH3)2N

+
, 12H), 3.70 

(br. m, (Me)2
+
NCH2, 4H), 4.55 (s, NHCOCH2, 4H), 8.76 (br. s, amide –NH, 2H); 

13
C-

NMR (100 MHz, CDCl3): δ 15.9, 24.5, 24.6, 27.8, 28.3, 30.4, 30.5, 33.2, 42.1, 54.9, 65.3, 

67.8, 162.8; HRMS: calculated m/z 563.3894, 565.3878 [M–Br

]

+
, 242.2352 [M–2Br


]

2+
;  

observed m/z 563.3900, 565.3885 [M–Br

]

+
, 242.2359 [M–2Br


]

2+
. 

 

13e: FT-IR ( 𝑣 ): 3257 cm
-1

 (NH str.), 2925 cm
-1

 (CH2 assym. str.), 2850 cm
-1

 (CH2 sym.  

str.), 1679 cm
-1 

(amide I, C=O str.), 1555 cm
-1

 (amide II, NH ben.), 1480 cm
-1

 (CH2 scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.87 (t, terminal –CH3, 6H), 1.28-1.43 (m, CH2(CH2)3CH3, 

and (CH2)6CH2CH2N
+
Me2, 24H), 1.59 (m, CH2(CH2)3CH3 4H), 1.87 (br. m, 

CH2CH2N
+
Me2, 4H) 3.25 (m, CONHCH2, 4H), 3.39 (s, (CH3)2N

+
, 12H), 3.68 (br. m, 

(Me)2
+
NCH2, 4H), 4.56 (s, NHCOCH2, 4H), 8.82 (br. s, amide –NH, 2H); 

13
C-NMR 

(100 MHz, CDCl3): δ 14.1, 22.6, 22.6, 25.8, 26.7, 28.2, 28.4, 29.1, 31.4, 39.942, 52.1, 

63.323, 66.4, 162.8; HRMS: calculated m/z 591.4207, 593.4188 [M–Br

]

+
, 256.2509 [M–

2Br

]

2+
; observed m/z 591.4206, 593.4192 [M–Br


]

+
, 256.2524 [M–2Br


]

2+
. 

  

13f: FT-IR ( 𝑣 ): 3260 cm
-1

 (NH str.), 2928 cm
-1

 (CH2 assym. str.), 2855 cm
-1

 (CH2 sym.  

str.), 1680 cm
-1 

(amide I, C=O str.), 1555 cm
-1

 (amide II, NH ben.), 1480 cm
-1

 (CH2 scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.87 (t, terminal –CH3, 6H), 1.28-1.39 (br. m, 

CH2(CH2)3CH3 and (CH2)8CH2CH2N
+
Me2, 28H), 1.56 (m, CH2(CH2)3CH3, 4H), 1.83 (br. 

m, CH2CH2N
+
Me2, 4H) 3.27 (m, CONHCH2, 4H), 3.37 (s, (CH3)2N

+
, 12H), 3.65 (br. 

m, (Me)2
+
NCH2, 4H), 4.58 (s, NHCOCH2, 4H), 8.89 (br. s, amide –NH, 2H); 

13
C-NMR 

(100 MHz, CDCl3): δ 14.1, 22.6, 22.6, 22.9, 26.1, 26.5, 26.8, 28.6, 28.7, 28.7, 29.1, 29.3, 
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31.5, 40.1, 49.8, 52.1, 63.4, 162.8; HRMS: calculated m/z 619.4520, 621.4520 [M–Br

]

+
, 

270.2665 [M–2Br

]

2+
; observed m/z 619.4527, 621.4516 [M–Br


]

+
, 270.2687 [M–2Br


]

2+
. 

 

14a: FT-IR ( 𝑣 ): 3265 cm
-1

 (NH str.), 2927 cm
-1

 (CH2 assym. str.), 2860 cm
-1

 (CH2 sym.  

str.), 1675 cm
-1 

(amide I, C=O str.), 1550 cm
-1

 (amide II, NH ben.), 1474 cm
-1

 (CH2 scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.88 (t, terminal –CH3, 6H), 1.26-1.31 (br. m, 

CH2(CH2)5CH3, 20H), 1.57 (m, CH2(CH2)5CH3, 4H), 3.23 (m, CONHCH2, 4H), 3.62 (s, 

(CH3)2N
+
, 12H), 4.68 (br. m, (Me)2

+
NCH2, 4H), 4.81 (s, NHCOCH2, 4H), 8.37 (br. s, 

amide –NH, 2H); 
13

C-NMR (100 MHz, CDCl3): δ 14.2, 22.7, 27.1, 29.1, 29.3, 29.4, 31.9, 

40.2, 53.1, 58.1, 63.1, 162.2; HRMS: calculated m/z 535.3581, 537.3569 [M–Br

]

+
, 228.2196 

[M–2Br

]

2+
; observed m/z 535.3592, 537.3578 [M–Br


]

+
, 228.2203 [M–2Br


]

2+
. 

 

14b: FT-IR ( 𝑣 ): 3269 cm
-1

 (NH str.), 2933 cm
-1

 (CH2 assym. str.), 2855 cm
-1

 (CH2 sym.  

str.), 1685 cm
-1 

(amide I, C=O str.), 1555 cm
-1

 (amide II, NH ben.), 1480 cm
-1

 (CH2 scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.87 (t, terminal –CH3, 6H), 1.26-1.34 (br. m, 

CH2(CH2)5CH3, 20H), 1.44 (m, (CH2)4CH2CH2N
+
Me2, 8H), 1.58 (m, CH2(CH2)5CH3, 

4H), 2.15 (br. m, CH2CH2N
+
Me2, 4H) 3.23 (m, CONHCH2, 4H), 3.46 (s, (CH3)2N

+
, 

12H), 3.92 (br. m, (Me)2
+
NCH2, 4H), 4.47 (s, NHCOCH2, 4H), 8.52 (br. s, amide –NH, 

2H); 
13

C-NMR (100 MHz, CDCl3): δ 14.2, 20.4, 22.7, 27.2, 29.1, 29.3, 29.3, 31.9, 40.1, 52.3, 

63.1, 65.7, 162.6; HRMS: calculated m/z 563.3894, 565.3878 [M–Br

]

+
, 242.2352 [M–

2Br

]

2+
; observed m/z 563.3895, 565.3881 [M–Br


]

+
, 242.2356 [M–2Br


]

2+
. 

 

14c: FT-IR ( 𝑣 ): 3260 cm
-1

 (NH str.), 2922 cm
-1

 (CH2 assym. str.), 2850 cm
-1

 (CH2 sym.  

str.), 1680 cm
-1 

(amide I, C=O str.), 1554 cm
-1

 (amide II, NH ben.), 1480 cm
-1

 (CH2 scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.87 (t, terminal –CH3, 6H), 1.26-1.29 (m, CH2(CH2)5CH3, 

20H), 1.56-1.62 (m, CH2(CH2)5CH3 and (CH2)2CH2CH2N
+
Me2, 8H), 2.12 (br. m, 

CH2CH2N
+
Me2, 4H) 3.21 (m, CONHCH2, 4H), 3.61 (s, (CH3)2N

+
, 12H), 4.68 (br. m, 

(Me)2
+
NCH2, 4H), 4.81 (s, NHCOCH2, 4H), 8.69 (br. s, amide –NH, 2H); 

13
C-NMR 

(100 MHz, CDCl3): δ 14.1, 21.9, 22.7, 24.7, 27.1, 29.1, 29.2, 29.3, 31.8, 39.9, 62.9, 66.2, 

162.9; HRMS: calculated m/z 591.4207, 593.4188 [M–Br

]

+
, 256.2509 [M–2Br


]

2+
; observed 

m/z 591.4214, 593.4202 [M–Br

]

+
, 256.2522 [M–2Br


]

2+
. 

 

14d: FT-IR ( 𝑣 ): 3259 cm
-1

 (NH str.), 2927 cm
-1

 (CH2 assym. str.), 2854 cm
-1

 (CH2 sym.  

str.), 1685 cm
-1 

(amide I, C=O str.), 1555 cm
-1

 (amide II, NH ben.), 1479 cm
-1

 (CH2 scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.87 (t, terminal –CH3, 6H), 1.25-1.28 (br. m, 

CH2(CH2)5CH3, 20H), 1.44 (m, (CH2)4CH2CH2N
+
Me2, 8H), 1.58 (m, CH2(CH2)5CH3, 

4H), 1.95 (br. m, CH2CH2N
+
Me2, 4H) 3.24 (m, CONHCH2, 4H), 3.40 (s, (CH3)2N

+
, 

12H), 3.71 (br. m, (Me)2
+
NCH2, 4H), 4.55 (s, NHCOCH2, 4H), 8.79 (br. s, amide –NH, 

2H); 
13

C-NMR (100 MHz, CDCl3): δ 14.1, 22.3, 22.6, 25.5, 27.1, 27.7, 29.1, 29.2, 29.2, 31.8, 

39.8, 52.2, 63.1, 66.2, 162.9; HRMS: calculated m/z 619.4520, 621.4520 [M–Br

]

+
, 270.2665 

[M–2Br

]

2+
; observed m/z 619.4522, 621.4511 [M–Br


]

+
, 270.2679 [M–2Br


]

2+
. 

 

14e: FT-IR ( 𝑣 ) : 3260 cm
-1

 (NH str.), 2935 cm
-1

 (CH2 assym. str.), 2855 cm
-1

 (CH2 sym.  

str.), 1685 cm
-1 

(amide I, C=O str.), 1555 cm
-1

 (amide II, NH ben.), 1480 cm
-1

 (CH2 scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.87 (t, terminal –CH3, 6H), 1.26-1.35 (br. m, 

CH2(CH2)5CH3 and (CH2)4CH2CH2CH2N
+
Me2, 24H), 1.43 (m, 

(CH2)4CH2CH2CH2N
+
Me2, 8H), 1.54 (m, CH2(CH2)5CH3, 4H), 1.87 (br. m, 

CH2CH2N
+
Me2, 4H) 3.25 (m, CONHCH2, 4H), 3.39 (s, (CH3)2N

+
, 12H), 3.70 (br. m, 
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(Me)2
+
NCH2, 4H), 4.57 (s, NHCOCH2, 4H), 8.84 (br. s, amide –NH, 2H); 

13
C-NMR 

(100 MHz, CDCl3): δ 14.1, 22.7, 25.7, 27.1, 28.1, 28.2, 29.1, 29.3, 31.9, 40.1, 52.1, 63.4, 

66.9, 162.8; HRMS: calculated m/z 647.4833, 649.4815, [M–Br

]

+
, 284.2822 [M–2Br


]

2+
; 

observed m/z 647.4835, 649.4819, [M–Br

]

+
, 284.2877 [M–2Br


]

2+
. 

 

14f: FT-IR ( 𝑣 ): 3263 cm
-1

 (NH str.), 2935 cm
-1

 (CH2 assym. str.), 2860 cm
-1

 (CH2 sym.  

str.), 1682 cm
-1 

(amide I, C=O str.), 1555 cm
-1

 (amide II, NH ben.), 1480 cm
-1

 (CH2 scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.86 (t, terminal –CH3, 6H), 1.25-1.29 (br. m, 

CH2(CH2)5CH3 and (CH2)8CH2CH2N
+
Me2, 36H), 1.57 (m, CH2(CH2)3CH3, 4H), 1.82 (br. 

m, CH2CH2N
+
Me2, 4H) 3.26 (m, CONHCH2, 4H), 3.38 (s, (CH3)2N

+
, 12H), 3.66 (br. 

m, (Me)2
+
NCH2, 4H), 4.57 (s, NHCOCH2, 4H), 8.81 (br. s, amide –NH, 2H); 

13
C-NMR 

(100 MHz, CDCl3): δ 14.1, 22.7, 22.9, 26.1, 27.2, 28.7, 28.8, 29.1, 29.3, 29.5, 29.6, 31.9, 

39.9, 52.1, 63.4, 66.3, 162.8; HRMS: calculated m/z 675.5148, 677.5130 [M–Br

]

+
, 298.2978 

[M–2Br

]

2+
; observed m/z 675.5148, 677.5133 [M–Br


]

+
, 298.3002 [M–2Br


]

2+
. 

 

15a: FT-IR ( 𝑣 ): 3258 cm
-1

 (NH str.), 2920 cm
-1

 (CH2 assym. str.), 2848 cm
-1

 (CH2 sym.  

str.), 1685 cm
-1 

(amide I, C=O str.), 1550 cm
-1

 (amide II, NH ben.), 1472 cm
-1

 (CH2 scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.84 (t, terminal –CH3, 6H), 1.26 (m, CH2(CH2)7CH3, 28H), 

1.52 (m, CH2(CH2)7CH3, 4H), 3.21 (m, CONHCH2, 4H), 3.61 (s, (CH3)2N
+
, 12H), 

4.68 (br. m, CH2N
+
Me2, 4H), 4.81 (s, NHCOCH2, 4H), 8.34 (br. s, amide –NH, 2H); 

13
C-NMR (100 MHz, CDCl3): δ 14.1, 22.7, 27.1, 29.1, 29.3, 29.4, 29.6, 31.9, 40.1, 57.9, 63.0, 

162.1; HRMS: calculated m/z 591.4207, 593.4188 [M–Br

]

+
, 256.2509 [M–2Br


]

2+
; observed 

m/z 591.4212, 593.4198 [M–Br

]

+
, 256.2529 [M–2Br


]

2+
. 

 

15b: FT-IR ( 𝑣 ): 3261 cm
-1

 (NH str.), 2928 cm
-1

 (CH2 assym. str.), 2851 cm
-1

 (CH2 sym.  

str.), 1682 cm
-1 

(amide I, C=O str.), 1554 cm
-1

 (amide II, NH ben.), 1476 cm
-1

 (CH2 scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.87 (t, terminal –CH3, 6H), 1.29 (br. m, CH2(CH2)7CH3, 

28H), 1.55 (m, CH2(CH2)7CH3, 4H), 2.21 (br. m, CH2CH2N
+
Me2, 4H), 3.27 (m, 

CONHCH2, 4H), 3.45 (s, (CH3)2N
+
, 12H), 3.89 (br. m, CH2CH2N

+
Me2, 4H), 4.44 (s, 

NHCOCH2, 4H), 8.56 (br. s, amide –NH, 2H); 
13

C-NMR (100 MHz, CDCl3): δ 14.2, 20.4, 

22.7, 27.2, 29.2, 29.4, 29.4, 29.7, 31.9, 40.1, 63.1, 65.5, 162.6; HRMS: calculated m/z 

619.4520, 621.4520 [M–Br

]

+
, 270.2665 [M–2Br


]

2+
; observed m/z 619.4525, 621.4521 [M–

Br

]

+
, 270.2683 [M–2Br


]

2+
. 

 

15c: FT-IR ( 𝑣 ): 3255 cm
-1

 (NH str.), 2925 cm
-1

 (CH2 assym. str.), 2852 cm
-1

 (CH2 sym.  

str.), 1680 cm
-1 

(amide I, C=O str.), 1555 cm
-1

 (amide II, NH ben.), 1470 cm
-1

 (CH2 scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.87 (t, terminal –CH3, 6H), 1.24-1.29 (m, CH2(CH2)7CH3, 

28H), 1.53-1.58 (m, CH2(CH2)7CH3 and (CH2)2CH2CH2N
+
Me2, 8H), 1.94 (br. m, 

CH2CH2N
+
Me2, 4H), 3.25 (m, CONHCH2, 4H), 3.44 (s, (CH3)2N

+
, 12H), 3.75 (br. m, 

CH2N
+
Me2, 4H), 4.57 (s, NHCOCH2, 4H), 8.61 (br. s, amide –NH, 2H); 

13
C-NMR (100 

MHz, CDCl3): δ 14.2, 21.7, 22.7, 24.4, 27.2, 29.1, 29.4, 29.4, 29.6, 32.1, 40.1, 52.4, 62.9, 

66.9, 162.9; HRMS: calculated m/z 647.4833, 649.4815, [M–Br

]

+
, 284.2822 [M–2Br


]

2+
; 

observed m/z 647.4830, 649.4813, [M–Br

]

+
, 284.2827 [M–2Br


]

2+
. 

 

15d: FT-IR ( 𝑣 ): 3257 cm
-1

 (NH str.), 2925 cm
-1

 (CH2 assym. str.), 2849 cm
-1

 (CH2 sym.  

str.), 1682 cm
-1 

(amide I, C=O str.), 1555 cm
-1

 (amide II, NH ben.), 1482 cm
-1

 (CH2 scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.87 (t, terminal –CH3, 6H), 1.25-1.48 (m, CH2(CH2)7CH3, 

28H), 1.53-1.61 (m, (CH2)4CH2CH2N
+
Me2, 8H), 1.96 (br. m, CH2CH2N

+
Me2, 4H) 3.23 
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(m, CONHCH2, 4H), 3.42 (s, (CH3)2N
+
, 12H), 3.72 (br. m, (Me)2

+
NCH2, 4H), 4.55 

(s, NHCOCH2, 4H), 8.74 (br. s, amide –NH, 2H); 
13

C-NMR (100 MHz, CDCl3): δ 14.1, 

21.7, 22.8, 24.5, 27.2, 29.2, 29.4, 29.5, 29.6, 32.1, 40.2, 52.5, 62.9, 66.9, 162.7; HRMS: 

calculated m/z 675.5148, 677.5130 [M–Br

]

+
, 298.2978 [M–2Br


]

2+
; observed m/z 675.5146, 

677.5133 [M–Br

]

+
, 298.3002 [M–2Br


]

2+
. 

 

15e: FT-IR ( 𝑣 ): 3260 cm
-1

 (NH str.), 2920 cm
-1

 (CH2 assym. str.), 2849 cm
-1

 (CH2 sym.  

str.), 1682 cm
-1 

(amide I, C=O str.), 1555 cm
-1

 (amide II, NH ben.), 1477 cm
-1

 (CH2 scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.88 (t, terminal –CH3, 6H), 1.27-1.35 (m, CH2(CH2)7CH3 

and CH2(CH2)4CH2CH2N
+
Me2, 32H), 1.43 (m, CH2(CH2)4CH2CH2N

+
Me2, 8H), 1.58 (m, 

CH2(CH2)7CH3, 4H), 1.87 (br. m, CH2CH2N
+
Me2, 4H), 3.26 (m, CONHCH2, 4H), 3.39 

(s, (CH3)2N
+
, 12H), 3.70 (br. m, CH2N

+
Me2, 4H), 4.57 (s, NHCOCH2, 4H), 8.84 (br. 

s, amide –NH, 2H); 
13

C-NMR (100 MHz, CDCl3): δ 14.2, 22.5, 22.8, 25.7, 27.2, 28.1, 28.2, 

29.1, 29.3, 29.7, 32.1, 40.1, 52.1, 63.4, 66.9, 162.8; HRMS: calculated m/z 703.5459, 

705.5450 [M–Br

]

+
, 312.3135 [M–2Br


]

2+
; observed m/z 703.5467, 705.5454 [M–Br


]

+
, 

312.3177 [M–2Br

]

2+
. 

 

15f: FT-IR ( 𝑣 ): 3267 cm
-1

 (NH str.), 2931 cm
-1

 (CH2 assym. str.), 2854 cm
-1

 (CH2 sym.  

str.), 1688 cm
-1 

(amide I, C=O str.), 1550 cm
-1

 (amide II, NH ben.), 1480 cm
-1

 (CH2 scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.87 (t, terminal –CH3, 6H), 1.25-1.30 (m, CH2(CH2)5CH3 

and (CH2)4(CH2)4CH2CH2N
+
Me2, 36H), 1.39 (m, (CH2)4(CH2)4CH2CH2N

+
Me2, 8H), 1.56-

1.61 (m, CH2(CH2)5CH3, 4H), 1.85 (br. m, CH2CH2N
+
Me2, 4H), 3.25 (m, CONHCH2, 

4H), 3.37 (s, (CH3)2N
+
, 12H), 3.64 (br. m, (Me)2

+
NCH2, 4H), 4.58 (s, NHCOCH2, 

4H), 8.88 (br. s, amide –NH, 2H); 
13

C-NMR (100 MHz, CDCl3): δ 14.2, 22.4, 22.8, 25.7, 

27.2, 28.1, 28.3, 29.2, 29.4, 29.7, 32.2, 41.1, 52.6, 63.5, 66.9, 162.7; HRMS: calculated m/z 

731.5772, 733.5759 [M–Br

]

+
, 326.3291 [M–2Br


]

2+
; observed m/z 731.5776, 733.5761 [M–

Br

]

+
, 326.3290 [M–2Br


]

2+
. 

 

16a: FT-IR ( 𝑣 ): 3258 cm
-1

 (NH str.), 2920 cm
-1

 (CH2 assym. str.), 2848 cm
-1

 (CH2 sym.  

str.), 1685 cm
-1 

(amide I, C=O str.), 1550 cm
-1

 (amide II, NH ben.), 1472 cm
-1

 (CH2 scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.84 (t, terminal –CH3, 6H), 1.26 (m, CH2(CH2)7CH3, 28H), 

1.52 (m, CH2(CH2)7CH3, 4H), 3.21 (m, CONHCH2, 4H), 3.61 (s, (CH3)2N
+
, 12H), 

4.68 (br. m, CH2N
+
Me2, 4H), 4.81 (s, NHCOCH2, 4H), 8.34 (br. s, amide –NH, 2H); 

13
C-NMR (100 MHz, CDCl3): δ 14.1, 22.7, 27.1, 29.1, 29.3, 29.4, 29.6, 31.9, 40.1, 57.9, 63.0, 

162.1; HRMS: calculated m/z 591.4207, 593.4188 [M–Br

]

+
, 256.2509 [M–2Br


]

2+
; observed 

m/z 591.4212, 593.4198 [M–Br

]

+
, 256.2529 [M–2Br


]

2+
. 

 

16b: FT-IR ( 𝑣 ): 3261 cm
-1

 (NH str.), 2928 cm
-1

 (CH2 assym. str.), 2851 cm
-1

 (CH2 sym.  

str.), 1682 cm
-1 

(amide I, C=O str.), 1554 cm
-1

 (amide II, NH ben.), 1476 cm
-1

 (CH2 scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.87 (t, terminal –CH3, 6H), 1.29 (br. m, CH2(CH2)7CH3, 

28H), 1.55 (m, CH2(CH2)7CH3, 4H), 2.21 (br. m, CH2CH2N
+
Me2, 4H), 3.27 (m, 

CONHCH2, 4H), 3.45 (s, (CH3)2N
+
, 12H), 3.89 (br. m, CH2CH2N

+
Me2, 4H), 4.44 (s, 

NHCOCH2, 4H), 8.56 (br. s, amide –NH, 2H); 
13

C-NMR (100 MHz, CDCl3): δ 14.2, 20.4, 

22.7, 27.2, 29.2, 29.4, 29.4, 29.7, 31.9, 40.1, 63.1, 65.5, 162.6; HRMS: calculated m/z 

619.4520, 621.4520 [M–Br

]

+
, 270.2665 [M–2Br


]

2+
; observed m/z 619.4525, 621.4521 [M–

Br

]

+
, 270.2683 [M–2Br


]

2+
. 
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16c: FT-IR ( 𝑣 ): 3255 cm
-1

 (NH str.), 2925 cm
-1

 (CH2 assym. str.), 2852 cm
-1

 (CH2 sym.  

str.), 1680 cm
-1 

(amide I, C=O str.), 1555 cm
-1

 (amide II, NH ben.), 1470 cm
-1

 (CH2 scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.87 (t, terminal –CH3, 6H), 1.24-1.29 (m, CH2(CH2)7CH3, 

28H), 1.53-1.58 (m, CH2(CH2)7CH3 and (CH2)2CH2CH2N
+
Me2, 8H), 1.94 (br. m, 

CH2CH2N
+
Me2, 4H), 3.25 (m, CONHCH2, 4H), 3.44 (s, (CH3)2N

+
, 12H), 3.75 (br. m, 

CH2N
+
Me2, 4H), 4.57 (s, NHCOCH2, 4H), 8.61 (br. s, amide –NH, 2H); 

13
C-NMR (100 

MHz, CDCl3): δ 14.2, 21.7, 22.7, 24.4, 27.2, 29.1, 29.4, 29.4, 29.6, 32.1, 40.1, 52.4, 62.9, 

66.9, 162.9; HRMS: calculated m/z 647.4833, 649.4815, [M–Br

]

+
, 284.2822 [M–2Br


]

2+
; 

observed m/z 647.4830, 649.4813, [M–Br

]

+
, 284.2827 [M–2Br


]

2+
. 

