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Preface 

 

Development of antimicrobial surfaces to tackle bacterial infections is of great importance due to 

the increasing prevalence of antibiotic resistant bacterial strains and healthcare associated 

infections. Effective antimicrobial surfaces can be based on an anti-adhesive principle that 

prevents bacteria to adhere, or on bactericidal strategies, i.e. killing organisms either before or 

after contact is made with the surface. Biocide releasing mechanisms kill pathogens in 

surroundings by leaching of antimicrobials. Contact killing-based coating can also impart 

antibacterial properties to different surfaces. But surfaces suffer from dead cell accumulation 

resulting in spoiling of the surfaces. Biofouling is relevant in a wide range of applications, 

including but not limited to surgical equipment and protective apparels in hospitals, medical 

implants, biosensors, textiles, food packaging and food storage, water purification systems, and 

marine and industrial equipments. Surfaces that resist the nonspecific adsorption of protein and 

microbes are also vital in catheters, prosthetic devices, and contact lenses. Surfaces have also 

been developed based on ‘kill-release’ strategy. These first kill bacteria and then release the dead 

bacterial cells. In this thesis, we have described the development of various antimicrobial 

materials to tackle surface associated infections. In chapter 2, we have developed benzophenone 

based quaternary molecules with both non-degradable and degradable side chains and their 

solution-phase activity has also been described. They are coated on cotton textile. The 

antibacterial efficacies of coated cottons are described. The coated cottons showed remarkable 

activity against Gram-positive pathogens. On degradation of the coating based on the  degradable 

molecules 6  (ester) and 7 (amide), antifouling property was achieved by the surface. Chapter 3 

deals with the development of dual-action polymer nanocomposite which showed high activity 

against Gram-negative bacteria. The most potent nanocomposite QAm1-Ag1 was loaded on 

hydroxyapatite. The activity and toxicity towards human erythrocytes is also described. No 

toxicity towards human erythrocytes was observed, proving their efficacy to be suitable for 

various biomedical applications.  
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1.1 Microbial Infection and Surfaces: A Potential Killer 

Historically, infectious diseases have been the most important contributor to human morbidity and 

mortality. Rapid emergence of antimicrobial resistance to conventional antibiotics has become one 

of the biggest clinical threats.1, 2 Formation of biofilm has further complicated the situation as 

antibiotics cannot penetrate them making them almost impossible to cure.3-6  

Among the many ways by which infectious diseases spread, the contaminated surfaces are 

responsible for more than 50% of all microbial infections.7 Contaminated surfaces can act as 

reservoirs of microbes which can lead to biofilm-associated infections of medical devices and 

implants.8,9 Biofilms can be formed on abiotic surfaces (hospital walls, medical devices, implants 

etc.) as well as biotic surfaces (surgical sites, wounds, lungs, urinary tract, cardiac tissues, bones 

etc.).10-13 Infections resulting from contaminated surfaces not only increase the patient’s sufferings 

and healthcare costs but can also turn out to be fatal resulting in death of the patients.  

 

1.2 Spreading of Infections by Surfaces 

Upon being touched by a healthy individual, contaminated surfaces can spread infections. Various 

common community objects such as door knobs, linen, public telephones, children toys etc. when 

touched by infected people, pathogenic microorganism deposit onto surfaces. Coughing, sneezing, 

breathing or even talking spread out aerosolized moisture containing bacteria which deposit onto 

objects leading to surface contamination. When these contaminated surfaces are touched by 

healthy individuals, microbial infections are transmitted. 14-17 Infections caused by contaminated 

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

Infectious microbes (e.g. bacteria, fungi, etc. are also prevalent in hospital atmosphere such 

as in the operating room, on surgical equipments, clothing worn by medical professionals, bacteria 

residing on the patient’s skin, and bacteria already in the body.18-20 In addition, increase in the 

usage of biomaterials and medical devices (such as catheters, cardiac pacemakers, hip implants, 

and contact lenses, etc.) conjugated with the contaminated surfaces can cause serious implant-

associated infections.21 Even though various aseptic techniques and sterilization procedures exist, 

pathogenic microorganisms are still found at the site of approximately 90% of all implants. 
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Infections caused by objects from hospital/healthcare settings are known as hospital-acquired 

infections (HAIs) or nosocomial infections. Almost 60% of all nosocomial infections are related 

to medical device and implants.22 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. 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.23 

 

1.3 Pathogenesis of Device-Related Infection 

Device-related infections result from the multifaceted interaction of bacterial, device, and host 

factors where the bacterial factors are probably the most important in the pathogenesis of device-

associated infections. Different bacteria use different adhesins to colonize medical devices. The 

adherence of common Gram positive and Gram negative pathogens are discussed below.  

S. epidermidis: Adherence of this bacterium to the surface of the device is not a one-time 

phenomenon but ratheris  an evolving process which initiates with a rapid attachment of bacterial 

cells to the surface of the device. This attachment to the surface is mediated either by nonspecific 

factors (such as surface tension, hydrophobicity, and electrostatic forces) or by specific adhesins 

(including the proteinaceous autolysin encoded by the atlE gene and the capsular polysaccharide 

intercellular adhesin [PSA] probably encoded by the ica operon).24 This initial phase of S. 

epidermidis adherence is followed by an accumulative phase. During this phase bacteria form 

biofilm.25 

S. aureus: Unlike S. epidermidis,  well-defined adhesins are employed to adhere to one another 

and to the devices. Adherence of S. aureus appears to be more dependent on the presence of host-

tissue ligands, including fibronectin, fibrinogen, and collagen. S. aureus adheres to such host-tissue 

ligands via genetically defined microbial surface proteins, which are commonly referred to as 

“microbial surface components recognizing adhesive matrix molecules” (MSCRAMM). The most 
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important MSCRAMMs include FnbpA and FnbpB, which bind to fibronectin. The role of 

MSCRAMM in the pathogenesis of device associated infections, however, is not clear and, at least 

in the case of orthopaedic device infection, has been a bit controversial.  