 

16d: FT-IR ( 𝑣 ): 3257 cm
-1

 (NH str.), 2925 cm
-1

 (CH2 assym. str.), 2849 cm
-1

 (CH2 sym.  

str.), 1682 cm
-1 

(amide I, C=O str.), 1555 cm
-1

 (amide II, NH ben.), 1482 cm
-1

 (CH2 scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.87 (t, terminal –CH3, 6H), 1.25-1.48 (m, CH2(CH2)7CH3, 

28H), 1.53-1.61 (m, (CH2)4CH2CH2N
+
Me2, 8H), 1.96 (br. m, CH2CH2N

+
Me2, 4H) 3.23 

(m, CONHCH2, 4H), 3.42 (s, (CH3)2N
+
, 12H), 3.72 (br. m, (Me)2

+
NCH2, 4H), 4.55 

(s, NHCOCH2, 4H), 8.74 (br. s, amide –NH, 2H); 
13

C-NMR (100 MHz, CDCl3): δ 14.1, 

21.7, 22.8, 24.5, 27.2, 29.2, 29.4, 29.5, 29.6, 32.1, 40.2, 52.5, 62.9, 66.9, 162.7; HRMS: 

calculated m/z 675.5148, 677.5130 [M–Br

]

+
, 298.2978 [M–2Br


]

2+
; observed m/z 675.5146, 

677.5133 [M–Br

]

+
, 298.3002 [M–2Br


]

2+
. 

 

16e: FT-IR ( 𝑣 ): 3260 cm
-1

 (NH str.), 2920 cm
-1

 (CH2 assym. str.), 2849 cm
-1

 (CH2 sym.  

str.), 1682 cm
-1 

(amide I, C=O str.), 1555 cm
-1

 (amide II, NH ben.), 1477 cm
-1

 (CH2 scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.88 (t, terminal –CH3, 6H), 1.27-1.35 (m, CH2(CH2)7CH3 

and CH2(CH2)4CH2CH2N
+
Me2, 32H), 1.43 (m, CH2(CH2)4CH2CH2N

+
Me2, 8H), 1.58 (m, 

CH2(CH2)7CH3, 4H), 1.87 (br. m, CH2CH2N
+
Me2, 4H), 3.26 (m, CONHCH2, 4H), 3.39 

(s, (CH3)2N
+
, 12H), 3.70 (br. m, CH2N

+
Me2, 4H), 4.57 (s, NHCOCH2, 4H), 8.84 (br. 

s, amide –NH, 2H); 
13

C-NMR (100 MHz, CDCl3): δ 14.2, 22.5, 22.8, 25.7, 27.2, 28.1, 28.2, 

29.1, 29.3, 29.7, 32.1, 40.1, 52.1, 63.4, 66.9, 162.8; HRMS: calculated m/z 703.5459, 

705.5450 [M–Br

]

+
, 312.3135 [M–2Br


]

2+
; observed m/z 703.5467, 705.5454 [M–Br


]

+
, 

312.3177 [M–2Br

]

2+
. 

 

16f: FT-IR ( 𝑣 ): 3267 cm
-1

 (NH str.), 2931 cm
-1

 (CH2 assym. str.), 2854 cm
-1

 (CH2 sym.  

str.), 1688 cm
-1 

(amide I, C=O str.), 1550 cm
-1

 (amide II, NH ben.), 1480 cm
-1

 (CH2 scissor); 
1
H-NMR (400 MHz, CDCl3): δ 0.87 (t, terminal –CH3, 6H), 1.25-1.30 (m, CH2(CH2)5CH3 

and (CH2)4(CH2)4CH2CH2N
+
Me2, 36H), 1.39 (m, (CH2)4(CH2)4CH2CH2N

+
Me2, 8H), 1.56-

1.61 (m, CH2(CH2)5CH3, 4H), 1.85 (br. m, CH2CH2N
+
Me2, 4H), 3.25 (m, CONHCH2, 

4H), 3.37 (s, (CH3)2N
+
, 12H), 3.64 (br. m, (Me)2

+
NCH2, 4H), 4.58 (s, NHCOCH2, 

4H), 8.88 (br. s, amide –NH, 2H); 
13

C-NMR (100 MHz, CDCl3): δ 14.2, 22.4, 22.8, 25.7, 

27.2, 28.1, 28.3, 29.2, 29.4, 29.7, 32.2, 41.1, 52.6, 63.5, 66.9, 162.7; HRMS: calculated m/z 

731.5772, 733.5759 [M–Br

]

+
, 326.3291 [M–2Br


]

2+
; observed m/z 731.5776, 733.5761 [M–

Br

]

+
, 326.3290 [M–2Br


]

2+
. 

 

4A.4.3 In-vitro antibacterial assay  

Bacteria were grown for 6 h grown (about 10
9
 CFU/mL). The bacterial cultures were diluted 

to give ~10
5
 CFU/mL in the respective media/buffer and used for determining antibacterial 

efficacy. Most of the final compounds were water soluble at room temperature. Some 
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compounds were solubilized in water by heating. Stock solutions were prepared by serial 

dilution of the compounds using sterilized Milli-Q water. The aqueous solution of serial 

dilutions (50 μL) were added to the wells of 96 well plate followed by the addition of about 

150 μL of bacterial suspension (10
5
 CFU/mL). The plates were then incubated at 37 C for 24 

h in shaker incubator. The optical density (OD) of the bacterial suspension was recorded 

using TECAN (Infinite series, M200 pro) Plate Reader at 600 nm. Each concentration had 

triplicate values and the whole experiment was repeated at least twice and the antibacterial 

efficacy was determined by taking the average of triplicate OD values for each concentration 

and plotting it against concentration. A glycopeptides antibiotic vancomycin and a 

lipopeptide colistin, were used in this study to compare the antibacterial efficacy. 

 

4A.4.4 Antibacterial activity in presence of human plasma  

Bacteria (S. aureus) was grown similarly as mentioned earlier and finally diluted in the 

respective media to give 10
5
 CFU/mL. Fresh human blood donated by a healthy donor was 

centrifuged at 3500 rpm for 5 min. The plasma, which was separated from the blood cells, 

was carefully collected. The test compound 13f was dissolved in sterile water at a 

concentration of 2000 g/mL. This was further diluted 2-fold into the plasma so that the final 

concentration of compound 13f was 1000 g/mL in 50% plasma. Three such test samples 

were pre-incubated in 50% plasma for 0 h, 3 h and 6 h respectively at 37 °C. Then 50 L of 

the above solutions was added to wells of a 96-well plate and 150 L of the bacterial 

suspension (10
5
 CFU/mL) was added to wells containing the test samples in 50% plasma. 

The plate was then incubated for 24 h at 37 °C and antibacterial efficacy of the test 

compound was determined as described above. 

 

4A.4.5 Antibacterial activity in complex mammalian fluids  

Blood (sodium heparin as anticoagulant) was donated by a healthy human donors. Plasma 

was isolated by centrifugation of the blood at 3500 rpm for 5 min as mentioned above. Serum 

was obtained by using SST
TM

 II Advance serum tube (BD vacutainer) (Ref. 367956) 

containing human blood and then centrifuging the blood at 3500 rpm for 5 min. Methicillin-

resistant S. aureus (MRSA) was grown similarly as above at nutrient broth for 6 h to give  

10
9
 CFU/mL. Finally, MRSA was diluted in minimum essential medium (MEM) and mixed 

with the mammalian systems individually in a way to give 10
5 

CFU/mL in 50% serum, 50% 

plasma, and 50% blood supplemented with 50% MEM. The test compound 13f was dissolved 
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in sterile water at a concentration of 4000 g/mL. This was further diluted 2-fold and then 50 

L of the solutions was added to wells of a 96-well plate. Bacterial suspension (150 L, 10
5
 

CFU/mL) in 50% serum, 50% plasma and 50% blood was added individually to the wells 

containing the test solutions. The plates were then incubated for 24 h at 37 °C and 

antibacterial efficacy of the test compound was determined by plating the bacterial 

suspension (20 L) directly from the wells onto nutrient agar plate. The agar plates were 

incubated at 37 °C for 24 h and colonies were observed to determine the minimum 

bactericidal concentration (MBC) (the minimum concentration at which the compound killed 

all the bacterial cells). 

 

4A.4.6 Mechanism of action 

4A.4.6.1 Cytoplasmic membrane depolarization assay  

The 6 h grown bacteria (midlog phase) were harvested (3500 rpm, 5 min), washed in a 

mixture of 5 mM glucose and 5 mM HEPES buffer (pH = 7.2) (1:1) and resuspended in a 

mixture of 5 mM HEPES buffer, 5 mM glucose and 100 mM KCl solution (1:1:1) to give 

10
8
 CFU/mL. Bacterial suspension (150 L) was added to wells of a 96-well plate (Black 

plate, clear bottom with lid). Then 8 μM of 3, 3′-dipropylthiadicarbocyanine iodide (diSC35) 

(50 L) was added to the wells containing bacterial suspension and pre-incubated for 30 min 

for S. aureus and 60 min for E. coli (additional 50 L of 200 M of EDTA was also added 

in case of E. coli). After the incubation, fluorescence was measured for about 8 min at every 

2 min interval at an excitation wavelength of 622 nm (slit width: 10 nm) and emission 

wavelength of 670 nm (slit width: 5 nm). Then, the bacterial suspensions were transferred to 

another well-plate containing 10 L of 840 g/mL of biocides and fluorescence intensity 

was monitored similarly for another 12 min. A control experiment was performed by 

treating the preincubated bacterial and dye solution only with Milli-Q water (10 L). 

 

4A.4.6.2 Membrane permeabilization assay  

Bacteria (S. aureus and E. coli, midlog phase) of were harvested (3500 rpm, 5 min), washed, 

and resuspended in a mixture of 5 mM glucose and 5 mM HEPES buffer (pH = 7.2) (1:1). 

Bacterial suspension (150 L) was added to wells of a 96-well plate (Black plate, clear 

bottom with lid). Then 10 μM of propidium iodide (PI) (50 L) was added to the wells 

containing bacterial suspension and pre-incubated for 30 min for S. aureus and 60 min for E. 

coli. After the incubation, fluorescence was measured for about 8 min at every 2 min 
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interval at excitation wavelength of 535 nm (slit width: 10 nm) and emission wavelength of 

617 nm (slit width: 5 nm). Then, the bacterial suspensions were transferred to another well-

plate containing 10 L of 840 g/mL of biocides and fluorescence intensity was monitored 

similarly for another 12 min. A control experiment was performed by treating the 

preincubated bacterial and dye solution only with Milli-Q water (50 L).  

 

4A.4.7 Biofilm disruption assay  

Glass cover slips were sterilised by dipping them in ethanol and then drying in flame. The 

sterilised cover slips were placed in the wells of a 6-well plate. Bacteria (6 h grown) were 

then diluted to 10
5
 CFU/mL in nutrient medium supplemented with 1% glucose and 1% 

NaCl for S. aureus and M9 medium supplemented with 0.5% glycerol and 0.02% casamino 

acid for E. coli respectively and were added to the wells containing cover slips (2 mL). The 

well plate was then incubated under stationary conditions at 37 ˚C for about 24 h for S. 

aureus and 72 h for E. coli respectively. After incubation, medium was removed and 

planktonic bacteria were carefully washed once with PBS (pH = 7.4). Cover slips containing 

biofilms were then placed into the wells of another 6-well plate and 2 mL of test compound 

3b dissolved in the above respective media (at 32 g/mL) was added to the wells containing 

the cover slips with already established bacterial biofilm. The plate was then allowed to 

incubate under stationary conditions at 37 ˚C for 24 h. Only 2 mL of the respective media 

was used as negative control. After 24 h, medium was discarded and cover slips were washed 

with PBS. Then trypsin-EDTA solution (100 µL) was added to the wells containing treated 

and non-treated cover slips to dissolve the biofilm matrix. Bacterial count was performed by 

serially diluting the suspension (10-fold dilution) and then plating on nutrient agar plates. 

Bacterial colonies grown on the plate after 24 h were counted and viability of the cell within 

the matrix was expressed as log10 (CFU/mL). For imaging via CLSM, cover slips were 

stained with green fluorescent dye SYTO 9 (5 µM, 10 L) and imaged using a confocal laser-

scanning microscopy (Zeiss 510 Meta Confocal Microscope). 

 

4A.4.8 Toxicity assay 

4A.4.8.1 Hemolytic assay  

Studies on human subjects were performed according to the guidelines approved by 

Institutional Bio-Safety Committee (IBSC) at Jawaharlal Nehru Centre for Advanced 

Scientific Research (JNCASR). Blood was donated by a healthy human donor and red blood 
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cells (RBCs) were isolated from the heparinised blood. The cells were then washed twice and 

finally resuspended in PBS (5 vol%). Cell suspension (150 μL) was then added to solutions 

of serially diluted small molecules taken in wells of a 96-well plate (50 μL). Two controls 

were prepared, one without the compounds (only 50 L water) and the other with 0.1 vol% 

solution of Triton X-100 (TX, 50 μL). The plate was then incubated at 37 °C for 1 h. Next, 

cells were centrifuged at 3500 rpm for 5 minutes. Supernatant from the wells (100 μL) was 

then transferred to a new 96-well plate and absorbance of the supernatant was recorded at 540 

nm. Percentage of hemolysis was calculated as (A–Ao)/(Atotal–Ao)×100, where A is the 

absorbance for the test samples, Ao is the absorbance for the wells contained only water and 

RBC suspension , and Atotal the absorbance of fully lysed cells (wells with TX), all at 540 nm. 

 

4A.4.8.2 Cytotoxicity assay  

Human embryo kidney (HEK 293) cells were seeded onto the wells of a tissue culture treated 

96-well plate (10
4
 cells/well). The seeded cellswere then treated with the small molecules at 

32 g/mL. 0.1% Triton-X was used as positive control whereas untreated cells were used as 

negative controls. Both the treated and untreated cells were then washed once with PBS and 

stained with calcein AM (2 μM, Fluka) and propidium iodide (PI, 4.5 μM) (Sigma-Aldrich) 

for 15 min at 37 °C under 5% CO2-95% atmosphere (50 L of 1:1 calcein AM:PI). Finally, 

the cells were washed with PBS to remove the excess dyes and images were captured with a 

20X objective in Leica DM2500 fluorescence microscope using. A band-pass filter for 

calcein AM at 500-550 nm and a long-pass filter for PI at 590-800 nm were used while 

imaging. 

 

4A.4.8.3 In-vivo toxicity  

The numbers of animals per groups, dosage of polymers etc. were used according to the 

Organisation for Economic Cooperation and Development (OECD) Guidelines for the 

Testing of Chemicals (OECD 425). BALB/c mice (female, 6-8 weeks, 18-21 g) were used for 

the systemic toxicity studies. Mice were divided into control and test groups with 5 mice per 

group. Various doses (5.5, 17.5, 55 and 175 mg/kg) of the test polymer, HTCC, were used as 

per the OECD guidelines. Solution (200 μL) of small molecular biocide in sterilized saline 

was injected into each mouse (5 mice per group) via intra-peritoneal (i.p.) and subcutaneous 

(s.c.) routes of administration. All the mice were monitored for the next 14 days after the 

administration of the polymer. During the observation period of 14 days, onset abnormality 
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was monitored for all the tested amounts. Saline (200 μL) was used as control. For the acute 

dermal toxicity studies, fur of the mice was shaved 24 h before the experiment. To the shaved 

region, the biocide solution (40 L) of different concentration was applied. Adverse effect on 

the skin of mice was monitored along with mortality rate for 14 days post treatment. 

 

4A.4.9 In-vivo activity  

BALB/c mice (female, 6 to 8 weeks old, 18-22g) were used for the experiments. First, the 

mice were rendered neutropenic (100 neutrophils/mL) by injecting two doses of 

cyclophosphamide intraperitoneally (i.p.) (150 mg/kg first dose and 100 mg/kg after 3 days 

of the first dose). After 24 h of the second dose, mice were anesthetized by ketamine-xylazine 

(40 mg/kg ketamine and 2 mg/kg) mixture i.p.) The back of each mouse was clipped and then 

shaved using a razor. While shaving, a wound (reddening and glistening of the skin without 

bleeding) was introduced on the dorsal midline of each mouse. To the wound site, 

methicillin-resistant S. aureus (MRSA) was added drop wise (10
9
 cells/mL, 20 L) and 

allowed to dry to ensure that the bacteria remained within the shaved area. Mice (n = 5 in 

each group) were left for 24 h of the infection to allow to form the biofilm. Next, mice were 

treated with 3b (40 mg/kg), fusidic acid (40 mg/kg), and ReliHeal-Silver ointment 

(Carboxymethylcellulose IP 3.5% w/w, colloidal silver nanoparticle 50 ppm, Reliance Life 

Advances, India) (200 mg/kg) at the site of infection. The compound solution was carefully 

added and spread on the entire wound surface to avoid any loss of solution. The dosages were 

continued for four days (per day one dose). One group of mice (n = 5) were left untreated and 

used as a control. Mice were sacrificed 18 h after the last dose using isofluorane and the 

infected skin was collected, homogenized, diluted and plated for cell counting. The bacterial 

count was finally expressed as log CFU/g of the tissue collected and expressed as mean ± 

standard error of mean. For imaging the skin tissue by SEM, some portion of skin tissue 

samples were fixed in formalin for 24 h, dried subsequently using 30, 50, 70, 90 and 100% 

ethanol. The skin tissue samples were then adhered on silicon wafers; sputter coated with 

gold and imaged by Quanta 3D FEG, FEI field emission scanning electron microscope. 

 

4A.4.10 Resistance development studies  

Propensity of developing bacterial resistance was studied against both S. aureus and E. coli 

following earlier protocol as described in the section 2A.4.9 of Chapter 2A.  
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Abstract 

Chapter 4B describes development of antibacterial and antibiofilm hydrogels capable of 

eradicating established topical bacterial biofilms without causing substantial skin toxicity. 

The hydrogels were developed using dextran methacrylate (Dex-MA), a highly biocompatible 

and photopolymerizable polymer, and the optimised cationic biocide (13f) developed in 

Chapter 4A. The antibacterial gels were prepared by UV polymerization of Dex-MA along 

with the small molecular biocide (13f) thus allowing direct loading of the biocide with 

desired and controlled amounts. The biocide impregnated gels displayed strong antibacterial 

activity (7-log reduction) against both drug-sensitive (Staphylococcus aureus and E. coli) 

and drug-resistant bacteria such as methicillin-resistant Staphylococcus aureus (MRSA). The 

gels were shown to release the biocide for an extended period of time and killed bacteria by 

releasing the biocide into the surroundings (till day 5). Moreover, the gels not only 

eradicated established bacterial biofilms in-vitro but also shown to be highly efficacious in 

clearing established MRSA biofilm in a mice model of superficial skin infection. Notably, 

excellent skin compatibility was observed for all the hydrogel formulations in different 

animal models (high lethal dose in rat model, no skin sensitization in guinea pig model and 

negligible skin irritation in rabbit model). The biocompatible antibiofim gels developed in 

this chapter might hold great promise to be used in removing bacterial biofilms and treating 

topical infections. 
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4B.1 Introduction 

Skin, the largest organ among all the protecting systems in human, is a natural barrier to the 

interior body parts which protects internal organs from pathogens and dehydration.
1
 

However, being the most exposed organ towards external environment it is very much prone 

to get infections. Among various microorganisms, bacterial skin infections are the most 

common and known to affect about 155 million people and occur in about 600 million people 

worldwide.
2,3

 Upon adherence to the skin, bacteria form a complex community known as 

biofilm.
4,5

 Notably biofilms, covered by self-secreted exo-polymeric substances (EPS), are 

inherently immune to the host defence systems.
6
 Moreover antibiotics, commonly used to 

prevent and treat infections, are known to be ineffective against biofilms.
7,8

 Commercially 

used topical antimicrobials (e.g., fusidic acid based ointments, lipopeptides based gels, silver 

containing gels, etc.) are limited individually or collectively due to bacterial resistance 

development, narrow-spectrum activity, toxicity towards mammalian cells and inability to 

eradicate established bacterial biofilms in-vivo, etc.
9,10

  

Synthetic cationic antibacterial scaffolds that disrupt biofilm matrix are considered as 

potential candidates because of their ability to act on encased bacteria by dissipating the 

membrane-integrity and stall bacterial resistance development.
11-15

 However, the impact of 

the amphiphilic biocides in antibiofilm treatment is largely limited due to lack of a suitable 

delivery system that can ensure sustained and effective release of the biocides locally. 

Hydrogel, a highly cross-linked three dimensional matrix, is considered as an important 

platform to deliver antibacterial agents and to combat biofilm-associated infections. Because 

of the porous, moist and robust structure, hydrogels not only act as potent wound healing 

materials but also act as ideal delivery vehicles to combat infections.
16-20

 This chapter 

therefore deals with the development of biocide-encapsulated antibacterial and antibiofilm 

hydrogel capable of eradicating topical bacterial biofilms. 

In chapter 4A, highly effective and non-toxic small molecular biocides with excellent 

biofilm eradicating ability have been developed. In chapter 4B, biocompatible antibacterial 

and antibiofilm hydrogels were developed via direct loading of the optimised biocide 

developed in Chapter 4A in a highly cross linked network of dextran methyacrylate (Dex-

MA). Cross-linked dextran is known to be biocompatible towards mammalian cells and 

capable of mitigating bacterial biofilm thus making it a promising material to be used as 

delivery vehicle in infection treatment and prevention.
21,22

 The photo-polymerization of 

dextran methacrylate was performed along with the biocide which allowed direct 
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encapsulation of the molecule into the gel with known amounts. The hydrogels were shown 

to release the biocide gradually over time and kill bacteria including drug-resistant MRSA. 

Eradication of bacterial biofilms was observed when the established bacterial biofilms were 

treated repeatedly with the biocide upon release from the hydrogel. Also, one of the most 

active gels was shown to annihilate preformed MRSA biofilm in a murine model of 

superficial infection. Notably, the gels displayed excellent skin biocompatibility in various 

animal models.  

 

4B.2 Results and discussion 

4B.2.1 Synthesis and characterization of hydrogels  

In order to prepare the gel, first dextran methacrylate (Dex-MA) was synthesized by reacting 

dextran with glycidyl methacrylate to introduce the UV-polymerizable methacrylate group 

into the polymer (Scheme 4B.1 and Figure 4B.1A).
23

 

 

 
 

Scheme 4B.1: Synthesis of dextran methacrylate from dextran. GMA, glycidyl methacrylate; 

DMAP, 4-dimethylaminopyridine and DMSO, dimethyl sulfoxide. 

 

Introduction of the methacrylate moiety was confirmed by FT-IR as the spectrum clearly 

revealed the appearance of peaks at around 1712 cm
−1

 and 1637 cm
−1

 corresponding to 

stretching frequencies of C=O bond in ester group and C=C bond of methacrylate group 

respectively. However, the stretching broad band (3100 cm
−1

-3600 cm
−1

) of the hydroxyl 

group was not reduced significantly due to incorporation of the methacrylate moiety into the 

dextran thus indicating that a large number of unreacted free hydroxyl groups are still present 

in dextran methacrylate. The degree of methacrylation in Dex-MA was calculated by 
1
H 

NMR and found to be 15%. Since the biocide-loaded hydrogels were prepared by photo-

polymerization at 365 nm, first stability of the optimised cationic biocide developed in 

Chapter 4A (13f, Figure 4B.1B) was studied under UV using high performance liquid 
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chromatography (HPLC) and also by determining the antibacterial activity before and after 

UV treatment. HPLC traces of the molecule showed appearance of no other peaks except the 

molecular peak at 14.6 min even after irradiating the molecule for 1 h at 365 nm. Further, the 

molecule was shown to retain its activity (minimum inhibitory concentration, MIC = 1-2 

g/mL) after the UV-treatment which demonstrated that the molecule is indeed stable under 

UV.  

 

 

Figure 4B.1: Synthesis and characterization of gels. (A) Structures of dextran methyacrylate; 

(B) structures of the amphiphilic small molecular biocide; (C) hydrogel disk obtained after 

UV polymerization of dextran methacrylate (Dex-10); (D) storage (G) and loss modulii (G) 

of the hydrogels prepared by varying the amount of the biocide. Morphology of the hydrogel 

via scanning electron microscopy (E) top view and (F) cross sectional view.  

 

Next, hydrogels were prepared using the Dex-MA solution (200 mg/mL in 0.2 M 

sodium citrate buffer of pH 5.2) in presence of a photo-initiator 2-hydroxy-4-(2-

hydroxyethoxy)-2-methylpropiophenone (0.05% w/v) with or without the biocides (Figure 
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4B.1C). Four different formulations were made wherein the biocide content was varied from 

0 wt% to 20 wt% (Dex-0: gel with 0 wt% biocide; Dex-5: gel with 5 wt% biocide; Dex-10: 

gel with 10 wt% biocide and Dex-20: gel with 20 wt% biocide, all with respect to Dex-MA). 

With respect to the overall hydrogel weight, the biocide content were 0.8 wt%, 1.6 wt% and 

3.2 wt% receptively in Dex-5, Dex-10 and Dex-20 gels (These values are indeed very low 

amounts suitable for clinical applications). The fact that photo-polymerization due to UV-

cross-linking led to the consumption of the double bonds of Dex-MA was revealed by FT-IR 

spectra.  

 

 

Figure 4B.2: FT-IR spectra of precursor polymer or dried dextran hydrogels. (A) Full spectra 

from 4000 to 500 cm
-1

;  (B) expanded spectra from 2000 to 1200 cm
-1

; (C) expanded spectra 

from 2000 to 1200 cm
-1

; (D) expanded spectra from 900 to 700 cm
-1

 of dextran, all for Dex-

MA, Dex-0 xerogel, Dex-5 xerogel, Dex-10 xerogel and Dex-20 xerogel repectively. 

 

Notably, a decrease in peak intensity in the double bonds regions at 1637 cm
−1

 (C=C 

stretching) and 814 cm
−1

 (C=CH bending) was observed for all the hydrogel formulations 

(Figure 4B.2). As the native dextran has a peak at around 1649 cm
−1

, the peak at 814 cm
−1

 

(C=CH bending) was used as an indicator of double bond consumption of dextran 
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methacrylate. The complete reduction of the 814 cm
−1

 peak in the IR spectra of the xerogels 

suggested that all the double bonds were fully consumed during hydrogel preparation. 

Further, presence of the carbonyl group in all the gels at 1724 cm
1

 (C=O stretching) 

suggested that the carbonyl group during photo-irradiation remained intact. Moreover, 

shifting of the peak towards higher wave number (from 1712 cm
−1

 to 1724 cm
1

) also 

suggested the disappearance of conjugated double bond (Figure 4B.2). The viscoelastic 

properties of the gels were evaluated by rheologic determination of both storage modulus (G) 

and loss modulus (G) as a function of frequency. G value of Dex-0 gel at equilibrium was 

found to be 3652  765 Pa. G Values of Dex-5, Dex-10 and Dex-20, on the other hand, were 

found to be 2448  702 Pa, 1698  786 Pa and 823  342 Pa respectively (Figure 4B.1D). 

Thus excessive loading of the biocide into the gel matrix reduced the stiffness of the 

materials. This could be due to the fact that when considerable amount of biocide is included, 

the rigidity of those gels gets affected. The above results further indicated that for a particular 

degree of methacrylation in Dex-MA, the physical properties of the gels as well as the extent 

of biocide-loading can be tuned with precursors’ concentration and stoichiometric ratio. 

However, it should be noted that the G values of the gels were found to be linear over the 

entire frequency sweep and always higher than G thus indicating formation of elastic and 

hydrogel network (Figure 4B.1D). The surface and cross sectional morphologies of the gels 

were visualized by field emission scanning electron microscopy (FESEM). All the gels when 

imaged after freeze drying and gold sputtering showed highly interconnected structures and 

pores thereby indicated porous yet extensively cross-linked polymer network due to photo-

polymerization (Figure 4B.1E). The pore sizes were found to increase with the increase in 

biocide content.  

 

4B.2.2 In-vitro antibacterial activity  

The hydrogels were cut into 8 mm disks and were used for biological activity evaluation 

(Figure 4B.1C). The disks have weight of 69.36.1 mg for Dex-0, 69.93.4 mg for Dex-5, 

70.85.8 mg for Dex-10 and 71.36.5 mg for Dex-20 respectively while the weight of 

dried disk was 13.41.2 mg for Dex-0, 13.61.4 mg for Dex-5, 14.81.8 mg for Dex-10 

and 14.80.8 mg for Dex-20 respectively. The amount of the biocide present Dex-5, Dex-10 

and Dex-20 hydrogel disks were approximately 1.0  0.2 mg, 1.9  0.2 mg and 4.1  0.4 mg 

respectively. The antibacterial activity of all the gel formulations was evaluated by adding the 
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gel disks directly into bacterial suspension followed by determining the bacterial cell 

viability.  

 

 

Figure 4B.3: In-vitro antibacterial activity of the hydrogels. (A and B) Cell viability after 2 h 

incubation with the gel against different bacteria with an initial 10
6
 CFU/mL and 10

8
 

CFU/mL. (C and D). Antibacterial kinetics of the gels against S. aureus and E. coli 

respectively. Star represents less than 50 CFU/mL.  

 

All the gels loaded with the biocides were found to kill both S. aureus and E. coli 

completely within 2 h when incubated with 10
6
 CFU/mL of bacteria (Figure 4B.3A). 

Notably, 100% killing observed by all three biocide loaded gels against MRSA, one of the 

most common bacteria that cause skin infections. The gels showed a reduction of 5.4  0.9 

log S. aureus, 6.3  0.4 log E. coli and 5.6  0.5 log MRSA respectively after 2 h (Figure 

4B.3A). Interestingly, the gel showed complete killing even when the initial bacterial amount 

was high (10
8
 CFU/mL). The gels reduced 7.5  1.1 log S. aureus, 7.1  0.8 log E. coli and 

7.3  1.2 log MRSA respectively after 2 h (Figure 4B.3B). It should be mentioned that the 

dextran gel without any biocide showed negligible antibacterial activity thereby indicated that 
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it is the biocide which killed the bacteria. Further, when the disks were crushed and plated for 

bacterial count, disk of Dex-5, Dex-10 and Dex-20 did not show any bacterial colony 

whereas Dex-0 showed considerable amount of bacterial colonies thereby indicated bacterial 

adherence to the gel’s surface. Interestingly, all the gels (Dex-5, Dex-10 and Dex-20) were 

found to kill both S. aureus and E. coli within 15 min of incubation when studied for killing 

kinetics thus suggested that these materials have rapid rate of killing necessary for an 

immediate and effective control of infections (Figure 4B.3C and D).  

 

4B.2.3 Release kinetics and extended antibacterial activity  

The release kinetics of the biocide and extended antibacterial activity were studied for the 

hydrogels via both chemical and biological assays. First, % of release of biocide from the 

gels at different time intervals was determined by immersing the disk in water and then 

evaluating the biocide content in water using high-performance liquid chromatography 

(HPLC). It was observed that 72-78% of the biocide got released from all the gels (Dex-5, 

Dex-10 and Dex-20) within 24 h. However, the gels were shown to release the biocide till 

day 5. Notably, more than 99% biocide was released by day 5 from all the gel formulations 

(Figure 4B.4A). The fact that these gels release biocide for an extended period of time was 

further studied by immersing the disk in nutrient medium (1 mL) and then determining the 

antibacterial activity with the released medium collected at different time intervals (the 

medium was exchanged after 24 h every day). Notably, the medium inactivated MRSA till 

day 5 (Figure 4B.4B-D). It should be mentioned that the released amounts of the biocide 

from the gels were higher than the MIC values (1-2 g/mL) which allowed these gels to 

display antibacterial activity for this extended period of time. When tested, the released 

medium failed to display antibacterial activity at day 6 suggesting almost complete depletion 

of the biocide from the gels. Importantly, when the hydrogel disks after removing from the 

medium were placed in bacterial suspension (0.5 mL, 10
5
 CFU/mL), the disks were also 

shown to kill bacteria upto day 5 which indicated retention of the biocide within the matrix 

for the same period of time. It should be mentioned that the gel showed an initial burst release 

of the biocide probably due to non-covalent loading into the matrix. However, it is known 

that an initial 6 h of the post-contamination is very crucial to prevent infection and also an 

initial burst release is required to provide sufficient therapeutic amount for the eradication of 

infections associated with biofilms. The above results thus suggested that the biocide 

encapsulated gels would be potential candidates in combating infections.  
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Figure 4B.4: Release kinetics and antibacterial activity of the biocide by the gels. (A) 

Release kinetics of the biocide from the hydrogels determined via HPLC; (B-D) extended 

release of the antibacterial biocide and bacterial cell viability determined with the released 

medium from the gels (B: Dex-5, C: Dex-10 and D:Dex-20) against MRSA. 

 

4B.2.4 In-vitro antibiofilm activity  

The antibiofilm efficacy of the gels was then evaluated by studying the ability of the released 

medium to eradicate established bacterial biofilms.
19

 First matured biofilms of both S. aureus 

and E. coli were formed on glass cover slips (S. aureus biofilm was formed for 24 h whereas 

E. coli biofilm was formed for 72 h) and were characterized by confocal laser scanning 

electron microscopy (CLSM). The CLSM images showed highly thick and dense biofilm of 

15 m for S. aureus and 11 m for E. coli respectively (Figure 4B.5A and D). The 

hydrogel disks of Dex-10 were first immersed in the respective biofilm media (nutrient broth 

supplemented with 1% glucose and 1% NaCl for S. aureus and M9 broth supplemented with 

0.5% glycerol and 0.02% casamino acid for E. coli respectively, 1 mL). Then the media were 

collected after 24 h and replaced with the fresh medium. When the preformed biofilms were 

treated with the released medium collected at day 1, only mono-layered bacteria with 2-3 m 

of thickness was observed on the glass surface for both S. aureus and E. coli (Figure 4B.5B 

and E). Further, when the same surfaces were treated with the medium collected at day 2, 
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negligible amount of cells for both the bacteria were observed (Figure 4B.5C and F). 

Notably, similar effects were observed for the drug-resistant bacteria MRSA. The hydrogel 

completely eradicated established MRSA biofilm when treated successively with the released 

medium from Dex-10 at day 1 and day 2 (Figure 4B.5G-I). The above facts thus indicated 

that the dextran based hydrogels developed in this chapter by impregnating the cationic 

biocide are capable of eradicating established bacterial biofilms and could be used in clinical 

settings to combat biofilm associated infections. 

 

 

Figure 4B.5: In-vitro antibiofilm efficacy of the hydrogels. Biofilm disrupting ability of the 

hydrogel (Dex-10) determined with the released biocide from the gel at different time 

intervals. (A, D and G) Biofilm grown on non-coated glass slide; (B, E and H) treated biofilm 

with the released medium of day 1 and (C, F and I) treated biofilm with the released medium 

of day 2. (A-C) for S. aureus; (D-F) for E. coli and (G-I) for MRSA respectively. Scale bar 

10 m. 
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4B.2.5 In-vivo toxicity  

One of the major concerns that largely limits the application of the topical antimicrobials into 

clinics is the toxicity towards mammalian tissues. To evaluate the toxic effects of 13f loaded 

dextran-based hydrogels, acute dermal toxicity in rat, skin sensitization in guinea pigs and 

skin irritation in rabbits were performed. Acute dermal toxicity evaluated in rats by applying 

the gel on the rat’s skin. Interestingly, the 50% lethal doses (LD50) were found to be greater 

than 2000 mg/kg for all the hydrogels (Dex-5, Dex-10 and Dex-20). Further no adverse skin 

reaction was observed for the gels at the same dose. Moreover, none of the gels showed any 

adverse effects on the skin in guinea pigs studied by applying the gels repeatedly on pig’s 

skin. Further, when the gels were applied on rabbit’s skin topically, no erythema/oedema 

formation was observed for all three gels. However, mild reddening of the skin was observed 

for Dex-20 whereas Dex-5 and Dex-10 showed no such effect. The dextran based gels 

specially Dex-5 and Dex-10 thus displayed high skin compatibility in all three animal models 

demonstrating their potential to be used as topical antimicrobials.              

 

4B.2.6 In-vivo activity  

One of the major limitations of the currently used topical antimicrobials is their relatively 

poor activity under in-vivo conditions. In general, commonly/commercially used topical 

antimicrobials lack the ability to eradicate established bacterial biofilms in real scenario, 

which largely limits their applications. Herein, we evaluated the efficacy of the non-toxic gels 

(Dex-5 and Dex-10) in eliminating preformed biofilm in a murine model of superficial 

MRSA infections. First, a wound was created on the back of neutropenic mice, infected with 

MRSA (20 L, 10
9
 CFU/mL) and then allowed to form biofilms for about 24 h. The infected 

skin was then treated with the hydrogels (Dex-5 and dex-10) topically (two disks were placed 

at the site of infection on either side of the dorsal midline and then fixed with adhesive 

bandage). The gels were kept for four days (Figure 4B.6A). Finally, the animals were 

sacrificed and the skin tissues from the infected area were collected. Notably, Dex-5 treated 

skin samples showed 3.1 log (> 99.9%) reduction and Dex-10 treated skin samples showed 

4.8 log (> 99.99%) reduction of MRSA compared to the non-treated skin samples. In 

contrary, the commercially used silver nanoparticle containing gel (ReliHeal) showed only 

2.4 log MRSA reduction even after applying everyday for 4 days (Figure 4B.6B). This 

indicated the biocide loaded dextran hydrogels were highly effective in clearing topical 

infections.  
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Figure 4B.6: In-vivo activity and antibiofilm efficacy of biocide loaded gel (Dex-10). (A) 

Experimental plan of murine model of superficial MRSA biofilm formation and treatment 

after mice were made neutropenic; (B) bacterial count of the treated and non-treated skin 

tissue samples from mice; p values (*) are 0.0001, 0.0001 and 0.005 for Dex-5-, Dex-10- 

and ReliHeal- treated samples. Scanning electron microscopy images of the skin samples C) 

after 24 h of infection; (D) after 4 days of treatment with Dex-10 respectively. Mice skin 

histopathology of (E) infected non-treated skin tissue and (F) treated skin tissue after 

haematoxylin and eosin staining. 

 

The ability of the hydrogels to eradicate established biofilm under complex in-vivo 

conditions was further studied by imaging the skin samples via FESEM. The SEM image 

showed the formation of a thick and dense layer of MRSA on the skin indicating the survival 
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as well as biofilm formation in infected mice (Figure 4B.6C). Notably, the treated skins 

showed no detectable number of bacteria on the skin surfaces (Figure 4B.6D). The activity 

was further evaluated by studying the histopathological responses from the skin tissues. 

MRSA infected untreated skin tissue showed severe infiltration of inflammatory cells mainly 

neutrophils in dermis layer (arrow), with damage to the cells and appearance of cell nest with 

keratin layer. Gel treated skin tissue, on the other hand, showed normal appearance of skin 

with thin layer of epidermis, hair follicles, sweat glands with mild infiltration of 

inflammatory cells in the dermis layer (arrow). These results thus demonstrated the ability of 

the non-toxic hydrogels to eliminate established bacterial biofilms such as MRSA biofilm.  

 

4B.3 Conclusion  

In summary, photo-polymerized dextran based antibacterial and antibiofilm hydrogels in-situ 

via direct loading of a non-toxic cationic biocide was developed. The gels displayed strong 

antibacterial activity (100% killing) against both Gram-positive and Gram-negative bacteria 

including drug-resistant MRSA. Notably, the gels were shown to release the biocide for an 

extended period of time (till day 5) and shown to kill the bacteria by releasing the active 

molecule into the surroundings. The gels not only eradicated established bacterial biofilms in-

vitro but also were shown to be highly efficacious in clearing established bacterial biofilm in 

superficial skin infection. Further, the gels showed excellent skin compatibility in various 

animal models. The antibacterial and antibiofim hydrogels developed in this chapter could be 

used to deliver active antimicrobial topically hence might hold promise in treating topical 

infections.  

 

4B.4 Experimental section 

4B.4.1 Materials and instrumentation 

 Dextran, glycidyl methacrylate, 4-dimethylaminopyridine (DMAP), 1,12-dibromododecane, 

1-aminohexane, bromoacetyl bromide, anhydrous DMSO were purchased from Sigma-

Aldrich and used as received. Anhydrous potassium carbonate (K2CO3), anhydrous sodium 

sulphate (Na2SO4), phosphorous pentaoxide (P2O5), dichloromethane, acetonitrile (CH3CN) 

and anhydrous diethylether were purchased from Spectrochem, India and were of analytical 

grade. CH3CN was dried over P2O5 and stored over activated molecular sieves (4 Å). Nuclear 

magnetic resonance (NMR) spectra were recorded using Bruker AMX-400 spectrometer in 

suitable deuterated solvents (400 MHz for 
1
H NMR and 100 MHz for 

13
C NMR). Fourier 
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transform infrared (FT-IR) spectra were recorded on an IFS66 V/s spectrometer (Bruker) 

using KBr pellets. High performance liquid chromatography (HPLC) was performed in SPD-

M20A Shimadzu instrument. For optical density (OD) and fluorescence measurements, 

Tecan Infinite Pro series M200 microplate reader was used. Staphylococcus aureus (MTCC 

737) and Escherichia coli (MTCC 443) were obtained from MTCC (Chandigarh, India). 

Methicillin-resistant Staphylococcus aureus (MRSA) (ATCC 33591), were purchased from 

ATCC (Rockville, MD, USA). Bacterial growth media and agar were provided by 

HIMEDIA, India. Studies on animals were performed in accordance with the protocols 

approved by the Institutional Animal Ethics Committee (IAEC) at Jawaharlal Nehru Centre 

for Advanced Scientific Research (JNCASR). 

 

4B.4.2 Synthesis of small molecular biocide  

The small molecular biocide (13f) was synthesized following the protocol as mentioned in 

the section 4A.4.8 in Chapter 4A. 

 

4B.4.3 Synthesis of dextran methacrylate (Dex-MA)  

Dextran (from Leuconostoc spp., Mr40 kDa) (5 g, 30.8 mmol) was dissolved in anhydrous 

DMSO (100 mL) at room temperature under oxygen free nitrogen (OFN) atmosphere. Once 

the polymer, was dissolved, DMAP (1 g, 8.2 mmol) was added. After 2 h known amount 

(876 mg, 6.1 mmol) of glycidyl methacrylate was added. The reaction was carried out at 

room temperature under dark with constant stirring for about 48 h. Finally, the reaction 

mixture was subjected to extensive dialysis for about 3 days to replace DMSO and other 

small molecules. The aqueous dialysed solution was then freeze dried and kept at 20 ˚C for 

further use. The degree of substitution (DS) was determined by 
1
H-NMR analysis from the 

ratio of integration of methacrylate proton and C-1 ring proton. 

 

Dex-MA: FT-IR ( 𝑣 ): 3200-3600 cm
-1

 (OH str.), 2930 cm
-1

 (CH2 assym. str.), 1710 cm
-1 

(C=O str.), 1639 cm
-1

 (C=C str.), 815 cm
-1

 (C=CH ben.); 
1
H NMR (400 MHz, CDCl3): δ 

1.99 (CH2=CH(CH3)CO–, 3H), 3.521-4.023 (C2–, C3–, C4–, C5– and C6–H, 7H), 5.01 (C6–

H, 1 H), 5.82 (CH2=CH(CH3)CO–), 6.24 (CH2=CH(CH3)CO–). 

 

4B.4.4 Determination of UV stability of biocide via HPLC  

The biocide was first dissolved in water at 10 mg/mL. The solution was divided into four 

parts wherein 1
st
 part was left without any treatment. The other three parts were subjected to 

UV-irradiation at 386 nm for 15 min, 30 min and 60 min respectively. All the fractions were 
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then injected in an HPLC instrument and ran with water-acetonitrile binary solvent solvent 

system (with 0.1% trifluoroacetic acid) to check the stability of the molecule. The run time 

was 20 min where at 0 min 100% water was used and gradually % of acetonitrile was 

increased with a flow rate of 8 mL/min. If the molecule is UV stable, no additional peak 

should appear in the HPLC trace.   

 

4B.4.5 Minimum inhibitory concentration (MIC)  

Minimum inhibitory concentration of the biocide was determined following the protocol as 

mentioned in the section 4A.4.9 in Chapter 4A. 

 

4B.4.6 Preparation of the hydrogels  

Hydrogels with or without biocide were prepared as follows. First, dextran methacrylate (400 

mg) was dissolved in 0.2 M sodium citrate buffer (1.8 mL, pH 5.2). Small molecular biocide, 

on the other hand, was dissolved in varying amount (20, 40 and 80 mg/mL) in an aqueous 

solution that already contains 0.5 wt% 2-hydroxy-1-[4-(hydroxyethoxy) phenyl]-2-methyl-1-

propanone photo-initiator. Then the photo-initiator containing biocide solution (200 L) was 

added to the dextran methacrylate solution. The solution was then transferred into a 35 mm 

petri dish and then photo-polymerized at 365 nm (5 mW/cm
2
) for about 15 min. The gel was 

cut by using 8 mm biopsy punches to yield disks with 8 mm diameter. For the preparation of 

dextran based hydrogels without any biocide, the same procedure was followed without any 

biocide in the photo-initiator solution. The above formulations provided gels with varying 

amount of biocide content (0%, 5%, 10% and 20%, all with respect to Dex-MA). Gels 

without any biocide were designated as Dex-0, and the other formulations were designated as 

Dex-5, Dex-10 and Dex-20 depending on the amount of biocide loading into gel with respect 

to dextran methacrylate.  

 

4B.4.7 Characterization of the hydrogels  

4B.4.7.1 Morphological characterization  

Morphologies of the gels were characterized by field emission scanning electron microscopy 

(FESEM). The hydrogels were prepared in petri dish as mentioned earlier and cut into small 

circular disks (8 mm diameter). The disks were then freeze-dried to obtain xerogels.  These 

dried gels were then sputter coated with gold before imaging. Both the surface and cross-
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sectional morphologies of all the formulation (Dex-0, Dex-5, Dex-10 and Dex-20) were 

imaged using Quanta 3D FEG, FEI FESEM at 10 kV operating voltage.  

 

4B.4.7.2 Infrared (IR) spectroscopy 

Fourier transformed infrared (FTIR) spectra of the polymer, small molecular biocide and all 

the xerogels were recorded using KBr pellets following the method as described in 4A.4.1 in 

chapter 4A.  

 

4B.4.7.3 Viscoelastic properties 

Viscoelastic properties of the hydrogels were measured using an oscillatory rheometer on the 

preformed gels using a DHR-2 rheometer (TA Instruments) with 25 mm stainless steel 

parallel plate geometry. The freshly prepared gels were transferred to the stainless steel plate 

of the rheometer pre-equilibrated at 25 ˚C. A gap height of 1.0 mm was maintained between 

the plates before the measurements. For the equilibration of the gel, first a dynamic time 

sweep was applied at an angular frequency of 6 rad/s and at 0.2% strain for 10 min. Finally, a 

frequency sweep from 1 to 100 rad/s with 0.2% strain was used to record the viscoelastic 

behaviours. The storage modulus (G) and loss modulus (G) were calculated as a function of 

angular frequency at every point. 

 

4B.4.8 Antibacterial activity of the hydrogel 

4B.4.8.1 Antibacterial activity due to direct exposure  

Hydrogel disks (8 mm diameter) were placed in the wells of a 48-well tissue culture treated 

polystyrene plate (TCTP). To the disks, 200 L of bacterial suspension (10
6
 or 10

8
 cells in 

nutrient media) were added. The plates were the incubated for 2 h at 37 ˚C under constant 

shaking at 100 rpm. After the incubation, the hydrogel disks were removed, the medium was 

serially diluted by 10-fold and then plated on suitable agar plate (50 L). Finally, bacterial 

colonies were counted for all the hydrogel formulations. Two controls were made wherein in 

one control no gel disk was added to bacterial suspension and in other control dextran 

hydrogel devoid of any biocide (Dex-0) was used. Also, the disks after the incubation were 

washed gently with PBS (2  500 L) to remove any non-adherent bacterial cells. Then the 

disks were crushed and stirred vigorously in 0.5 mL of PBS. Finally, the suspension was 

plated and colonies on agar plates were observed.  
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4B.4.8.2 Antibacterial activity with the released biocide  

To assess the long lasting antibacterial efficacy of the biocide loaded hydrogels, gel disks 

were immersed in 1 mL of nutrient medium with and incubated at 100 rpm at 37 ˚C. At 

different intervals (after 24 h), the medium was completely removed, and the disks were 

immersed in the fresh medium. To 450 L of nutrient medium collected at each time interval, 

50 L of fresh nutrient medium containing 10
7
 CFU/mL bacteria (MRSA) were added. The 

mixture was then incubated at 37 ˚C for about 24 h. Finally, the OD values of the solutions 

were recorded. Also the solutions were directly plated to determine the bactericidal effect of 

the released medium. 

 

4B.4.8.3 Antibacterial kinetics  

Hydrogel disks (8 mm diameter) were similarly placed in the wells of a 48-well tissue culture 

treated polystyrene plate as mentioned previously. To the disks, 200 L of bacterial 

suspension (10
6
 bacterial cells in nutrient media) were added. The plates were the incubated 

at 37 ˚C under constant shaking at 100 rpm. At different time intervals (0, 15, 30, 45, 60, 90 

and 120 min), 10 µL of aliquots from the medium was taken out and subjected to 10-fold 

serial dilution in 0.9 % saline. Then 50 µL of the solutions was plated on agar plates and 

incubated for 24 h at 37 ºC. The bacterial colonies grown on the agar plates were counted and 

the reduction in bacterial count was represented in the logarithmic scale, i.e. log10 (CFU/mL) 

vs time (in min).  

 

4B.4.9 Quantification of the biocide-release via HPLC  

Hydrogel disks (8 mm) were taken in eppendorf tube and then 1 mL of water was added to 

the tube. The aqueous solution was replaced every day with water and the process was 

repeated till 7 days. Finally, release kinetics of the biocide from the gel was determined by 

HPLC. First, a standard curve of intensity vs known concentration of the biocide was 

prepared. Absorbance intensity of the biocide released in the aqueous solution was then used 

to determine the amount released in water at different time interval. 

 

4B.4.10 Biofilm disruption assay  

Biofilm disruption assay with the released biocide was performed following the protocol as 

mentioned in the section 4A.4.7 in Chapter 4A  
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4B.4.11 Skin toxicity 

4B.4.11.1 Acute dermal toxicity (rat model)  

Acute dermal toxicity of the gel was determined following OECD guidelines.
 
Briefly, 20 

Wistar rats (10 female: 180-220 g; 5 male: 290-420 g; 5 rats in each group) were used for the 

experiment. All animals were handled in accordance with protocols approved by the 

Institutional Animal Ethics Committee (IAEC) at the Jawaharlal Nehru Centre for Advanced 

Scientific Research (JNCASR). The rats were grouped for at least 3 days prior to the test. 

Approximately 24 hours before the test, fur in the dorsal midline area of each rat was 

removed (more than 10% of the body area). The rats were then weighed prior to the dosing. 

The gels were applied topically on the shaved area of each rat and held in contact with the 

shaved skin using a sterile gauze patch secured via occlusive dressing. The doses were 

approximately 2000 mg/kg with respect to the body weight of each rat. The gels were 

exposed for about 24 hours. Finally, any adverse effect on the skin was monitored up to 14 

days. Also the body weight of the rats was measured after every 7 days.  

 

4B.4.11.2 Skin sensitization (guinea pig model)  

Skin sensitization of the gels was determined using female guinea pigs (albino; 300-500 g). 

The animals were divided into control (5) and test (10) groups. Each guinea pig from both 

groups had its fur clipped on the back prior to the test. The hydrogel (0.1-0.2 g) and 0.9% 

NaCl saline (the negative control, 0.1-0.2 mL) were applied topically on the clipped dorsal 

region of each guinea pig, and covered by a gauze patch secured with occlusive dressing. 

After 6 hours of exposure, the gauze patch with dressing was removed, and the residual test 

material was washed away with water. The skin was carefully dried. The hydrogel and saline 

were given for three weeks on the first three days in each week. At two weeks after the last 

treatment, the guinea pigs in both groups were challenged with the hydrogel (0.1-0.2 g), on a 

shaved naïve region of each animal. The treated area was covered by a gauze patch secured 

with occlusive dressing. After 6 hour, the gauze patch with dressing was removed. The area 

was washed with water, and dried carefully. Observation was made at 24 and 48 hours after 

the completion of the challenge phase. Description and grading of the skin reactions for the 

erythema formation were conducted according to the Magnusson and Kligman grading scale. 

The percentage of the guinea pigs showing Magnusson and Kligman grades of 1 or greater in 

the test and control groups is 0% at 24 and 48 hours after the completion of the challenge 

phase, demonstrating that no skin sensitization was produced on the guinea pigs. 
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4B.4.11.3 Skin irritation (rabbit model)  

Skin irritation of the gels was determined following earlier report using New Zealand white 

female/male rabbits. Fur on both sides of three rabbit’s spine was clipped approximately 24 h 

before the test. Each of the clipped areas was about 10 cm × 15 cm. Hydrogel and 0.9% NaCl 

saline (the negative control) were applied to the four areas on the back of each rabbit: two for 

the hydrogel and two for the negative control. The doses of the hydrogel and the negative 

control for each area were 0.5 g and 0.5 mL respectively. Each application site was then 

covered by a gauze patch secured with occlusive dressing. After 4 hours of exposure, the 

gauze patch and dressing were removed. The residual hydrogel was removed by washing 

with water and the skin was dried carefully. Observation was made at 1, 24, 48 and 72 h after 

the removal of the test and control substances. The erythema/eschar and oedema formation 

were rated in all the application sites based on the Draize grading scale. The average scores 

of the erythema and oedema formation were 0 during the 72-hour observation period, proving 

that the skin irritation response of the hydrogel is negligible. 

 

4B.4.12 In-vivo activity and biofilm eradication ability  

Female BALB/c mice (6 to 8 weeks old, 18-24 g) were used for the experiments. First, the 

mice were made neutropenic (approximately 100 neutrophils/mL) by injecting two doses of 

cyclophosphamide via intraperitoneal injection (first dose was at 150 mg/kg and the second 

dose at 100 mg/kg after 3 days of the first dose). Next, after 24 h of second dose, mice were 

anesthetized by ketamine-xylazine mixture. The fur at the back of each mouse was clipped 

and then shaved using a razor. While shaving, mild wound (reddening of the skin without 

bleeding) was introduced on the dorsal midline of each mouse. To the wound, MRSA was 

added (20 L, 10
9
 cells/mL). Mice (n = 5 in each group) were left for 24 h of the post-

infection to allow the biofilm formation. Next, hydrogel disks (8 mm) were applied on the 

infected area (one disk on either side of the flank) and then covered with sterile gauge patch 

and secured with occlusive dressing. The gels were kept for about 96 h. One group of mice (n 

= 5) were left untreated and used as a control. Mice were then sacrificed using isoflurane and 

the infected skin was collected in saline. Then the skin was homogenized, diluted and finally 

plated for cell counting. The bacterial count was represented as log CFU/g of the skin tissue 

collected and shown as mean ± standard error of mean. SEM images of the skin tissues were 

recorded following the similar procedure as described in the section 4A.4.15 of Chapter 4A. 
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Histopathological responses were recorded after collecting the tissue sample and fixing it 

with formalin and then following the similar procedure as described in the section 4A.4.9 of 

Chapter 4A. 
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Abstract 

Chapter 5A describes the development of a biocompatible injectable hydrogel with inherent 

bioadhesive, antibacterial, wound healing and hemostatic capabilities suitable in wound 

sealing and wound infection treatment at the tissue level. The two component injectable 

hydrogels were prepared in-situ from an antibacterial N-(2-hydroxypropyl)-3-

trimethylammonium chitosan chloride (HTCC) and bioadhesive polydextran aldehyde (PDA). 

The components upon mixing reacted with other via imine bond formation leading to 

hydrogelation and also reacted with the amine groups of extracellular matrix (ECM) when 

present thus providing the bioadhesive properties. The gels were shown to be active against 

both Gram-positive and Gram-negative bacteria including drug-resistant ones such as 

methicillin-resistant Staphylococcus aureus (MRSA), vancomycin-resistant Enterococcus 

faecium (VRE) and beta-lactam-resistant Klebsiela pneumoniae. Mechanistic studies 

revealed that the gels killed bacteria upon contact by disrupting the membrane integrity of 

pathogen. Importantly, the gels were shown to be efficacious in preventing sepsis in a cecum 

ligation and puncture (CLP) model in mice. While only 12.5% animal survived in the case of 

mice with punctured cecam but with no gel on the punctured area (control), 62.5% mice 

survived when the adhesive gel was applied to the punctured area. The gels were also shown 

to be effective in facilitating wound healing in rats and ceasing bleeding from a damaged 

liver in mice. Notably, the gel showed negligible toxicity towards human red blood cells (only 

2-3% hemolysis) and no inflammation to the surrounding tissue upon subcutaneous 

implantation in mice thereby proving it as a safe and effective antibacterial sealant. 
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5A.1 Introduction 

In-situ forming hydrogels that rapidly cross-link with tissues have drawn significant attention 

as potent bioadhesive materials. These materials are required to carry out a variety of 

functions such as sealing leaks, i.e., as sealants, stopping unwanted bleeding, i.e., as 

hemostatic agents, binding tissues together, i.e., as bioadhesives and if possible, facilitating a 

rapid healing process.
1-6

 Considerable efforts have been given to develop naturally derived 

tissue adhesives, e.g., directly extracted from biological sources (fibrin glues), proteins 

(gelatine based glues), carbohydrates (alginate) or synthetic-material-based adhesives 

(cyanoacrylates and poly(ethylene glycol) based bioadhesives, mussel-inspired adhesives) 

etc.
7-18

 However, traditional bioadhesives either normally suffer from relatively poor adhesive 

strength or higher toxicity.
19-21

 Another major concern for the wound repair is the bacterial 

infections at the wound sites. These infections can reach as high as 41.9% and delay the 

natural healing process, cause abscess formation and even can lead to life-threatening 

sepsis.
22,23

 The wound site infections therefore impose significant burden to healthcare 

systems, along with high morbidity and mortality.
24

 Since commonly used sealant materials 

generally lack antibacterial properties, additional treatment of the wound infection is often 

required. However, systemic antibiotic therapy is limited due to ineffectiveness of antibiotics 

to reach to damaged tissue because of ruptured vascularity, resistance development by 

bacteria and toxicity (e.g., nephrotoxicity).  

Bioadhesive materials with antibacterial activity have therefore been developed by 

encapsulating antibacterial agents such as antibiotics, metal nanoparticles, etc. into the 

matrix.
25-31

 However, the materials lack permanent antibacterial activity, cause toxicity and 

might suffer from uncontrolled and unwanted release of the antibacterial agents. Thus there is 

a pressing need to develop biocompatible materials with intrinsic antibacterial activity that 

act can also as strong tissue-adhesives, hemostatic agents and wound healing materials. In the 

previous chapter, cationic chitosan detivatives, N-(2-hydroxypropyl)-3-trimethylammonium 

chitosan chlorides (HTCC) were developed and shown to be active against human pathogenic 

bacteria including multi-drug-resistant clinical isolates while being exceptionally compatible 

towards mammalian cells. Importantly, chitosan is already known to possess potent 

hemostatic and wound healing properties.
32-34

 Further, quaternary chitosan derivatives 

contain free amine groups which can react with aldehydes groups of a polyaldehyde and 

subsequently can lead to hydrogelation due to extensive cross linking. Thus upon mixing 
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HTCC and polyaldehyde solution together via dual barrel syringe is expected to form 

hydrogel.  

Herein, chapter 5B describes successful development of injectable hydrogels 

incorporated cationic HTCC and polydextran aldehyde (PDA). Effect of HTCC content on 

gelation and bioadhesive properties were studied to obtain the optimum formulations. 

Further, broad-spectrum activity against both drug-sensitive and drug-resistant bacteria with 

negligible toxicity towards mammalian cells was demonstrated in-vitro. The gels were shown 

to possess strong bioadhesive property and cease bleeding from a punctured liver in mice 

model. Also, the gels were shown to facilitate faster wound healing in a rat model. One of the 

most active formulations displayed negligible toxicity towards mammalian cells both in-vitro 

and in-vivo thereby proving it as safe and potent wound sealing and disinfecting materials. 

 

5A.2 Results and discussion   

5A.2.1 Synthesis of and optimization of precursor polymers 

The quaternary chitosan derivatives were prepared by reacting chitosan with 

glycidyltrimethylammonium chloride (GTMAC) under aqueous acidic conditions (Scheme 

5A.1).
35

 The homogenous conditions favored the substitution of the sugar units of chitosan 

with selective grafting only onto the primary amine groups (as amines are more nucleophilic 

than the hydroxyl groups). The introduction of the quaternary ammonium groups onto 

chitosan and the selective substitution at the primary amine groups were confirmed by 
1
H and 

13
C CP-MAS NMR spectroscopy as the spectra showed the presence of the N

+
Me3 group in 

the polymer chain (the presence of N
+
Me3 group was confirmed by an intense peak at 3.2 

ppm in 
1
H-NMR spectrum and 55.3 ppm in 

13
C CP-MAS spectrum). However, due to 

overlapping of the signals from the protons of substituent group and the polymeric backbone 

in 
1
H-NMR, the degree of substitution (DS with respect to only primary amine groups) was 

not calculated from the proton spectra. The DS of the polymers was determined by 

conductometric titration of Cl
−
 ions with AgNO3 solution.

36
 Six derivatives were prepared all 

under identical reaction temperature, time, and concentration of polymer and only by varying 

the mole ratio of GTMAC to sugar unit of chitosan and the molecular weight of chitosan. 

Mole ratio of GTMAC to sugar unit was used as 4:1, 6:1 and 8:1, which led to three 

quaternary polymers from chitosan of a particular molecular weight. Two different molecular 

weights of chitosan were used (relatively lower molecular weight chitosan of 15 kDa and of 

higher molecular weight chitosan of 50-190 kDa). The DS values ranged from 0.35 to 0.55. 
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(Scheme 5A.1). All the derivatives were found to be soluble in water till 40 mg/mL. 

However, polymers with lower DS were found to form gel at higher concentrations ( 40 

mg/mL) and thus heated to obtain clear aqueous solution when needed. 

 

 

Scheme 5A.1: Synthesis of quaternary chitosan derivatives. GTMAC = glycidyl 

trimethylammonium chloride. 

 

The bioadhesive polymer PDA was synthesized by oxidising dextran with sodium 

periodate (NaIO4). Periodate is known to oxidize the adjacent hydroxyl groups of sugar ring 

of dextran to dialdehydes, thereby opening the ring to form bisaldehyde derivative (Scheme 

5A.2). PDA was characterized by FT-IR, 
1
H-NMR and 

13
C-NMR spectroscopy. However, as 

no detectable signal from aldehyde functionality was observed in 
1
H NMR due to hemiacetyl 

formation, the amount of bisaldehyde functionality in PDA was determined by colorimetric 

method and was found to be 51  1%.
37

  

 

 

Scheme 5A.2: Synthesis of polydextran aldehyde (PDA) from naturally occurring dextran. 
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To find out the best polymer among all the chitosan derivatives, antibacterial efficacy 

of all the polymers was evaluated against a wide spectrum of drug-sensitive bacteria such as 

S. aureus, E. coli and A. baumannii and drug-resistant bacteria such as methicillin-resistant 

Staphylococcus aureus (MRSA), vancomycin-resistant Enterococcus faecium (VRE), -

lactam-resistant K. pneumoniae. In general, the polymers showed activity against all the 

bacteria tested (Table 5A.1). The range of minimum inhibitory concentration (MIC) values of 

the polymers varied from 125-1000 g/mL. Variation of DS and molecular weight of 

chitosan derivatives were found to have slight effect on the antibacterial activity. For 

example, HTCC 1 (with DS 31% obtained from chitosan of 15 kDa) showed MIC values of 

250 g/mL and 500 g/mL against S. aureus and E. coli respectively whereas HTCC 3 (with 

DS 58% obtained from chitosan of 15 kDa) showed MIC values of 125 g/mL and 250 

g/mL against S. aureus and E. coli respectively. On the other hand, HTCC 3 (with DS 58% 

obtained from chitosan of 15 kDa) and HTCC 6 (with DS 54% obtained from chitosan of 50-

190 kDa) showed similar MIC values against both S. aureus and E. coli (MIC = 125 g/mL 

and 250 g/mL against S. aureus and E. coli respectively). In general, the polymers were 

found to be more active towards Gram-positive bacteria than Gram-negative bacteria. For 

example, the range of MIC values for the polymers were 125-250 g/mL against Gram-

positive bacteria whereas the range of MIC values was 250-1000 g/mL against Gram-

negative bacteria for both low and high molecular weight HTCC polymers (Table 5A.1).  

 

Table 5A.1 Antibacterial activity of cationic chitosan derivatives 

 

Polymer 

MIC (µg/mL)  

HC50 

(µg/mL) 
Drug-sensitive bacteria Drug-resistant bacteria 

S. aureus E. coli P. 

aeruginosa  

MRSA VRE K. 

pneumoniae 

HTCC 1 250 1000 1000 250 250 1000 >10000 

HTCC 2 250 500 500 250 250 500 >10000 

HTCC 3 125 250 250 125 125 250 >10000 

HTCC 4 250 500 500 250 250 500 >10000 

HTCC 5 250 250 500 250 250 500 >10000 

HTCC 6 125 250 250 125 125 250 >10000 

MRSA = Methicillin-resistant S. aureus (ATCC 33591); VRE = vancomycin-resistant 

Enterococcus faecium (ATCC 51559); K. pneumoniae = beta lactam-resistant K. pneumoniae 

(ATCC 700603); HC50
 
= Hemolytic concentration at which 50% hemolysis occurs 
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Like drug-sensitive bacteria, the polymers showed similar activity against drug-

resistant bacteria such as MRSA, VRE and K. pneumoniae. The two most active polymers 

(HTCC 3 and HTCC 6) displayed MIC values of 125 g/mL each against MRSA and VRE, 

and 500 g/mL each against K. pneumoniae respectively (Table 1). The relatively low 

antibacterial activity of chitosan derivatives could be attributed to the lack of sufficient 

hydrophobicity.
46

 In order to be used in clinical settings, the polymers should be active 

towards microbial cells and non-active towards mammalian cells. To evaluate the cytotoxic 

effects of the polymers, hemolytic activity against human red blood (hRBC) cells was 

evaluated. In general, HC50 of all the polymers was found to be more than 10000 g/mL 

(Table 5A.1). This showed that these cationic polymers were 40-80 times more selective 

(selectivity = HC50/MIC) towards bacteria over mammalian cells. Notably, all the polymers 

showed negligible hemolysis even at 8000 g/mL (32-64 times more than their MIC values). 

Thus HTCC 3 and HTCC 6 were found to be most active polymers. However, because of 

the relatively higher aqueous solubility and less viscosity, HTCC 3 was used in hydrogel 

preparation.  

 

Table 5A.2 Effect of HTCC 3 on liver and kidney functions as well as balance of 

electrolytes in the blood 

 

 

Clinical biochemistry 

parameters 

Treatment 

 

Saline 

HTCC 3 (55 

mg/kg) after 

day 2 

HTCC 3 (55 

mg/kg) after 

day 14 

Laboratory 

range 

Liver 

functions 

ALT (IU/L) 62.4 ± 19.1 56.3 25.2 77.8  29.1 50  27 

AST (IU/L) 80.9 ± 18.7 87.6  15.3 101.4  23.2 100  50 

 

Kidney 

Function 

Creatinine 

(mg/dL) 

0.23 ± 0.07 0.23  0.07 0.41  0.13 0.38 ± 0.12 

Urea nitrogen 

(mg/dL) 

18.4 ± 3.4 21.5  2.9 20.3  5.8 16 ± 7.2 

 

 

Electrolyte 

Balance 

 

 

Sodium ion 

(mg/dL) 

143 ± 1.6 147.4  1.01 151.3  1.64 152.3 ± 17 

Potassium ion 

(mg/dL) 

7.2 ± 0.7 5.7  0.7 6.7  0.3 8.9 ± 1.5 

Chloride ion 

(mg/dL) 

111.5 ± 1.8 110.8  2.2 108.9  1.5 119.3 ± 13.5 

The data are expressed as mean  standard deviation, based on values obtained from 10 mice 

(n = 10). ALT = alanine transaminase, AST = aspartate transaminase, IU = international unit  

    

Since the injectable hydrogels would be used in tissue level infection, the toxicity of 

HTCC 3 was evaluated under in-vivo conditions as well. The cationic polymer showed very 



287 
 

high 50% lethal doses upon both intraperitoneal (i.p.) and subcutaneous (s.c.) administration 

in mice (LD50 = 175 mg/kg). The polymer also shown to cause negligible toxicity to major 

organs like liver and kidney as the functions of both the organs such as ALT (alanine 

transaminase), AST (aspartate aminotransferase), creatinine and urea nitrogen, etc. were 

found to be similar like untreated samples. Also the polymer did not interfere significantly 

with the balance of blood electrolytes such as sodium, potassium and chloride ions even at 55 

mg/kg upon i.p. administration in mice (Table 5A.2).  

 

5A.2.2 Preparation and characterization of hydrogels  

PDA with 50% dialdehyde functionality and HTCC 3 with 46% quaternary ammonium 

group, 39% primary amine group and 15% of N-acetyl group were used to prepare the 

hydrogels (Figure 5A.1A and B). Finally, the hydrogels were prepared by mixing phosphate 

buffered (23.5 mM NaH2PO4, 80.5 mM Na2HPO4) solution of PDA and aqueous solution of 

HTCC 3 either by simple mixing or by mixing with a dual barrel syringe in equal volumes 

(Figure 5A.1C). Four different gel compositions were made by varying the HTCC content 

from 1.0-2.5 wt% (1 wt%, 1.5 wt%, 2 wt% and 2.5 wt% respectively) while keeping the 

amount of PDA constant (2.5 wt%). The average gelation time of the hydrogels (tgel) was 

found to be 10-60 sec, and was found to decrease with the increase in HTCC content (Table 

5A.3). This is because of the greater number of amine groups available for imine bond 

formation at the higher amount of HTCC. The formation of imine bond upon mixing of PDA 

and HTCC 3 was characterized by FT-IR spectroscopy. The spectra clearly revealed the peak 

corresponding to imine bond at 1645 cm
1

. Not only in wet conditions, the gels showed the 

presence of imine bond even in the dry state along with the other functional groups (peak at 

1650 cm
1

 was assigned to the imine group in xerogel). The gels were further characterized 

by field emission scanning electron microscope (FESEM) to visualize the surface and cross 

sectional morphologies.
38

 All the hydrogels displayed a highly porous and interconnected 

structure. However, as the HTCC content in the gels increased, the pore size was found to 

decrease (Figure 5A.1D and E). Due to the interconnected pores which are mutually 

penetrating, the adhesives are expected to have a good permeability for nutrients and to 

support cellular growth. The viscoelastic properties such as storage modulus (G) and loss 

modulus (G) of each formulation were determined using pre-formed gels by oscillatory 

rheometer. As the wt% of HTCC content increases, the mechanical stiffness of the hydrogels 

increases from 175 Pa to 1528 Pa as observed by the gradual increase in storage modulus (G) 
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values (Figure 5A.1F). This indicated that the gel formulations with higher amount of HTCC 

3 formed more imine bonds with the aldehyde groups of PDA, thereby enhancing the 

stiffness of the materials.  

 

Figure 5A.1: Design, synthesis and characterization of injectable hydrogels. (A and B) The 

precursors of the hydrogels, PDA and HTCC 3 as adhesive and antibacterial components 

respectively. (C) Schematic representation of hydrogel cross-linking designed through imine 

bond formation of among PDA and HTCC 3 and extracellular matrix. SEM photographs of 

freeze-dried hydrogels: (D) surface morphologies of hydrogels with 2.5 wt% PDA and 1, 1.5, 

2.0 and 2.5 wt% of HTCC 3; (E) cross-sectional morphologies of hydrogels with 2.5 wt% 

PDA and 1, 1.5, 2.0 and 2.5 wt% of HTCC 3 respectively. Scale bar 50 m. (F) Storage 

modulus of the hydrogels as a function of varying HTCC content keeping the PDA content 

constant. (G) Adhesive strength of the hydrogels measured using porcine skin. 
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It should be mentioned that G values for all the formulations were found to be much greater 

than G values thereby indicated strong gel formation for all the combinations. 

 

5A.2.3 Determination of adhesive stress  

The adhesive nature of the hydogels was determined by uniaxial loading of the hydrogels 

adhered between two sections of porcine skin towards epidermis layers followed by lap-shear 

analysis.
39

 The maximum adhesive stress for all the gels was found to vary slightly (4.05-7.4 

kPa) (Figure 5A.1G). This is possibly due to the fact that PDA for all the adhesive 

formulations react strongly and almost invariably with the large content of amine groups of 

ECM. It was also observed that the bond failure for the gels was mainly cohesive in nature 

thus suggesting that bonds within the adhesive and antibacterial component fail first than the 

bonds between the material tissue interfaces. 

 

5A.2.4 In-vitro antibacterial activity  

The antibacterial activity of the hydrogels was evaluated against both drug-sensitive and 

drug-resistant bacteria.
40

 To the gel surfaces prepared onto the wells of 96-well plate, 10
5
 

CFU/mL bacterial suspension (100 L) was added and optical density was recorded after 

inoculating for 24 h at 37 ˚C. Wells without the hydrogels but equal volume of bacterial 

suspension and wells with gels containing equal volume of only media were used as controls. 

Interestingly, all the hydrogels showed activity against both Gram-positive S. aureus and 

Gram-negative E. coli respectively (Figure 5A.2A and B). Moreover, the activity of the 

adhesives was found to depend on the wt% of the antibacterial component HTCC. The 

adhesive surfaces of all the formulations showed more than 99% reduction of viable bacteria 

against S. aureus whereas surfaces with 1.0 wt%, 1.5 wt%, 2.0 wt% and 2.5 wt% HTCC 

content showed 92%, 90%, 95% and 98% reduction against E. coli with respect to the 

untreated surface. Thus hydrogel with 2.5 wt% HTCC content was found to be the most 

active. Notably, when the gels were challenged with higher amount bacteria (10
7
, 10

8
 and 

10
9
 CFU/mL), the surfaces were still found to inhibit the growth of both S. aureus and E. coli 

thereby demonstrated the efficacy of the gel (Figure 5A.2A and B). For example, the gels that 

contain 1 wt% and 1.5 wt% HTCC were shown to be moderately active (83-90% reduction of 

viable S. aureus and 67-87% reduction of viable E. coli) while the gels that contain 2 wt% 

and 2.5 wt% HTCC were shown to be more effective (93-98% reduction of viable S. aureus 
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and 88-94% reduction of viable E. coli) when the gels were challenged with higher amount of 

bacteria (Figure 5A.2A and B). It should be mentioned that all the gels were shown to be 

more active against Gram-positive S. aureus than Gram-negative E. coli. 

  

 

Figure 5A.2: Antibacterial activity of the hydrogels. % of Viable bacteria as evaluated with 

respect to control for different hydrogels with variable amount of HTCC content after 

challenging with (A) S. aureus and (B) E. coli; (C) P. aeruginosa; (D) MRSA; (E) VRE and 

(F) beta-lactam-resistant K. pneumoniae respectively. 

 

Importantly, the gels were shown to be active against P. aeruginosa-an opportunistic 

Gram-negative bacterium which causes many nosocomial infections and is generally difficult 

to treat (Figure 5A.2C). The gels were also found to be active against drug-resistant bacteria 

such as methicillin-resistant Staphylococcus aureus (MRSA), vancomycin-resistant 
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Enterococcus faecium (VRE) and beta-lactam-resistant Klebsiella pneumoniae. The gels 

inhibited the growth of all three bacteria when challenged with 10
5
 CFU/mL (Figure 5A.2C-

F). Notably, these materials were shown to be efficacious in reducing cell viability even at 

the higher amount of bacteria. For example, one of the most potent gel (2.5 wt% PDA cross 

linked with 2.5 wt% HTCC 3) showed 96%, 90% and 79% reduction against 10
7
, 10

8
 and 

10
9
 CFU/mL of MRSA; 98%, 94% and 75% reduction against 10

7
, 10

8
 and 10

9
 CFU/mL of 

VRE and 93%, 90% and 78% reduction against 10
7
, 10

8
 and 10

9
 CFU/mL of K. pneumoniae 

respectively (Figure 5A.2C-F). 

 

5A.2.5 Contact based mode of action  

In order to establish that the gel inactivates bacteria upon contact and not by releasing its 

components, hydrogel (2.5 wt% HTCC cross-linked with 2.5 wt% HTCC 3) was prepared in 

6.5 mm trans-well cell culture inserts with polycarbonate membrane of 0.4 μm pore size.
32

 

The inserts were then kept over bacterial suspension in suitable growth media taken in the 

wells of the culture plate. The volume of the media was chosen in such that the polycarbonate 

membrane along with the gel was under the media without touching the bottom of the wells. 

So if there is any leakage of the polymers from the gel into the suspension, bacterial 

proliferation should get inhibited. However, after inoculation of bacteria (10
4
 CFU/mL, 500 

L) for about 24 h, substantial amount of growth was observed for both S. aureus and E. coli 

(Figure 5A.3A and B). When an equal volume of only HTCC 3 polymer solutions was 

placed in the cell culture inserts and incubated with bacteria, no growth was observed for 

both S. aureus and E. coli respectively (Figure 5A.3A and B). Thus the above results 

indicated that the bacterial attachment onto surface of gel is necessary to have antibacterial 

activity.  

As the gel surface is positively charged due to the presence of quaternary 

trimethylammonium group in HTCC 3, the surfaces are expected to interact with the 

negatively charged membrane of bacteria thus causing membrane disruption. To substantiate 

the mode of action, we studied the membrane permeabilization of bacteria by fluorescence 

microscopy using green fluorescent membrane permeable dye SYTO 9 and red fluorescent 

membrane impermeable dye propidium iodide.
41

 While the untreated bacteria showed 

completely green fluorescence thereby indicated only live bacteria (Figure 5A.3C and E), 

both S. aureus and E. coli showed significant red fluorescence upon treatment with the 

adhesive surface thereby indicating the presence of membrane-compromised bacteria (Figure 
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5A.3D and F). It should be mentioned that cationic HTCC 3 which possesses good activity 

against bacteria (minimum inhibitory concentration, MIC values were 125-250 g/mL) and 

inactivates them by interacting with the negatively charged cell membrane might play as the 

major antibacterial component for the adhesive. Since, PDA is also shown to possess activity 

against bacteria (MIC of PDA is 4000 g/mL and 32000 g/mL against S. aureus and E. coli 

respectively), the contribution from PDA towards gel’s antibacterial efficacy cannot be 

ignored.  

 

 

Figure 5A.3: Mode of action of the hydrogels. Contact based mode of action of the 

hydrogels: (A) S. aureus and (B) E. coli exposed to cell culture inserts bearing hydrogels or 

soluble HTCC 3 of same volume and concentration used to prepare the gels. Mechanism of 

action of the gel: fluorescence microscopy images of non-treated (C) S. aureus and (E) E. coli 

and treated (D) S. aureus and (F) E. coli respectively after staining with SYTO 9 and 

propidium iodide. Scale bar 10 m. 
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5A.2.6 In-vitro and in-vivo toxicity  

Hemocompatibility of the hydrogels was evaluated by exposing the gel’s surfaces with 

human red blood cells (hRBC) and determining the percentage of hemolysis with respect to a 

highly toxic surfactant triton-X (TX-100). 

  

 

Figure 5A.4: In-vitro biocompatibility of the hydrogels. (A) Hemolytic activity of the 

hydrogels as a function of varying HTCC content and the controls (untreated and TX-100); 

(B) optical micrograph images of hRBC images from the various gel and control surfaces. In-

vivo biocompatibility of the bioadhesive hydrogels Mice skin and subcutaneous tissue 

histopathology: (C and D) untreated skin tissue showing normal architecture of epidermis, 

dermis and subcutaneous tissues (after 3 and 7 days of saline injection); sweat gland, 

sebaceous gland was seen (arrow). (E and F) Hydrogel treated skin tissue showing normal 

dermis layer with sweat and sebaceous gland along with normal adipose tissue (arrow) (after 

3 and 7 days of injection of the hydrogel). 
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Notably, all the adhesives showed negligible hemolysis (Figure 5A.4A). The most active 

adhesive (containing 2.5 wt% HTCC 3) showed only 2-4% hemolysis. This emphasized that 

the gels were hemocompatible against human erythrocytes. To have better insight, blood cells 

were also imaged after exposing to the gel’s surfaces. The treated cells were found to have 

round morphology typical of healthy blood cells as observed in the non-treated wells. In 

contrast, wells treated with TX-100 showed no survival of RBC as no cells were observed 

under the microscope (Figure 5A.4B). The above facts further indicated the non-cytotoxic 

nature of the adhesive surfaces suitable for biomedical applications. The cytotoxic effect of 

the hydrogel was also evaluated in-vivo by injecting the gel subcutaneously in mice and then 

studying histopathological responses after 3 and 7 days of implantation via haematoxylin and 

eosin staining. Notably, tissue surrounding the gel (2.5 wt% PDA and 2.5 wt% HTCC 3) 

showed no inflammation and showed normal architecture of epidermis, dermis and 

subcutaneous tissues like the untreated tissue samples after 3 and 7 days post injection 

(Figure 5A.4C-F).  The above facts therefore indicated that gels are indeed non-toxic towards 

mammalian cells.  

 

5A.2.7 Hemostatic properties  

In order to be used as effective sealant, the gels are requisite to seal the blood leakage thus act 

as anti-haemorrhaging agent.
42

 The hemostatic ability of the hydrogels was studied by 

puncturing the liver of mice with a needle and instantaneously applying the adhesive on the 

punctured area. While the punctured liver without gel showed leakage of significant amount 

of blood collected on the paper, punctured liver with the gel showed negligible amount of 

blood loss (Figure 5A.5A). The total blood loss from the control liver was about 168 mg for 3 

min after the liver was pricked. In contrast, the bleeding was significantly arrested by the 

gels, the loss of blood being reduced to 50 mg (Figure 5A.5B). Thus the above result 

demonstrates that the hydrogels when cross linked in situ can serve as an effective anti-

haemorrhaging agent.  

 

5A.2.8 Wound healing activity  

The wound healing abilities of the gel was studied by creating a spherical wound (18 mm 

diameter) on the back of Wistar rats by skin incision and removal.
3
 While the control group 

have no significant effects on the wound size after day 5 and day 10, gel with 2.5 wt% PDA 

and 2.5 wt% HTCC 3 was able to reduce the wound size by 14  4% and 31  8%, 
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respectively (Figure 5A.5C and D). Notably, after day 15 and day 20, wound in the treated 

groups almost repaired in sharp contrast to control. The adhesive has a wound healing ratio of 

78  9%, much higher than that of the control group which showed a healing ratio of 58  7% 

(Figure 5A.5C and D). In summary, the adhesive exhibited faster wound-healing performance 

over a very short period (Figure 5A.5E). 

 

 

Figure 5A.5: In-vivo activity of the hydrogels. Hemostatic ability of the hydrogel: (A) 

Images of the paper after collecting blood after pricking the liver of mice without and with 

hydrogel; (B) loss of blood from the damaged livers after 3 min. Wound healing ability of the 

injectable hydrogel: representative photographs of 18 mm diameter wounds excised on rats 

(C) without any hydrogel and (D) treated with the hydrogel. Scale bar 10 mm. % of Wound 

closure at different time interval for both untreated and gel treated wound. 

 

5A.2.9 In-vivo antibacterial activity  

In order to evaluate the ability of the gel to prevent infections under in-vivo condition, cecal 

ligation and puncture (CLP) model of sepsis was performed in mice.
41

 Cecam, an intra-

peritoneal pouch, contains a variety of microbes including both Gram-positive and gram-

negative bacteria. Puncture of cecam would thus allow the bacterial leakage from the 

intestine which would ultimately results in sepsis and death. Application of the hydrogel to 

the punctured area are expected to form a barrier between the cecam and the peritoneal cavity 
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thus inhibiting bacterial infiltration and translocation, and if possible kill bacteria which are 

on contact.  

 

 

 

Figure 5A.6: In-vivo activity of the hydrogels. Efficacy of the hydrogel in sealing leaks and 

preventing sepsis by cecal ligation and puncture model: (A) application of the hydrogel to the 

punctured area of cecam during surgery. Isolated punctured ceca after 24 h of surgery (B) 

cecam with no gel and (C) cecam that was treated with the gel; (D) survival rates of mice for 

saline treated cecam with ligation, gel treated cecam with ligation, cecam with both ligation 

and puncture, and gel treated cecam with ligation and puncture respectively (saline or gel 

were applied on the punctured area). P values ( and ) are 0.0330 and 0.0009 for CLP and 

CLP+hydrogel with respect to CL+hydrogel. Evaluation of antibacterial activity upon 

injection of MRSA into gel subcutaneously in mice: (E) MRSA count after 72 h of infection; 

p value (*) are 0.0001 for treated samples (F) mice skin and subcutaneous tissue 

histopathology after hematoxylin and eosin staining. 

 

Herein, the caeca of mice were ligated and then punctured with a needle. Next one of the 

active hydrogels (containing 2.5 wt% PDA and 2.5 wt% HTCC 3) was applied onto the 

punctured area of caeca (Figure 5A.6A) and then returned back into the peritoneal cavity. 

Mice having punctured caeca without any adhesives were used as controls. To visualize the 

differences between treated and non-treated cecam, caeca of animals were imaged after 24 h 
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of the application of gel. While the punctured cecam with no hydrogel was found to be highly 

erythematous and black in colour indicative of severe infection (Figure 5A.6B), punctured 

cecum with the gel was found to be healthy and normal in colour (Figure 5A.6C). The above 

facts therefore suggested that the hydrogel formed an efficient barrier to infection. Further 

survival rate of the mice were also studied for the 8-post-operative days to determine the 

efficacy of the gels towards sepsis prevention. While only 1 mice out of 8 (12.5%) survived 

in the control group, 5 mice (62.5%) survived when the punctured area were treated with gel 

(Figure 5A.6D). The above results thus indicated that the gels are able to seal the leakage and 

prevent the infection. Interestingly, when the gel is applied to mice without puncturing the 

cecum, survival rate was found to be very high (87.5-100%). Moreover, all animals were 

found to recover the initial weight loss after 4-5 days. These observations further suggested 

that the gels are non-toxic in-vivo and cause negligible organ toxicity. 

The efficacy of the hydrogel was also evaluated in a subcutaneous injection and 

subsequent infection of the gel in mice model.
41

 The gel (2.5 wt% PDA and 2.5 wt% HTCC 

3) were injected subcutaneously in neutropenic mice. Bacteria (40 L of 10
7
 CFU/mL 

MRSA) were then directly injected directly into the gel. Bacteria were also injected 

subcutaneously without the gel and at distal site far from the gel. After 72 h, mice were 

sacrificed and tissue surrounding the gel was collected for cell enumeration. Notably, skin 

tissue (without gel) showed 5.6 log less bacteria as compared to the untreated skin tissue 

(Figure 5A.6E). Further, no reduction of MRSA count was observed for mice where bacteria 

were injected at different site from the gel thereby indicated that the gel acts only on contact. 

The efficacy of the gel was further established by histopathology examination of both treated 

and untreated tissue samples. While the control tissue samples showed severe infiltration of 

inflammatory  cells mostly neutrophils and mononuclear cells in the subcutaneous tissues 

(arrow) with congestion of blood vessels (inset), tissue surrounding the gel showed normal 

skin morphology with minimal inflammation (Figure 5A.6F). Also, it was noted that 2.1 log 

reduction of MRSA count was observed compared to untreated sample when the tissue along 

with the gel was enumerated for cell counting. In general, the above results indicated that the 

gel was able to prevent the spreading of infection in the surrounding tissue as well as was 

able to reduce infection. 
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5A.3. Conclusion 

In summary, bioadhesive injectable hydrogels developed from two naturally occurring 

polymer derivatives were shown to act as potent antibacterial agents. The hydrogels were 

found to inactivate both drug-sensitive and drug-resistant bacteria such MRSA, VRE and beta 

lactam-resistant K. pneumoniae. Mechanistic studies revealed that the gels mainly acted by 

disrupting the membrane integrity of the pathogen upon contact. These materials were found 

to be efficacious in sealing leaks and preventing infection in-vivo. Further, the materials were 

also shown to be effective in facilitating wound healing and preventing haemorrhage. 

Importantly, they were shown to be non-toxic towards human erythrocytes and caused no 

organ toxicity when applied internally. No inflammation was observed to the surrounding 

tissue upon subcutaneous implantation in mice. The bioadhesive hydrogels developed herein 

thus can be used as safe and effective sealant to prevent wound site infections at the tissue 

level.  

 

5A.4. Experimental section 

5A.4.1 Materials and instrumentation  

Dextran from Leuconostic spp. (Mr 40 kDa), glycidyltrimethylammonium chloride 

(GTMAC), acetic acid, sodium periodate (NaIO4), hydroxyl amine, methyl orange were 

purchased from Sigma-Aldrich, USA as used as received. Chitosan with a degree of 

acetylation (DA) 85% (molecular weight = 15 kDa) was purchased from Polysciences, 

USA. Acetone, ethanol and other organic solvents were of analytical grade and purchased 

from Spectrochem, India. The water used in all experiments was Millipore water with a 

resistivity of 18.6 MΩ cm. Bacterial strains such as S. aureus (MTCC 737), E. coli (MTCC 

443) and P. aeruginosa (MTCC 424) were purchased from MTCC (Chandigarh, India). 

Drug-resistant bacteria such as vancomycin-resistant Enterococcus faecium (VRE) (ATCC 

51559), methicilin-resistant S. aureus (MRSA) (ATCC 33591) and -lactum resistant 

Klebsiella pneumoniae (ATCC 700603) were obtained from ATCC (Rockvillei, Md). 

Bacterial growth media and agar were supplied by HIMEDIA, India. Nuclear magnetic 

resonance spectra (
1
H-NMR and 

13
C-NMR) were recorded on a Bruker AMX-400 instrument 

(400 MHz) in deuterated solvents. Solid state NMR (
13

C cross polarization magic angle 

spinning, 
13

C CP-MAS), was performed in Bruker Avance III spectrometer. FT-IR spectra of 

the solid compounds were recorded on Bruker IFS66 V/s spectrometer using KBr pellets and 

the IR spectra of the hydrogels were recorded in attenuated total reflectance (ATR) FTIR 



299 
 

instrument using diamond crystal (Perkin Elmer, BS EN 60825-1). Electron microscopy 

images were captured in using field emission scanning electron microscope (Quanta 3D FEG, 

FEI). An Olympus microscope (Model BX51) and Leica DM2500 fluorescent microscope 

was used for imaging of bacterial cells. Oscillatory rheology experiments were performed on 

preformed adhesive gels using a TA Instrument AR-G2 rheometer, using a 25 mm diameter 

stainless steel parallel plate tool. Adhesive strength of the gels was performed using Q800 

dynamic mechanical analyser (DMA) (TA, Instruments). Eppendorf 5810R centrifuge was 

used for centrifugation. TECAN (Infinite series, M200 pro) Plate Reader was used to 

measure optical density. Studies on animal subjects were performed following the protocols 

approved by Institutional Bio-safety Committee (IBSC) of Jawaharlal Nehru Centre for 

Advanced Scientific Research (JNCASR). Studies with the animals were performed 

following protocols approved by the Institutional Animal Ethics Committee (IAEC) in the 

institute (Jawaharlal Nehru Centre for Advanced Scientific Research). 

 

5A.4.2. Synthesis and characterization of polymers  

5A.4.2.1 Synthesis of HTCC 

Chitosan (2.5 g) was suspended in Millipore water (200 mL), and then acetic acid (1 mL, 

0.5%, v/v) was added to the suspension. The chitosan-acetic acid mixture was stirred for 

about 12 hat room temperature to obtain a clear polymer solution.  GTMAC was added to the 

polymer solution in three portions at nearly two-hour intervals. The GTMAC to chitosan 

mole ratio was varied from 4:1 to 8:1. The reaction was allowed to proceed at 55 °C for 18 h 

after the final addition of GTMAC. The reaction mixture was then diluted with 300 mL water 

and the product was precipitated with excess of acetone. The chitosan derivatives were 

filtered through a sintered glass funnel and washed with acetone repeatedly. The products 

were characterized by 
1
H-NMR, 

13
C cross-polarization magic-angle spinning (CP-MAS) 

NMR and FT-IR spectroscopy (yields higher than 90%). The degrees of substitutions (DS) of 

the quaternary chitosan derivatives were determined by conductivity measurements. 

 

HTCC 1: FT-IR ( 𝑣 ): 3450-3100 cm
-1

 (OH and NH2 or NH),1686 cm
1

 (amide I, C=O 

str.), 1559 cm
1

 (amide II, NH ben.), 1477 cm
1

 (N
+
(CH3)3 ben.); 

1
H-NMR (400 MHz, 

CDCl3, 25 ˚C):  = 1.908 (s, CH3COO), 2.068 (s, CH3CO), 2.568-2.939 (m, 

NHCH2CH(OH)CH2 and Cell C2H), 3.227 (s, CH(OH)CH2N
+
(CH3)3), 3.408-3.993 (m, 

Cell C3H-C5H, CH(OH)CH2N
+
(CH3)3), 4.290 (s, CH2CH(OH)CH2), 4.542 (s, Cell 

C1H); 
13

C-NMR (CP-MAS, 100 MHz):  = 24.161, 55.297, 557.574, 61.925, 63.812, 64.170, 

64.917, 75.225, 84.513, 105.657, 106.061, 174.107. 
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HTCC 2: FT-IR ( 𝑣 ): 3440-3160 cm
-1

 (OH and NH2 or NH),1684 cm
1

 (amide I, C=O 

str.), 1560 cm
1

 (amide II, NH ben.), 1480 cm
1

 (N
+
(CH3)3 ben.); 

1
H-NMR (400 MHz, 

CDCl3, 25 ˚C):  = 1.908 (s, CH3COO), 2.067 (s, CH3CO), 2.565-2.935 (m, 

NHCH2CH(OH)CH2 and Cell C2H), 3.225 (s, CH(OH)CH2N
+
(CH3)3), 3.409-3.969 (m, 

Cell C3H-C5H, CH(OH)CH2N
+
(CH3)3), 4.289 (s, CH2CH(OH)CH2), 4.504 (s, Cell 

C1H); 
13

C-NMR (CP-MAS, 100 MHz):  = 24.345, 55.308, 62.022, 62.719, 62.983, 63.723, 

64.310, 64.660, 64.982, 75.123, 84.570, 104.617, 105.770, 174.068. 

 

HTCC 3: FT-IR ( 𝑣 ): 3445-3162 cm
-1

 (OH and NH2 or NH),1682 cm
1

 (amide I, C=O 

str.), 1555 cm
1

 (amide II, NH ben.), 1478 cm
1

 (N
+
(CH3)3 ben.); 

1
H-NMR (400 MHz, 

CDCl3, 25 ˚C):  = 1.910 (s, CH3COO), 2.068 (s, CH3CO), 2.568-2.939 (m, 

NHCH2CH(OH)CH2 and Cell C2H), 3.228 (s, CH(OH)CH2N
+
(CH3)3), 3.412-3.991 (m, 

Cell C3H-C5H, CH(OH)CH2N
+
(CH3)3), 4.292 (s, CH2CH(OH)CH2), 4.546 (s, Cell 

C1H); 
13

C-NMR (CP-MAS, 100 MHz):  = 24.064, 55.265, 61.417, 61.715, 62.023, 63.922, 

64.293, 64.953, 75.050, 84.552, 104.858, 105.633, 174.047. 

 

HTCC 4: FT-IR ( 𝑣 ): 3455-3160 cm
-1

 (OH and NH2 or NH),1679 cm
1

 (amide I, C=O 

str.), 1559 cm
1

 (amide II, NH ben.), 1472 cm
1

 (N
+
(CH3)3 ben.); 

1
H-NMR (400 MHz, 

CDCl3, 25 ˚C):  = 1.915 (s, CH3COO), 2.069 (s, CH3CO), 2.567-2.966 (m, 

NHCH2CH(OH)CH2 and Cell C2H), 3.227 (s, CH(OH)CH2N
+
(CH3)3), 3.571-3.969 (m, 

Cell C3H-C5H, CH(OH)CH2N
+
(CH3)3), 4.281 (s, CH2CH(OH)CH2), 4.537 (s, Cell 

C1H); 
13

C-NMR (CP-MAS, 100 MHz):  = 24.048, 55.225, 61.326, 61.720, 62.041, 62.337, 

63.047, 63.716, 64.079, 64.799, 74.838, 84.402, 104.864, 106.168, 173.521. 

 

HTCC 5: FT-IR ( 𝑣 ): 3475-3140 cm
-1

 (OH and NH2 or NH),1680 cm
1

 (amide I, C=O 

str.), 1560 cm
1

 (amide II, NH ben.), 1481 cm
1

 (N
+
(CH3)3 ben.); 

1
H-NMR (400 MHz, 

CDCl3, 25 ˚C):  = 1.911 (s, CH3COO), 2.071 (s, CH3CO), 2.570-2.943 (m, 

NHCH2CH(OH)CH2 and Cell C2H), 3.231 (s, CH(OH)CH2N
+
(CH3)3), 3.414-3.974 (m, 

Cell C3H-C5H, CH(OH)CH2N
+
(CH3)3), 4.287 (s, CH2CH(OH)CH2), 4.541 (s, Cell 

C1H); 
13

C-NMR (CP-MAS, 100 MHz):  = 24.073, 55.115, 58.124, 61.817, 62.151, 64.014, 

64.213, 64.873, 75.225, 84.256, 105.504, 105.890, 173.939. 

 

HTCC 6: FT-IR ( 𝑣 ): 3462-3158 cm
-1

 (OH and NH2 or NH),1688 cm
1

 (amide I, C=O 

str.), 1551 cm
1

 (amide II, NH ben.), 1474 cm
1

 (N
+
(CH3)3 ben.); 

1
H-NMR (400 MHz, 

CDCl3, 25 ˚C):  = 1.909 (s, CH3COO), 2.059 (s, CH3CO), 2.588-2.929 (m, 

NHCH2CH(OH)CH2 and Cell C2H), 3.224 (s, CH(OH)CH2N
+
(CH3)3), 3.409-3.989 (m, 

Cell C3H-C5H, CH(OH)CH2N
+
(CH3)3), 4.278 (s, CH2CH(OH)CH2), 4.541 (s, Cell 

C1H); 
13

C-NMR (CP-MAS, 100 MHz):  = 24.148, 55.029, 60.921, 61.421, 63.183, 63.817, 

64.171, 64.623, 74.847, 84.414, 105.108, 105.363, 174.729. 

 

5A.4.2.2 Determination of degree of substitution (DS)  

DS of the polymers was calculated by titrating the amount of chloride (Cl
−
) ions on the 

polymers with aqueous AgNO3 solution. The moles of reacted GTMAC to the mole of 

repeating sugar unit of chitosan was defined as DS. HTCCs (0.025 g) were dissolved in 

Millipore water (50 mL) an aqueous solution of AgNO3 (0.02 M) was used to titrate the 
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aqueous solution of polymers. The DS of HTCC polymers was calculated using the following 

Equation 1: 

CAgNO3 × VAgNO3 = mHTCC × DS)/(DS × M3) + (1−DS−DA) × M1+ (DA× M2)                (1) 

In this equation, CAgNO3 is the concentration of AgNO3, VAgNO3 is the volume of the AgNO3 

solution at the point of equivalence, m is the mass of HTCC used for titration, M1 is the 

molecular weight of the glucosamine repeating unit, M2 is the molecular weight of the N-

acetyl glucosamine repeating unit, M3 is the molecular weight of GTMAC substituted 

repeating unit, i.e., quaternary unit, DA is the degree of acetylation of the native chitosan 

(0.15 or 0.21). 

 

5A.4.2.3 Synthesis of polydextran aldehyde (PDA)  

Dextran (40 kDa, 10 g, 61.7 mol/repeating unit) was dissolved in Millipore water (400 mL). 

Then of sodium periodate (9.9 g, 46.3 mol) dissolved in Millipore water (100 mL) was added 

to the dextran solution and stirred for 24 h at room temperature under dark condition. After 

the reaction, the mixture was dialyzed (Mol. Wt. cut off 10 kDa) using Millipore water over 

a period of 4 days changing water thrice a day. The solution was then freeze dried to obtain 

oxidized dextran as white fluffy powder. Oxidation of dextran with NaIO4 generates various 

aldehyde and hemiacetals species in the polymer. These species generally remain in 

equilibrium when PDA is dissolved in aqueous buffer solution.  

The percentage of aldehyde functionality was determined by colorimetric method following 

an earlier report by dissolving PDA (100 mg) in 0.25 N hydroxylamine hydrochloride (25 

mL) containing methyl orange (~0.007 w/v%) (pH 4).
[4]

 Hydroxylamine reacts with 

aldehyde thereby consumes both aldehyde and hemiacetal. The mixture was stirred for 2 h, 

after which the solution was titrated with NaOH (0.1 N). The volume of NaOH solution 

required to titrate (where the first colour change was observed) was recorded. The percent of 

aldehyde functionality was calculated by: 

% of aldehyde = (VNaOH × CNaOH × 0.5)/(mdextran/162)                                                          (2) 

Here, VNaOH = volume of NaOH required to titrate the solution, CNaOH = concentration of 

NaOH solution and mdextran = weight of PDA used in titration. The aldehyde content in PDA 

was found to be 511%. 

 

PDA: FT-IR ( 𝑣 ): 3620-3260 cm
-1

 (NH2 or NH or OH), 2972 cm
1

 (CH str.), 1780 

cm
1

 (amide I, C=O str.), 1552 cm
1

 (amide II, NH ben.), 1480 cm
1

 (N
+
(CH3)3 ben.); 

1
H-

NMR (400 MHz, D2O, 70 ˚C):  = 3.574-4.468 (m, Cell C2HC6H), 4.965 (s, Cell C1H), 
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5.131-5.612 (m, hemiacetyl protons); 
13

C-NMR (100 MHz, D2O):  = 68.056, 72.102, 

72.416, 72.803, 73.955, 75.884, 82.044, 89.059, 90.569, 92.042, 93.825, 96.196, 97.133, 

97.676, 98.633, 100.277, 100.460, 100.778, 103.583. 

 

5A.4.3 Preparation of hydrogels  

Hydrogels were prepared by first dissolving 50 mg of PDA in 1 mL of phosphate buffer (23.5 

mM NaH2PO4, 80.5 mM Na2HPO4) which gave 5 wt% solution of PDA in the buffer. To this, 

an equal volume of 20 mg/mL or 30 mg/mL 40 mg/mL or 50 mg/mL (2.0 or 3.0 or 4.0 or 5.0 

wt%) aqueous solution of HTCC 3 was added. The mixture was kept in an incubator for 15 

min at 37 ˚C to allow hydrogel formation. So four different hydrogel compositions were 

prepared where the wt% of PDA was held constant while wt% of HTCC 3 was varied (2.5 

wt% PDA + 1.0 wt% of HTCC 3; 2.5 wt% PDA + 1.5 wt% of HTCC 3; 2.5 wt% PDA + 2.0 

wt% of HTCC 3 and 2.5 wt% PDA + 2.5 wt% of HTCC 3).  

 

5A.4.4 Characterization of hydrogels  

5A.4.4.1 Gelation time 

The gelation time (tgel) of the hydrogel was measured by vial inversion method. The hydrogel 

components at the above concentrations and volumes (50 L PDA + 50 L HTCC 3) were 

mixed in a glass sample vial and vortexed gently (immediately after mixing the components). 

The time of addition of components was noted and the gelation time was calculated as the 

time required when no flow observed for each formulation.  

 

5A.4.4.2 Morphology (Scanning electron microscopy) 

Morphologies of the hydrogels were characterized by field emission scanning electron 

microscopy (FESEM) after hydrogel formation. The hydrogels were prepared in petri dish (1 

mL PDA + 1 mL HTCC 3) and cut into small circular disks (6 mm diameter). The disks were 

then freeze-dried and sputter coated with gold. Both surface and cross-sectional morphologies 

were then imaged using Quanta 3D FEG, FEI field emission scanning electron microscopy at 

10 kV operating voltage.  

 

5A.4.4.3 Fourier transformed infrared (FT-IR) spectroscopy  

FT-IR spectra of PDA, HTCC 3 and hydrogel were recorded to identify the functional 

groups present in the polymers or hydrogels. IR spectra of the solid compounds were 

recorded on IFS66 V/s spectrometer (Bruker) using KBr pellets 
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5A.4.4.4 Viscoelastic properties 

Viscoelastic properties were measured using an oscillatory rheometer on preformed 

hydrogels using a DHR-2 rheometer (TA Instruments) with 25 mm stainless steel (SS) 

parallel plate geometry. PDA was dissolved in phosphate buffer (at 50 mg/mL) and 200 L 

of this solution was then transferred in a sample vial. To this, HTCC 3 solution (200 L of 

20 mg/mL or 30 mg/mL or 40 mg/mL or 50 mg/mL) was added. The resulting hydrogels 

were transferred to the SS plate of the rheometer pre-equilibrated at 25 ˚C. A gap height of 

1.0 mm was maintained before the measurements. For the equilibration of the gel, first a 

dynamic time sweep was applied at 6.3 rad/s angular frequency and 0.2% strain for 10 min. 

Then a frequency sweep from 0.1 to 100 rad/s with 0.2% strain was applied. The storage 

modulus (G) and loss modulus (G) were calculated as a function of angular frequency at 

each point. The G and G values were calculated at 6.3 rad/s which was in the linear regime 

and the average of three such independent measurements were reported.  

 

5A.4.5 Determination of adhesive stress  

Porcine skin was collected from local slaughter house. The fat was then removed from the 

dermal tissue layer. Skin sections (3.2 mm thickness) were then cut to a size of 55 mm of 

length and 10 mm of width. The sections were then soaked in PBS overnight at 4 ˚C. Before 

the measurement, skin samples were taken out from PBS and were allowed to come to room 

temperature. Hydrogels (50 L of 50 mg/mL PDA + 50 L of 20 mg/mL, 30 mg/mL, 40 

mg/mL and 50 mg/mL HTCC separately) was applied between two tissue samples (contact 

area 10 mm × 6 mm). The samples were then incubated at 37 ˚C for 60 min. Samples were 

allowed to come to room temperature and adhesion stress measurements were performed on 

Q800 dynamic mechanical analyser (DMA) using film tension clamp (TA Instruments). A 

tensile load was applied to the adhesive sample at a rate of 0.1 N/min and the adhesive stress 

was monitored (ramp force was set up to 18.0000 N). The maximum adhesive stress was 

taken as the stress at which the two skin sample became completely separated thus indicated 

bond failure. 

 

5A.4.6 In-vitro antibacterial activity  

Minimum inhibitory concentration of the HTCC polymers was determined following the 

same protocol as described in the section of 4A.4.5 in Chapter 4A. Antibacterial activity of 
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the hydrogels was determined by preparing the gel into 96-well plate followed by exposing 

bacteria onto gel’s surface. First, PDA (50 L, 50 mg/mL) was taken in the wells of the well 

plate. Then HTCC 3 (50 L, 20 mg/mL, 30 mg/mL, 40 mg/mL and 50 mg/mL) was added to 

the wells and the mixture was mixed with a sterile tip and then gels were allowed form for 15 

min in an incubator (37 ˚C). The hydrogels were repeatedly washed with PBS to remove any 

non-cross-linked HTCC 3 (100 L × 3, before each washing the gels were at least incubated 

for 10 min with PBS). Finally, bacteria (10
5
 CFU/mL, 100 L) in nutrient media were 

added to the hydrogel surface or to the wells without any gel as control. The plates were then 

incubated at 37 ˚C for 24 h after which optical density (OD) of the nutrient media along with 

the gel was measured at 600 nm. To determine the antibacterial activity, OD value of the 

hydrogel containing only media (without any bacteria) was also recorded and subtracted from 

the OD values of the test samples. Finally, bacterial cell viability was calculated using the 

following equation: 

Cell viability = OD from hydrogel surface(Media+Bacteria)  OD from hydrogel surface(Media)/ 

OD from well without gel(Media+Bacteria)  OD from well without gel(Media) × 100%             (1) 

 

5A.4.7 Determination of contact-based activity  

In order to assess that the hydrogels act only by contact based mechanism (i.e., the 

antibacterial component of the gel, HTCC 3, does not leach out from the hydrogel matrix 

thus kill bacteria only on contact), the following experiment was performed. Hydrogels were 

prepared in inserts of a trans-well cell culture plate (24-well) at a volume of 400 L. The 

surfaces of the gels were washed by 1 mL of PBS to the bottom of the wells in the 24-well 

plate. PBS (100 L) was added onto the surface of the gel. The plates were then kept for 15 

min in an incubator set at 37 ˚C and the PBS solutions from the bottom and top of the gels 

were removed. Similarly, the gels were further washed two more times. Bacteria (500 L, 10
4
 

CFU/mL of S. aureus and E. coli) were added to the bottom of wells of the trans-well cell 

culture plate and then the inserts containing freshly prepared hydrogels were placed above the 

bacterial suspension. Nutrient media without bacteria (100 L) was also added onto the 

surface of the hydrogel. Only HTCC 3 at the same volume and concentration was added to 

the inserts and incubated similarly above the bacterial suspension. Another control was made 

where only bacteria (500 L, 10
4
 CFU/mL of S. aureus and E. coli) were incubated. Then the 

well plate was incubated at 37 ˚C for about 24 h. Finally, bacterial growth was determined by 
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measuring the OD values of the bacterial suspension. Cell viability was then calculated as 

mentioned previously. 

 

5A.4.8 Mechanism of action  

Hydrogel (2.5 wt% PDA and 2.5 wt% HTCC 3) was prepared onto the wells of a 96-well 

plate and washed with PBS to remove non-reacted HTCC 3. Then freshly grown bacteria 

(150 L, 10
7
 CFU/mL) were added to the surface of the gel and incubated for about 6 h at 

37 ˚C under constant shaking. Then the suspension were collected in an eppendorf tube, 

centrifuged at 12000 rpm for 1 min, washed twice with PBS, resuspended again in PBS. 

SYTO 9 (a membrane permeable green fluorescent dye) and propidium iodide (PI, a 

membrane impermeable red fluorescent dye) were added (3.0 M of SYTO 9 and 15.0 M of 

PI, 1:1 v/v) to the bacterial solution. The mixture was then incubated for 15 min in dark and 5 

μL of the mixture was then placed on glass slide. The solution was then covered by a clean 

cover slip, sealed, and imaged via a fluorescence microscope (excitation = 488 nm and 543 

nm for SYTO 9 and PI respectively; emission = 500-550 nm and 590-800 nm for SYTO 9 

and PI respectively). Leica DM 2500 fluorescence microscope was used to image bacteria.  

 

5A.4.9 Hemolytic assay  

Hemolytic activity was determined by making the gels onto the wells of a 96-well plate (as 

described earlier) and then hemolytic activity was determined by following the same protocol 

as described in the section 2A.4.10 in chapter 2A. 

 

5A.4.10 In-vivo toxicity  

5A.4.10.1 Systemic toxicity with HTCC  

Systemic toxicity of the HTCC polymers was determined following the same protocol as 

described in the section of 4A.4.14.3 in Chapter 4A. 

  

5A.4.10.2 Sub-chronic toxicity with HTCC  

BALB/c mice were used for the sub-chronic toxicity studies (four groups of mice, 10 mice in 

each group). Polymer solution in sterilized saline (200 μL) was given via i.p. injection of 

HTCC 3 at a dosage of 55 mg/kg in two groups and the remaining two groups were used as 

control. After 2 days, blood was collected from both control and treated mice (10 mice for 

HTCC, 10 mice for control), and analyzed for different parameters like ALT (alanine 
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transaminase), AST (aspartate transaminase), creatinine, blood urea nitrogen, and electrolytes 

like sodium ion, potassium ion and chloride ion. Also after 14 days, blood was collected 

similarly from the remaining 20 mice (10 mice for HTCC 3, 10 mice for control) and 

analyzed for the above mentioned parameters. The data are presented as mean ± standard 

deviation, based on the values obtained from 10 mice (n = 10 for the data from this report). 

Student’s t-test was used for statistical analysis. Differences are considered statistically 

significant with probability (p) < 0.05. 

 

5A.4.10.3 Toxicity of the hydrogel  

Mice were divided into control and test groups with 5 mice per group. In the test groups, 100 

L of the gel solution (after immediate mixing of both the components) was injected 

subcutaneously in each animal above the thoracic midline (dorsal). In control groups, 100 L 

of saline was injected similarly. After 3 and 7 days, mice were sacrificed; tissue surrounding 

the gel was collected, fixed in 10% formalin and analyzed for histopathological studies 

following same protocol as described in section 2B.4.11.3 in Chapter 2B. 

 

5A.4.11 Wound healing activity  

The wound healing abilities of the injectable hydrogels were performed in a rat model.
3,10

 

Wistar rats (male, 250-300 g) were used for the experiment. Animals were divided into two 

groups: control and test groups. In each group 5 rats were used. The animals were 

anesthetized by intraperitoneal injection of the cocktail of ketamine (40-50 mg/kg) and 

xylaxin (2-3 mg/kg) body weight. Skin above the dorsal midline of the animals was shaved 

aseptically. Wounds of 18 mm diameter were prepared by excising the dorsum of the rats. 

The hydrogel (2.5 wt% PDA and 2.5 wt% HTCC 3, 400 L) was then applied at the wound 

site via a syringe after immediate mixing of both the components. Then gels were spread on 

the entire wound area with the help of a glass rod. The rats of the tests groups were covered 

with sterile gauze. Then elastic adhesive bandage (Dynaplast, Johnson & Johnson) was used 

to fix the gauze. Wounds were also covered with the gauze and fixed with adhesive bandage 

without gel and used as controls. The animals were then kept in separate cages and allowed to 

have access of food and water. After the predetermined time interval (after postsurgical day 

5, 10, 15 and 20) rats were sacrificed. Finally wounds were grossly observed and 

photographed to measure the reduction of wound size. 
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5A.4.12 Hemostatic ability 

To evaluate the hemostatic potential of the hydrogels, a hemorrhaging liver mouse model was 

used (C57BL/6 mouse, 22-25 g, 5 weeks, male). Mice were anesthetized by intraperitoneal 

injection of the cocktail of ketamine and xylaxin. The liver of the mouse was exposed by 

abdominal incision, and serous fluid around the liver was carefully removed to prevent 

inaccuracies in estimation of the subsequent blood weight obtained by the filter paper. A pre-

weighted filter paper on a paraffin film was placed beneath the liver. Bleeding from the liver 

was induced using a 20 G needle with the corkboard tilted at about 30˚ and 50 L of hydrogel 

(2.5 wt% PDA and 2.5 wt% HTCC 3) was immediately applied to the bleeding site using the 

dual syringe kit filled with the gel solutions. After 3 min, the weight of the filter paper with 

absorbed blood was measured and compared with a control group (no treatment after pricking 

the liver). 

 

5A.4.13 Cecal ligation and puncture (CLP) model of sepsis  

Mice (C57BL/6, male, 6-8 weeks old) were used for this experiment (8 mice per group). 

Animals were anaesthetized by intraperitoneal injection of the cocktail of ketamine and 

xylaxin. Then the abdomen was shaved and disinfected by first applying betadine solution 

followed by wiping with a 70% alcohol swab. All procedures were performed under clean but 

not sterile conditions. Midline laparotomy (1.5 cm) was performed to expose the cecum. 

Next, the cecal pole was tightly ligated with a 6.0 silk suture at 0.5 cm from its tip, and then 

perforated once with a 20 G needle. In the experimental group, the cecum was covered with 

the adhesive gel (2.5 wt% PDA and 2.5 wt% HTCC 3) before returning it back to the 

peritoneal cavity, whereas in the control group the cecum was directly returned to the 

peritoneal cavity. The abdominal wall was then closed in layers using a 6.0 silk running 

suture for the peritoneum and a 6.0 nylon suture for the skin. All animals were resuscitated by 

injecting 1 mL of saline solution subscutaneously. Buprenorphine (0.05 mg/kg) was injected 

subcutaneously for postoperative analgesia. The animals were then left for full recovery. Free 

access to food and water was ensured post surgery. Mice were monitored every 12 h for 

survival and weight loss.  

 

5A.4.14 Subcutaneous infection model 

Female BALB/c mice (6 to 7 weeks old, 18-21g) were used for the experiment. The mice 

were first rendered neutropenic (100 neutrophils/mL) by injecting cyclophosphamide, i.p. 
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(first dose at 150 mg/kg and then second dose at 100 mg/kg after 3 days of the first dose). Fur 

above the thorasic midline of mice was clipped. Then hydrogel (2.5 wt% PDA and 2.5 wt% 

HTCC 3, 100 L) was injected subcutaneously. To infect the hydrogel, MRSA (10
7
 

CFU/mL, 40 L) was injected directly into the gel. Two control groups were made where in 

one group bacteria were injected at a distal site far from the gel while in other group only 

bacteria (100 L saline + 40 L 10
7
CFU/mL MRSA) were injected. After 3 days, the mice 

were sacrificed and skin tissue from the injection sites with or without the gels were 

collected. Tissue samples were then homogenized, and used for cell counting by plating the 

homogenized solution on nutrient agar plate. The MRSA count was then expressed as log 

CFU/g of skin tissue and expressed as mean ± standard error of mean. A small section of the 

skin tissue from the injection site was also fixed in 10% formalin to study the histological 

responses in a similar manner as described in section 2B.4.12 in chapter 2B. 
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Abstract 

Chapter 5B deals with the development of a dual action antibacterial injectable hydrogel for 

controlled release of antibiotics and delivering the drug locally to treat infections in 

relatively less vascular tissues (e.g., bone tissue infections), in avascular tissues (e.g., 

cartilage tissue infections) or in necrotic tissues (e.g., surgical site infections, SSI). The 

syringe deliverable bioadhesive hydrogel was prepared by mixing a buffer solution of PDA 

containing the antibiotic vancomycin and an aqueous solution of the antibacterial polymer 

HTCC 3 developed in Chapter 5A. The antibiotic was loaded via primarily (more than 85%) 

covalent (imine) bond formed between the aldehyde group of PDA and amine group of 

vancomycin. The gel was shown to release the antibiotic over an extended period of time (50-

60% release till day 14) at different pH (5.5, 6.2 and 7.2). Importantly, antibiotic loaded gels 

showed much higher activity than the gel alone against S. aureus and methicillin-resistant S. 

aureus (MRSA), two of the most common bacteria that cause infections in humans (e.g., 

surgical site infections). Further, the gel showed activity for an extended period of time 

(active till day 14 as tested). The gels were also shown to be impressively active under in-vivo 

conditions against MRSA when the bacteria were directly injected into the gel. Notably, when 

MRSA was injected at a distal site far from the gel, the vancomycin loaded gel was shown to 

eradicate MRSA infection in a subcutaneous infection model in mice. One of the most active 

formulations (2.5 wt% PDA with 0.3 wt% vancomycin and 2.0% HTCC 3) showed no toxicity 

towards human red blood cells (hRBC) and to the surrounding tissue upon subcutaneous 

injection in mice. The dual action injectable bioadhesive gel prepared in this chapter 

therefore might hold promise in combating infections at less vascular or avascular tissue 

level.  

 

 

 

 

 

Publication based on this work 

(1) Hoque, J. et al. Dual action injectable bioadhesive hydrogel for extended release of antibiotics and effective 

killing of bacteria. Manuscript submitted. 
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5B.1 Introduction 

Infections due to surgical procedure or by other means such as diffusion of skin microbes in 

relatively less vascular tissues (e.g., bone tissue infections), in avascular tissues (e.g., 

cartilage tissue infections) or in necrotic tissues (e.g., surgical site infections, SSI) are very 

challenging because of the limited penetration of antibiotics into the target tissues.
1-4

 The risk 

further increases with the introduction of a surgical device or implant due to the biofilm 

formation on the easily colonisable surfaces of the devices.
5,6

 Generally, treatment of these 

infections is carried out via prolonged course of oral or intravenous antibiotics which require 

use of the drugs from weeks to months in order to combat infections.
7,8

 Despite the systemic 

treatment, severe infections can emerge because of the less diffusion of antibiotics to the less 

or avascular tissues and difficult-to-eliminate bacterial biofilms which in extreme cases can 

cause whole body infections known as sepsis.
9
 Furthermore, systemic delivery of antibiotics 

with extensive and higher doses can have lethal side effects at the tissue level and also are 

prone to resistance development.
10-12

 Thus there is pressing demand to develop delivery 

vehicles that can deliver antibiotics effectively at the target site for the required period of 

time.   

 Bioadhesive injectable hydrogels with innate antibacterial activity offer great 

advantages as these materials can integrate well with the tissue without any invasive surgery 

thereby acting as local therapeutics.
13-16

 However, these gels require direct bacterial contact 

to impart activity and therefore are not fully suitable for infections in relatively less vascular 

or avascular tissues where bacteria could be far away from the target site. On the other, 

injectable hydrogel with encapsulated antibiotics/active antimicrobials were also 

developed.
17,18

 However, uncontrolled release of the active moiety and poor activity of the 

gel matrix itself make these materials unsuitable for the applications. An inherently 

antibacterial injectable hydrogel loaded with antibiotics thus combining the properties of both 

the materials would be ideal to combat such infections wherein the gel can act simultaneously 

with dual (both release-active and contact-active) mode of action. Furthermore, it will not 

only deliver antibiotics into the target site locally but also can display higher or synergistic 

efficacy than the individual components and can act as tissue sealant, wound healing and 

hemostatic materials simultaneously.   

 Herein chapter 5B describe the development of an injectable hydrogel with dual 

mechanism of action by loading vancomycin into an inherently antibacterial hydrogel matrix 

developed in chapter 5A. Vancomycin, one of the most potent antibiotics, commonly used to 
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treat Gram-positive bacterial infection and is considered as the drug of last resort. However, 

the efficacy of systemic vancomycin is largely inhibited by unpredictable exposure of the 

drug in the tissue as the serum concentrations have been shown to be poorly correlated to the 

vancomycin levels within tissues.
19,20

 Further, the systemic toxicity and quick elimination 

have been the other limitations of the drug.
21

 In this chapter, vancomycin has been 

successfully loaded into injectable bioadhesive hydrogel using bioadhseive polydextran 

aldehyde (PDA) and antibacterial chitosan derivative N-(2-hydroxy) propyl-3-

trimethylammonium chitosan chloride (HTCC 3 from chapter 5A) and shown to be delivered 

locally with excellent combined antibacterial efficacy. Further, a pH dependent release of the 

antibiotic was observed wherein the gel released vancomycin at a relatively lower rate at 

acidic pH than neutral (infection sites are generally acidic in nature and is therefore believed 

to be highly suitable for application in such site). Further, the gel was shown to be 

impressively effective in killing MRSA when bacteria were injected not only into the gel but 

also at distal site (far from the gel) while being highly biocompatible in animal model. 

Importantly the gel was also shown to be efficacious in sealing leaks and preventing sepsis in 

a cecum ligation and puncture model.  

 

5B.2 Results and discussion 

5B.2.1 Synthesis and characterization of the hydrogels  

Antibiotic loaded injectable hydrogel was prepared by encapsulating vancomycin in 2.5 wt% 

PDA (having 50% dialdehyde functionality) and 2.0 wt% HTCC 3 (having 46% quaternary 

ammonium group, 39% primary amine group and 15% of N-acetyl group) hydrogel matrix as 

developed in Chapter 5A (Figure 5B.1). In order to prepare vancomycin containing 

hydrogels, the antibiotic was dissolved in phosphate buffer (pH 7.2) at 1 mg/mL, 6 mg/mL 

and 12 mg/mL respectively. Solid PDA was then added to the each antibiotic containing 

buffer solutions individually to obtain 50 mg/mL of PDA. After 1 h, 40 mg/mL of HTCC 3 

dissolved in Millipore water was added to the polymer-antibiotic solutions in equal volume 

via dual barrel syringe which led to the formation of hydrogels within 10-15 seconds (Table 

1). Thus three different vancomycin (V) containing injectable hydrogels (IH) named as IHV-

1 (50 mg/mL PDA with 1 mg/mL vancomycin and 40 mg/mL HTCC 3; 1:1 v/v), IHV-2 (50 

mg/mL PDA with 6 mg/mL vancomycin and 40 mg/mL HTCC 3; 1:1 v/v) and IHV-3 (50 

mg/mL PDA with 12 mg/mL vancomycin and 40 mg/mL HTCC 3; 1:1 v/v) were obtained. 

Hydrogel with no vancomycin was named as IHV-0.   
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Figure 5B.1: Structures of hydrogel precursors and schematic representation of the antibiotic 

loaded hydrogels. (A) Structure of HTCC 3; (B) structure of PDA; (C) structure of 

vancomycin. (D) Schematic representation of the antibiotic loaded hydrogels showing both 

covalent and non-covalent encapsulation.  
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Since vancomycin contains free amine groups in its structure, thus it can react with the CHO 

groups of PDA and are therefore expected to be conjugated covalently and/or non-covalently 

depending on the amount of antibiotic/PDA ratio. To evaluate the extent of covalent coupling 

of vancomycin with PDA, the polymer-antibiotic mixtures were kept for 1 h and then 

dialysed to remove non-conjugated antibiotic if there was any and then freeze dried. The 

covalent coupling of vancomycin with PDA was confirmed and quantified by FT-IR, 
1
H-

NMR and elemental analysis. Though the peak of amide I (C=O stretching) from vancomycin 

and the imine bond (C=N stretching) formed between vancomycin and PDA came at around 

1644 cm
1

, the presence of amide II peak at 1583 cm
1

 from vancomycin was clearly evident 

in the IR spectra of all the PDA-antibiotic combinations. Further, the IR spectra showed the 

presence of aromatic ring stretch (C=C stretching) at 1506 cm
1

 which were absent in the 

non-conjugated PDA and originated from the coupled vancomycin (for vancomycin the same 

peak was observed at 1507 cm
1

). 
1
H-NMR spectra also showed the presence of aromatic 

protons in the regions of 7.2 to 7.8 ppm which indicated the presence of benzene ring of 

vancomycin along with the other protons of either vancomycin or PDA in the region of 2.5-

6.5 ppm. The % of antibiotic coupling was quantified from the elemental analysis of the 

PDA-antibiotic conjugates and it was found to be 100% for IHV-1, 85% for IHV-2 and 91% 

for IHV-3.  

The viscoelastic properties of the hydrogels were studied by determining the elastic 

modulus (G) and loss modulus (G) using pre-formed gels via oscillatory rheology as a 

function of frequency. Notably, G values of all the vancomycin loaded hydrogels (IHV-1, 

IHV-2 and IHV-3) were found to be closure to that of the gel without vancomycin (IHV-0) 

(Figure 5B.2A and B). While the IHV-0 showed G value of 830  120 kPa, the elastic 

modulus values of IHV-1, IHV-2 and IHV-3 were 847  87 kPa, 887  141 kPa and 849  

110 kPa respectively. Further, all the formulation indicated gel formation as the G values 

were found to be higher than the G values over the entire frequency range (1-100 rad/s) 

(Figure 5B.2A and B). The above results thus indicated that vancomycin loading has 

negligible effect of the mechanical stiffness of the gels. The surface as well as cross-sectional 

morphologies of the gels was observed by scanning electron microscopy after freeze-drying 

the gel disks followed by gold-sputtering (Figure 5B.2C and D). The surface morphologies of 

all the hydrogels showed a thin polymer layer which is probably due to the collapse of 

surface pores during the freeze-drying process (Figure 5B.2C). However, the cross-sectional 
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morphologies of all the gels showed characteristic sponge-like interconnected and porous 

structures with a number of irregular lamellar features (Figure 5B.2D).  

 

 

Figure 5B.2: Physical characterization of the vancomycin loaded gels. (A and B) Storage and 

loss modulii of the hydrogels as a function of varying vancomycin content keeping the PDA 

content constant. SEM photographs of freeze-dried hydrogels: (C) surface morphologies of 

hydrogels (D) cross-sectional morphologies of hydrogels.  

 

FTIR spectroscopy was employed to identify the functional groups within the gels. Though 

PDA showed a peak at 1640 cm
1

 in the IR spectra, the peak at 1650 cm
1

 was assumed to be 

imine bond (C=N stretching) formed between vancomycin or HTCC and PDA. Also, the 

presence of amide II peak at 1586 cm
1

 was clearly evident from the spectra that originated 

from vancomycin amide group (amide II stretching). Further, the IR spectra showed the 

presence of aromatic ring stretch (C=C stretching) at 1479 cm
1

 thus confirming the 

encapsulation of antibiotic within the hydrogel matrix. Finally, the adhesive properties of the 

gels were measured by fixing the gels between two sections of porcine skins followed by lap-
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shear analysis. The adhesive strength was found to be almost invariant with the variation of 

encapsulated antibiotics (the adhesive strength of IHV-0, IHV-1, IHV-2 and IHV-3 was 3.5  

1.2 to 6.9  1.7 kPa). The above results thus indicated that these gels can be applied at the site 

of interests without any surgical procedure and therefore can be used as sealant. 

 

5B.2.2 In-vitro antibacterial activity                        

Next the antibacterial efficacy of the hydrogels was evaluated by exposing the gel’s surface 

to bacterial suspension. First the gels were prepared with or without antibiotic in a 96-well 

plate (100 L of IHV-0, IHV-1, IHV-2 and IHV-3) and then challenged with 150 L of 1.7  

10
5
 CFU/mL of a drug-sensitive Staphylococcus aureus and a drug-resistant Staphylococcus 

aureus (methicillin-resistant S. aureus, MRSA). Bacterial viability was then determined by 

plating the suspension on suitable agar plate after 6 h of treatment and then counting the 

colonies for each formulation. Blank well without any gels were used as control. 

Interestingly, all the gels reduced viability of both the bacteria significantly. While the 

control wells showed 9.5  0.9 log CFU/mL S. aureus, IHV-0 (gel without any antibiotic) 

showed 3.4  0.5 log CFU/mL bacteria after 6 h of treatment. Notably, gels with vancomycin 

(IHV-1, IHV-2 and IHV-3) showed complete killing of S. aureus (Figure 5B.3A). Similar 

results were obtained for the drug-resistant bacteria when the gels were challenged with 150 

L of 1.2  10
4
 CFU/mL of MRSA. While the control wells was shown to have 6.8.5  0.7 

log CFU/mL MRSA after 6 h, IHV-0, IHV-1, IHV-2 and IHV-3 showed complete killing of 

bacteria (Figure 5B.3B). Interestingly, when the gel’s surfaces were treated with higher 

amount of bacteria, vancomycin loaded gels showed far superior activity than the gel alone. 

For example, while the control wells showed 10.2  1.1 log CFU/mL of bacteria after 6 h 

when incubated with an initial amount of 1.67  10
7
 CFU/mL of S. aureus, gels with no or 

less antibiotic such as IHV-0 and IHV-1 showed 3.8  0.8 log CFU/mL and 2.4  0.4 log 

CFU/mL of bacteria. However, no bacteria were observed for the gels with higher amount of 

antibiotic, e.g., IHV-2 and IHV-3 (Figure 5B.3C). Not only against drug-sensitive bacteria, 

gels with antibiotic showed remarkably better efficiency than gels with no or less antibiotic 

against higher amount of drug-resistant bacteria. For example, while the control wells showed 

8.7  1.1 log CFU/mL of MRSA after 6 h for an initial amount of 1.1  10
6
 CFU/mL of 

MRSA, IHV-0 and IHV-1 showed 2.8  0.4 log CFU/mL and 2.3  0.7 log CFU/mL of 

bacteria. IHV-2 and IHV-3, on the other hand, showed no bacteria thus indicating complete 

eradication of MRSA (Figure 5B.3D). The above results thereby suggested that the antibiotic 
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encapsulated gels are acting more effectively possibly by killing bacteria upon contact as well 

as by releasing vancomycin in the media. The above results also indicated that gel with an 

optimum amount of antibiotic (as in the case of IHV-2 which contains 0.3 wt% of antibiotic) 

is required for utmost efficacy. 

 

 

 

Figure 5B.3: Antibacterial activity of the hydrogels. Bacterial count after 6 h when 150 L 

of the pathogen was challenged against the hydrogel’s surface: (A) S. aureus count with an 

initial amount 1.7  10
5
 CFU/mL (150 L); (B) MRSA count with an initial amount 1.2  10

4
 

CFU/mL; (C) S. aureus count with an initial amount 1.67  10
7
 CFU/mL and (D) MRSA 

count with an initial amount 1.1  10
6
 CFU/mL. Stars represent less than 50 CFU/mL. 

  

In order to establish that the gels released antibiotic into the surroundings, zone of 

inhibition (ZOI) experiment was performed.
22

 This was done by preparing the gel on a 

suitable agar plate after removing a circular portion of agar, spreading MRSA (1 mL of 10
8
 

CFU/mL) on the plate and then allowing to form bacterial lawns for about 24 h at 37 ˚C. As 

expected IHV-0 did not show any zone of clearance though it showed no colonies on the 

gel’s surface thus inactivate bacteria only upon contact (Figure 5B.4A). IHV-1, IHV-2 and 

IHV-3, on the other hand, displayed significant zone of inhibition against MRSA lawns 

grown on the agar plate thereby suggested the diffusion of vancomycin to the surroundings 

which inactivated bacteria in the respective areas (Figure 5B.4B-D). Furthermore, IHV-3 

with highest amount of encapsulated drug showed maximum zone of inhibition while IHV-1 

with lowest amount of encapsulated drug showed minimum inhibition zone. The above 
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results thus suggested that diffusion of antibiotic is dependent on the initial amount of 

antibiotic loading.  

In order to assess further that the gel without any antibiotic killed bacteria only upon 

contact whereas gels with antibiotic kill bacteria by both release and contact active 

mechanism, the gels were prepared within the separate inserts of a transwell cell culture 

plate.
15

  

 

 

Figure 5B.4: Inhibition of bacterial lawn growth induced by releasing the antibiotic 

(vancomycin) containing hydrogels. Each plate has a confluent lawn of MRSA cells where 

the antibiotic diffused out from the central hydrogel disc and killed the surrounding bacteria 

leaving a clear zone. The hydrogels consisted of PDA and HTCC containing (A) 2.5 wt% 

PDA with 0 wt% vancomycin and 2.0 wt% HTCC (IHV-0); (B) 2.5 wt% PDA with 0.05 wt% 

vancomycin and 2.0 wt% HTCC (IHV-1); (C) 2.5 wt% PDA with 0.3 wt% vancomycin and 

2.0 wt% HTCC (IHV-2) and (D) 2.5 wt% PDA with 0.6 wt% vancomycin and 2.0 wt% 

HTCC (IHV-3). Activity due to release of antimicrobials from the hydrogels against (E) S. 

aureus and (F) MRSA respectively. 
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The inserts were then placed in the wells which were spatially separated from the bacteria 

proliferating below in the wells of a tissue culture polystyrene plate. Like the control wells, 

substantial bacterial growth was observed in the wells with inserts containing IHV-0 after 24 

h. If there was any release of HTCC from IHV-0, the bacterial growth should have been 

inhibited. The above results thus suggested that IHV-0 is capable of reducing bacterial count 

only on contact (Figure 5B.4E and F). Interestingly, wells with inserts that contained IHV-1, 

IHV-2 and IHV-3 showed no growth of bacteria thus indicated that these gels released 

vancomycin in the bottom solution leading to bacterial inhibition (Figure 5B.4E and F). 

 

5B.2.3 Extended release of antibiotic and long lasting antibacterial activity          

As most of the antibiotic was primarily incorporated via imine bond formation (100% for 

IHV-1 and more than 85% for IHV-2 and IHV-3) into the hydrogel matrix, it is expected that 

the gels will release the antibiotic over a period of time and hence will be able to display long 

lasting antibacterial activity required to eliminate infections completely especially in the less 

or no vascular tissues. The antibiotic release kinetics was studied by taking all three 

hydrogels (400 L) wherein IHV-1, IHV-2 and IHV-3 contained 200 g, 1200 g and 2400 

g of the antibiotic respectively. Since the infection sites are commonly acidic in nature, the 

release kinetic was studied at three different pHs starting from neutral to acidic (pH 7.2, 6.2 

and 5.5 respectively). First, 1 mL of buffer was added to the eppendorp tubes containing the 

gels and allowed to be in contact for 24 h. Then, the buffer solutions were collected and fresh 

buffer was added. Finally, the amount vancomycin released was quantified by UV-visible 

spectroscopy (vancomycin absorbed at 281 nm). Notably, gels were shown to release the 

antibiotic continuously over 14 days as tested (Figure 5B.5). The release of vancomycin was 

found to be dependent on the initial amount of loading (Figure 5B.5A-C). Interestingly, the 

release kinetics was found to be dependent on pH of the buffer as well. At pH 7.2, all the gels 

released higher amount of antibiotic. For example, while IHV-2 showed 49-50% release at 

pH 5.5 and 6.2, 62% release was observed at pH 7.2 after 14 days (Figure 5B.5D-F). It 

should be mentioned that after 11 days, the UV-absorption spectra of the release buffer 

showed the presence of a weak absorption peak at 290-300 nm in addition to a peak at 281 

nm at lower pHs (pH 5.5 or 6.2). This indicated that a minor amount of PDA-van conjugates 

with imine bonds got released from the gels along with the free antibiotics. Thus the studies 

were conducted till 14 days at all three pHs. It should also be mentioned that the IHV-2 and 

IHV-3 gels released slightly higher proportion of the antibiotic in the first 1-2 days possibly 
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by combined release of the covalently bonded vancomycin as well as diffusion of non-

covalently bonded antibiotic (Figure 5B.5). However, the rate of release was found to be 

almost linear for all three formulations possibly due to the drug release being mostly 

controlled by the opening of the covalent imine bonds. In general, the above results indicated 

that an extended release of the drug was achievable by encapsulating antibiotics in the 

hydrogel network. Interestingly, gels with higher amount of vancomycin (IHV-2 or IHV-3) 

were shown to release the antibiotic till 40 days (at pH 7.2) which indicated the effectiveness 

of the matrix in controlling the release behavior of the antibiotic (for IHV-1 it was difficult to 

detect the vancomycin as the peak intensity at 281 nm was found to be very poor after 12 

days). 

 

 

Figure 5B.5: Antibiotic release from the vancomycin-containing hydrogels. The amount of 

antibiotic released at different time interval from (A) IHV-1; (B) IHV-2 and (C) IHV-3 

respectively. IHV-1, IHV-2 and IHV-3 contained an initial 200 g, 1200 g and 2400 g of 

vancomycin and were used for release kinetics by adding 1 mL of buffer solution at varying 

pH and replacing the old buffer with fresh one after every 24 h. The amount antibiotic 

content in the solution was then determined by UV-visible absorption spectroscopy. 

Cumulative release of vancomycin from (D) IHV-1; (E) IHV-2 and (F) IHV-3 respectively. 

 

 A drug-carrier must retain the bioactivity of the encapsulated drug during and/or after 

fabrication.
23

 Herein we tested the antibacterial activity of the released vancomycin collected 

in nutrient media with one of the most active formulations (IHV-2). Notably, the release 

media inactivated MRSA completely till 14 days as tested. These results thus portrayed the 
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utilities of the vancomycin-loaded hydrogels as dual action drug-carrier with effective and 

sustained release properties.  

 

5B.2.4 In-vitro and in-vivo toxicity                 

It is known that the cationic polymers or hydrogels interact with the mostly negatively 

charged bacterial cell membrane leading cellular inactivation. However unlike bacterial cell 

membranes, mammalian cell membranes are mostly composed of zwitterionic lipids thus 

relatively less susceptible towards quaternary ammonium moiety. Though the differences in 

bacterial and mammalian cell membrane are significant, cationic hydrogels with substantial 

amount of antibiotic might also cause toxicity towards mammalian cells.  

 

 

 

Figure 5B.6: In-vitro and in-vivo biocompatibility of the hydrogels. (A) Hemolytic activity 

of the gels as a function of increasing antibiotic content and the controls (untreated and TX-

100); (B) optical micrograph images of hRBC collected from the surface of all the hydrogels 

including controls. In-vivo biocompatibility of the gels upon subcutaneous implanation in 

mice. Mice skin and subcutaneous tissue histopathology: (C) untreated skin tissue showing 

normal architecture of epidermis, dermis and subcutaneous tissues after 3 days; sweat gland, 

sebaceous gland was seen (arrow). (D, E and F) skin tissues showing normal dermis layer 

with sweat and sebaceous gland along with normal adipose tissue (arrow) for IHV-1, IHV-2 

and IHV-3 respectively.  

 

The compatibility of the gels in-vitro against human red blood cells (hRBC) and in-vivo via 

subcutaneous implantation in mice was therefore studied.
15

 Hemocompatibility of the gels 

was evaluated by exposing the gel’s surfaces with hRBC and finding out the percentage of 
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hemolysis occurred with respect to a toxic surfactant triton-X (TX-100). All the vancomycin-

loaded hydrogels (IHV-1, IHV-2 and IHV-3) showed negligible hemolysis like the gel 

without any antibiotic (IHV-0). Only 2-3% hemolysis was observed for all the hydrogel 

formulations (Figure 5B.6A). This implied that the gels were compatible against human 

erythrocytes. In order to have visual insight, blood cells were also imaged via optical 

microscopy after exposing them to the gel’s surface. Notably, treated cells were found to 

have healthy and round morphology typical of normal blood cells as observed in the case of 

control (non-treated hRBC). In contrast, TX-100 treated samples showed complete killing of 

cells as no RBCs were observed under microscope (Figure 5B.6B). The above facts therefore 

further indicated the hemocompatible nature of the hydrogels. The biocompatibility of the 

hydrogels was then evaluated in-vivo by injecting one of the most potent antibiotic-loaded 

gels (IHV-2) subcutaneously in mice. After 3 days and 7 days of post-implantation the 

histopathological responses in the surrounding tissue was recorded via haematoxylin and 

eosin staining. Interestingly, the tissue surrounding the gel showed negligible inflammation 

and normal architecture of dermis, epidermis and subcutaneous tissues like the saline treated 

tissue samples (Figure 5B.6C-F). The above results therefore suggested that gels were indeed 

non-toxic towards mammalian cells.    

 

5B.2.5 In-vivo activity (cecam ligation and puncture model of sepsis)  

To evaluate the potency of the gel in preventing infections under in-vivo conditions, cecal 

ligation and puncture (CLP) model of sepsis was performed similarly as described in the 

previous chapter for the hydrogel without vancomycin.
15

 Here, after puncturing the ceca of 

mice, one of the most active formulations IHV-2 was applied in the punctured area and then 

returned back into the abdominal cavity. Only ligated ceca with gel and in another case 

punctured and ligated ceca without any gel were used as controls. After 24 h, first ceca of 

animals were imaged to visualize the effect. Notably, the punctured ceca with no gel were 

found to be black in colour suggesting severe infection (Figure 5B.7A) whereas ceca with the 

gel were found to be normal in colour (Figure 5B.7B). The above facts therefore suggested 

that the gel formed an efficient barrier to infection. When the survival rate of the mice was 

also monitored for the 8 post-operative days, merely 1-2 animal from a group of 8 survived in 

the control group without gel (survival rate 12.5-25%). However, 5-6 mice were found to 

survive in the case of gel treated group (survival rate 62.5-75%) (Figure 5B.7C). The above 

results therefore suggested that the gel was able to seal the leakage and prevent sepsis. 

Furthermore, when the gel was applied on the ceca without puncturing it, survival rate was 
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very high (87.5-100%). These observations further suggested that the gels were non-toxic at 

the organ level.  

 

 

 

Figure 5B.7: In-vivo activity of the hydrogels. Efficacy of the hydrogel in sealing leaks and 

preventing sepsis by cecal ligation and puncture model: (A) isolated punctured cecam after 

24 h of surgery treated with no gel and (B) punctured cecam after 24 h of surgery treated with 

the gel; (C) survival rates of the animals at different conditions with punctured and ligated 

caca with or without the gel (IHV-2). Evaluation of antibacterial activity upon injection of 

MRSA subcutaneously in mice: (D) MRSA count after 72 h of infection at different 

conditions; p values (*) are 0.002, 0.0001 and 0.0001 for IHV-0, IHV-2 (same site) and 

IHV-2 (distal site) samples. Mice skin and subcutaneous tissue histopathology after 

hematoxylin and eosin staining: for (E) only saline and (F) IHV-2. 

 

 

5B.2.6 In-vivo activity (Subcutaneous model of MRSA infection)  

Since the gel without any antibiotic was also able to prevent the sepsis, the superior 

antibacterial efficacy of the antibiotic loaded gels was established in another model via 

subcutaneous injection and infection.
15

 First, IHV-2 (100 L) was injected subcutaneously in 

mice that were already rendered neutropenic. In one group (n = 5) bacteria (40 L of 10
7
 

CFU/mL MRSA) were then directly injected into the gel. In another group bacteria were 

injected at a distal site in order to study the efficacy of the gel to deliver antibiotic locally and 

also to evaluate efficacy in clearing infection far from the implantation site. Bacteria were 
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injected subcutaneously without the gel and gel without any antibiotic (IHV-0) and were used 

as controls. Once the infection was clinically evident in the control mice (after 72 h), both the 

control and experimental mice were killed and infection sites were imaged. While significant 

amount of pus formation was noticed when MRSA was injected in mice, no pus formation 

was observed when bacteria were injected into the gel. Interestingly, no pus formation was 

observed even when the bacteria were injected at a distal site from the gel thereby suggesting 

that the antibiotic got released from the gel and reduced the viable bacterial.  

To quantify the ability of the vancomycin-loaded gel in eradicating infections both at 

the site of implantation as well as far from the injection site, we evaluated the bacterial count 

at the surrounding tissues. First, the infected tissue were collected and subsequently 

homogenised. Finally, the tissue lysate was then plated on suitable agar plate and enumerated 

for bacterial count. Notably, skin tissue surrounding the IHV-2 gel showed 6.1 log CFU less 

MRSA as compared to the non-treated tissue sample when the bacteria were injected directly 

onto the gel (while the non-treated tissue showed 9.9 log CFU/g of MRSA, the gel treated 

tissue sample showed 3.8 log CFU/g of MRSA) (Figure 5B.8D). Most importantly, 5.8 log 

reduction of MRSA was observed for IHV-2 gel when bacteria were injected at a distal site 

from the gel (Figure 5B.8D). This is possible due to the gradual release of the antibiotic in the 

surroundings over time thus leading to the inhibition of bacterial growth even when the 

bacteria were injected far from the gel. To establish that it is the released antibiotics which 

reduced MRSA count, we also injected bacteria far from the gel that contain no antibiotic 

(IHV-0), almost same amount of MRSA like the control case (9.6 log CFU/g) was observed. 

The above results therefore suggested that the antibiotic loaded gels not only showed higher 

antibacterial efficacy but also capable of delivering antibiotic into the target area locally. The 

efficacy of the gel was further established by histopathology examination of both treated and 

untreated tissue samples. While the control tissue samples showed severe infiltration of 

inflammatory cells mostly neutrophils and mononuclear cells in the subcutaneous tissues 

(arrow) with congestion of blood vessels (inset) (Figure 5B.8E), tissue surrounding the 

antibiotic loaded gel showed normal morphology with minimal inflammation at the 

epidermis, dermis and skin tissue (Figure 5B.8F). Collectively, the above results indicated 

that the vancomycin containing gel was able to reduce infection in the surrounding tissues 

and prevent the spreading of infections. 
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5B.3 Conclusion 

In this chapter vancomycin was loaded into an inherently antibacterial injectable hydrogel 

thereby not only delivering the antibiotic locally but also enhancing the antibacterial efficacy 

of the system. The syringe deliverable hydrogel was prepared by mixing the aqueous solution 

of PDA containing the antibiotics and a cationic antibacterial polymer HTCC. The antibiotic 

was loaded via both non-covalently and covalently and was shown to get released over an 

extended period of time at different pH. The gels showed much higher activity than the gel 

alone against bacteria. Further, the gels were shown to be completely active till the tested 

period of time (till day 14). The gels were also shown to be highly active under in-vivo 

conditions against MRSA when the bacteria were directly injected into the gel. Moreover, 

when MRSA was injected at a distal site far from the gel, the vancomycin loaded gel was 

shown to be effective in clearing the surrounding MRSA infections. One of the most active 

formulations (PDA 2.5 wt%, HTCC 2.0% with 0.3 wt% vancomycin) showed no toxicity 

towards human red blood cells and to the surrounding tissue when injected subcutaneously in 

mice. Thus hydrogels developed herein thus might hold promise to be used in combating 

infections in less vascular and avascular tissue level. 

 

5B.4 Experimental section 

5B.4.1 Materials and instrumentation 

Dextran from Leuconostic spp. (Mr 40 kDa), glycidyltrimethylammonium chloride 

(GTMAC), acetic acid, sodium periodate (NaIO4), hydroxyl amine, methyl orange were 

purchased from Sigma-Aldrich, USA as used as received. Low molecular chitosan with a 

degree of acetylation (DA) 85% (molecular weight = 15 kDa) was purchased from 

Polysciences, USA. Acetone, ethanol and other organic solvents were of analytical grade and 

purchased from Spectrochem, India. The water used in all experiments was Millipore water 

with a resistivity of 18.6 MΩ cm. Staphylococcus aureus (MTCC 737) was purchased from 

MTCC (Chandigarh, India). Methicilin-resistant Staphylococcus aureus (MRSA) (ATCC 

33591) was obtained from ATCC (Rockvillei, Md). Bacterial growth media and agar were 

supplied by HIMEDIA, India. Nuclear magnetic resonance spectra (
1
H NMR and 

13
C NMR) 

were recorded on a Bruker AMX-400 instrument (400 MHz) in deuterated solvents. Solid 

state NMR (
13

C cross polarization magic angle spinning, 
13

C CP-MAS), was performed in 

Bruker Avance III spectrometer. FT-IR spectra of the solid compounds were recorded on 

Bruker IFS66 V/s spectrometer using KBr pellets. Electron microscopy images were captured 
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in using field emission scanning electron microscope (Quanta 3D FEG, FEI). Oscillatory 

rheology experiments were performed on preformed adhesive gels using a TA Instrument 

AR-G2 rheometer, using a 25 mm diameter stainless steel parallel plate tool. Adhesive 

strength of the gels was performed using Q800 dynamic mechanical analyser (DMA) (TA, 

Instruments). Eppendorf 5810R centrifuge was used for centrifugation. TECAN (Infinite 

series, M200 pro) Plate Reader was used to measure optical density. Studies on animal 

subjects were performed following the protocols approved by Institutional Bio-safety 

Committee (IBSC) of Jawaharlal Nehru Centre for Advanced Scientific Research (JNCASR). 

Studies with the animals were performed following protocols approved by the Institutional 

Animal Ethics Committee (IAEC) in the institute (Jawaharlal Nehru Centre for Advanced 

Scientific Research). 

 

5B.4.2 Synthesis of HTCC 

The antibacterial polymer HTCC 3 having 46% quaternary ammonium group, 39% primary 

amine group and 15% of N-acetyl group was synthesized from chitosan (degree of acetylation 

15%) according to the protocol described in the section 5A.4.2.1 of chapter 5A. 

 

5B.4.3 Synthesis of PDA 

The bioadhesive polymer PDA with 51% degree of functionality was synthesized from 

dextran according to the protocol described in the section 5A.4.2.3 of chapter 5A. 

 

5B.4.4 Synthesis of vancomycin loaded hydrogels 

First vancomycin was dissolved in phosphate buffer (23.5 mM NaH2PO4, 80.5 mM 

Na2HPO4) at required amount (1 mg/mL, 6 mg/mL and 12 mg/mL). To this PDA (50 mg) 

was added to obtain PDA solution containing vancomycin in the above mentioned 

concentration (5 wt% PDA, 0.1 wt%, 0.6 wt% and 1.2 wt% vancomycin respectively).  After 

1 h, an equal volume of 40 mg/mL HTCC 3 (4.0 wt%) dissolved in water was added to the 

PDA solution containing vancomycin. The mixture was then kept in an incubator for 15 min 

at 37 ˚C to allow hydrogel formation. This resulted in various gel formulations (IHV-1: 2.5 

wt% PDA with 0.05 wt% vancomycin and 2.0 wt% HTCC; IHV-2: 2.5 wt% PDA with 0.3 

wt% vancomycin and 2.0 wt% HTCC; IHV-3: 2.5 wt% PDA with 0.6 wt% vancomycin and 

2.0 wt% HTCC). Thus three different gel compositions were obtained where the wt% of 

vancomycin was varied keeping the amount of HTCC and PDA constant. Hydrogel without 
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any vancomycin (IHV-0) was prepared by adding 5 wt% PDA solution to 4 wt% HTCC 3 

solution. The gels were prepared directly in the wells of a 96-well plate or in a sample vial or 

in petri dish either by simple mixing of the solutions or by mixing via dual barrel syringe. 

 

5B.4.5 Characterization of the hydrogels  

5B.4.5.1 Gelation time  

The gelation time, i.e., the time required to form the gel upon mixing the components 

together, was determined according to the protocol described in the section 5A.4.4.1 of 

chapter 5A. 

 

5B.4.5.2 Morphologies (Scanning electron microscopy) 

Morphologies of the hydrogels were characterized by field emission scanning electron 

microscopy (FESEM) with the preformed hydrogel following the same protocol as described 

in the section 5A.4.4.2 of chapter 5A.  

 

5B.4.5.3 Fourier transformed infrared (FT-IR)  

Fourier transformed infrared (FTIR) spectra of PDA, HTCC and hydrogel were recorded 

following the same protocol as described in the section 5A.4.4.3 of chapter 5A.   

 

5B.4.5.4 Viscoelastic properties  

Viscoelastic properties were measured using an oscillatory rheometer on preformed 

hydrogels following the same protocol as described in the section 5A.4.4.4 of chapter 5A.    

  

5B.4.6 Determination of adhesive stress  

The adhesive strength of the gel was measured by fixing the gel between two sections of 

porcine skin following the same protocol as described in the section 5A.4.5 of chapter 5A.  

 

5B.4.7 Determination of PDA-conjugated vancomycin (% of covalent encapsulation of 

antibiotic)  

The extent of covalent conjugation of vancomycin to PDA and hence in the gel was 

determined as follows: PDA (50 mg) and vancomycin (1 mg or 6 mg or 12 mg) were 

dissolved in phosphate buffer and kept at 37 ˚C for 1 h in the dark. The solution was then 

dialyzed using membranes (molecular cut off 3500) at 4 ˚C in deionized water in the dark by 
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changing water quickly for 6-8 h on a regular interval with 0.5 h between each water change. 

The solution was then freeze dried and stored at 4 ˚C in the dark for characterization. 
1
H-

NMR and FT-IR spectra of the freeze dried sample was then recorded. Also the freeze dried 

sample was first fully dried in a vacuum over at 55 ˚C and then used for elemental analyses. 

 

5B.4.8 In-vitro antibacterial activity  

First the hydrogels with or without antibiotic were prepared in the wells of a 96-well plate (50 

L 50 mg/mL of PDA containing 1 mg/mL or 6 mg/mL or 12 mg/mL of vancomycin and 50 

L 40 mg/mL of HTCC 3). The plate was then kept for 10-15 min in an incubator to allow 

the gel formation. To the wells containing the gel bacteria (150 L of 10
5
 CFU/mL or 10

7
 

CFU/mL of S. aureus and MRSA) were added. The plates containing bacteria were then 

incubated at 37 ˚C for about 6 h under constant shaking. After incubation, 50 L of bacterial 

suspension was either directly plated or diluted following 10-fold serial dilution and then 

plated on suitable agar plate. The agar plates were then incubated for about 24 h at 37 ˚C. 

Finally bacterial colonies were counted to evaluate the reduction in viable cells. The presence 

of viable bacterial count in each case was then expressed as log CFU/mL. A similar 

experiment was performed with the blank wells without any gels and hydrogel without any 

vancomycin as controls.  

 

5B.4.9 Determination of dual mechanism of action  

5B.4.9.1 Determination of released-based activity (Zone of inhibition)  

Nutrient agar gels were prepared in petri dishes (90 mm) according to the manufacturer’s 

protocols. Briefly, 2.5 g of nutrient agar was dissolved in 100 mL of Millipore water and then 

autoclaved for 15-18 min at 121 ˚C. After cooling to 50 ˚C, a volume of 12-15 mL of the agar 

solution was added to the petri dishes and allowed to cool to room temperature, resulting in 

solid agar gel. A circular piece (6 mm in diameter) of the agar gel was removed by incision to 

reveal the underlying polystyrene. A 50 L of IHV-0, IHV-1, IHV-6 and IHV-12 gel was 

then prepared in the cavity of agar plates following the method as mentioned previously. The 

hydrogel was incubated at 37 ˚C for 15 min, after which the gel surfaces were washed three 

times with 5 mL of PBS to remove any non-cross-linked HTCC 3 and to ensure that the pH 

was equilibrated. A volume of 1 mL ml of 10
8
 CFU/mL of S. aureus and MRSA was added 

to each dish and gently rocked to provide the full surface coverage. The plates were then 

incubated for 24 h imaged by Cell biosciences gel documentation instrument. 
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5B.4.9.2 Determination of contact-based activity 

The contact based and release based mode of action of the vancomycin loaded hydrogel was 

determined following the same protocol as described in the section 5A.4.7 of chapter 5A by 

preparing the gel into the inserts of of a trans-well cell culture plate (24-well). 

 

5B.4.10 Long lasting antibacterial activity 

Hydrogel (IHV-2) was prepared in eppendorf tube (2 mL) by mixing the components (200 μL 

of 50 mg/mL PDA with 6 mg/mL vancomycin and 200 μL of 40 mg/mL HTCC 3). After the 

preparation, 1 mL of PBS buffer or nutrient media was added on top of the gel. Then the gel 

with the added liquid was kept for constant shaking at 37 C for 24 h. After 24 h, the buffer 

or media was collected and replaced with the fresh buffer. The process was repeated for next 

14 days. Finally, the antibacterial activity of the released vancomycin was determined by 

taking 450 μL of the buffer or media with 50 μL of ~10
7
 CFU/mL MRSA. The bacterial 

mixture was kept for 24 h and then OD value was recorded. Also, the released media-

bacterial solution was directly spot plated on agar plate to determine the bactericidal effect of 

the released vancomycin.  

 

5B.4.11 In-vitro release kinetics of vancomycin from the gels  

Hydrogel (IHV-2) was prepared in eppendorf tube (2 mL) by mixing the components in a 

similar way as described in previously (200 μL of 50 mg/mL PDA with 6 mg/mL 

vancomycin and 200 μL of 40 mg/mL HTCC 3). After the preparation, 1 mL of phosphate 

buffer of varying pH (5.5, 6.2 and 7.2) was added on top of the gel. Then the gel with the 

added buffer was kept for constant shaking at 37 C for 24 h. After 24 h, the buffer was 

collected and replaced with the fresh buffer. The process was repeated for next 14 days. 

Finally, the amount of released vancomycin was determined by UV-visible absorption 

spectroscopy. A standard calibration curve of absorption intensity vs concentration was 

generated for vancomycin (absorbance at 281 nm). The concentration of the released 

vancomycin was then determined after measuring the absorbance and fixing the value in the 

absorption intensity vs concentration curve. 
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5B.4.12 Biocompatibility  

5B.4.12.1 Systemic toxicity with HTCC  

Systemic toxicity of the HTCC polymers was determined following the same protocol as 

described in the section of 4A.4.14.3 in Chapter 4A. 

  

5B.4.12.2 Sub-chronic toxicity with HTCC  

BALB/c mice were used for the sub-chronic toxicity studies (four groups of mice, 10 mice in 

each group).
24

 Polymer solution in sterilized saline (200 μL) was given via i.p. injection of 

HTCC 3 at a dosage of 55 mg/kg in two groups and the remaining two groups were used as 

control. After 2 days, blood was collected from both control and treated mice (10 mice for 

HTCC, 10 mice for control), and analyzed for different parameters like ALT (alanine 

transaminase), AST (aspartate transaminase), creatinine, blood urea nitrogen, and electrolytes 

like sodium ion, potassium ion and chloride ion. Also after 14 days, blood was collected 

similarly from the remaining 20 mice (10 mice for HTCC 3, 10 mice for control) and 

analyzed for the above mentioned parameters. The data are presented as mean ± standard 

deviation, based on the values obtained from 10 mice (n = 10 for the data from this report). 

Student’s t-test was used for statistical analysis. Differences are considered statistically 

significant with probability (p) < 0.05. 

 

5B.4.12.3 In-vitro toxicity of hydrogel (Hemolytic assay)  

Hemolytic activity of the antibiotic loaded hydrogels was evaluated following same protocol 

as described in the section 5A.4.9 in Chapter 5A. 

 

5B.4.12.4 In-vivo toxicity of hydrogel (Subcutaneous injection)  

In-vivo toxicity of the antibiotic loaded hydrogels was evaluated by subcutaneous injection of 

the gels in mice following same protocol as described in the section 5A.4.10.3 in Chapter 5A. 

 

5B.4.13 In-vivo activity of hydrogel 

5B.4.13.1 Cecal ligation and puncture (CLP) model of sepsis  

Cecam ligation and puncture model of sepsis for the antibiotic loaded hydrogels was 

evaluated following same protocol as described in the section 5A.4.13 in Chapter 5A. 

 

 

 



337 
 

5B.4.13.2 Subcutaneous infection model 

Subcutaneous infection model to evaluate the in-vivo efficacy of the antibiotic loaded 

hydrogels was evaluated following same protocol as described in the section 5A.4.14 in 

Chapter 5A. 
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