E.coli: E. coli is known to adhere to urological devices and cause infections. Adherence of E. coli 

to devices may be dependent on the location of the device and local predominance of certain 

bacterial strains, given that E. coli strains that express type 1 fimbriae prevail in the bladder, 

whereas E. coli strains that express P fimbriae usually infect the kidneys. 

 

1.4 Different Strategies to tackle surface related infections 

Antibacterial surfaces have emerged as a primary component of the global strategy to eliminate 

bacterial pathogens. Thanks to materials science and biotechnological advances, an extensive 

variety of options are now available to design surfaces with antibacterial properties. However, 

progress towards a more widespread use in clinical settings crucially depends on addressing the 

key issues. Various researchers have focused their research in developing antimicrobial surfaces 

that can prevent infections.26,27 In this direction, three general strategies have been adopted; i) 

adhesion resistance (non-fouling strategy), ii) biocide releasing (release-based strategy) and iii) 

contact killing (contact-based strategy).28 
 In adhesion resistant approach, surfaces owing to its cell-repellent nature, hinder the 

adherence of microbial cells. Anti-adhesion surfaces thus prevent the earliest step of biofilm 

formation. Bacterial adhesion at biomaterial surfaces occurs in a two-stage model: an initial, rapid 

and reversible stage, mediated by non-specific physicochemical interactions. This stage is 

followed by a secondary ‘locking’ stage. Surface immobilization of molecules that can resist 

protein adsorption, such as PEG and zwitterionic compounds, have shown tremendous anti-

adhesion properties in-vitro.  

Release-based coatings function by leaching the loaded antimicrobials, killing both 

adhered as well as adjacent microbes. Such coatings exert their antibacterial activity by leaching 

loaded antibacterial compounds over time, which allows killing of both adhered and adjacent 

planktonic bacteria. The release of incorporated antibacterial agents is achieved by diffusion into 

the aqueous medium, erosion/degradation, or hydrolysis of covalent bonds.28 Compared with 
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traditional antibiotic delivery methods, direct elution from the material surface can effectively 

deliver a antibacterial agent concentration locally, without exceeding systemic toxicity or 

ecotoxicity limits. It provides a controlled antibacterial activity only at the site of infection 

minimizing the development of resistance and avoiding potentially harmful systemic 

repercussions. However, because release-based surfaces have inherently limited reservoirs of 

antibacterial agents, their action is ultimately only temporary. 

 

Figure 1.1: Three chief strategies for designing antibacterial surfaces (Figure was adapted from 

reference 17). 

In contact killing strategy, microbes are killed upon contact with the coated surfaces. 

Contact-killing surfaces have been developed to circumvent the reservoir exhaustion issue of 

release-based materials.29 In this approach, antimicrobial compounds are anchored to the material 

surface. To anchor antimicrobials to surfaces, both covalent and non-covalent surface-

modifications have been adopted. Adhered bacteria are believed to be killed due to disruption of 

their cell membrane by the attached compounds, reaching across the microbial envelope, owing to 

the long tethering hydrophobic chains.26 Because the main mechanisms of action are based on 

membrane interactions, such as physical lysing or charge disruption, the most effective compounds 

for contact-killing coatings have been either cationic compounds (QACs, chitosan, AMPs, etc.) or 

enzymes.31 
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1.4.1 Adhesion Resistant and Antifouling Surfaces 

Antifouling surface focuses on inhibiting microbial adhesion or reducing the capacity of microbes 

to adhere on the surface. Different materials are employed as antifouling coatings. One well 

established method for preventing microbial adhesion to surfaces is to covalently attached them 

with a layer of poly (ethylene glycol), PEG.32 Recently, polymers with zwitterionic head groups 

such as poly(phosphorylcholine), poly (sulfobetaine) and poly(carboxybetaine) have been shown 

to inhibit bacterial adhesion and biofilm formation on surfaces. 33,34 It is postulated that the 

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

leading to reversible interactions between the incident microbes and the surface-discouraging their 

adhesion.  

 

Figure 1.2: Various anti-adhesion polymers used in developing nonfouling surface. PEG: poly 

(ethylene glycol); PCBMA: poly(carboxybetaine methacrylate); PSBMA: poly(sulfobetaine-

methacrylate)    

These zwitterionic surfaces was shown to be promising for coating medical devices, 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 types of surfaces, do not fully address the problem of microbial contamination as they have 

no antimicrobial functionality and hence are intrinsically inactive against pathogens. Though they 

can resist their adherence, once infected, they cannot kill the microbes.  

 

 

1.4.2 Biocide Releasing Surfaces 

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 non-

adhered) bacteria or of adhered bacteria.22 A variety of active antimicrobials such as antibiotics, 
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metal salts or nanoparticle, bioactive species (e.g., phage virus), etc. has been impregnated onto 

surfaces to develop biocide-releasing antimicrobial surfaces.7  One of the most heavily marketed 

and most widespread products for suppressing microbial growth is Microban incorporating 

Triclosan (5-chloro-2-(2,4-dichlorophenoxy)-phenol) into a surface. Silver has long been known 

to be an antimicrobial and the metal ions (Ag+) have a significant antimicrobial activity finding its 

use in various commercial aspects. AgION Technology’s AgIONTM and AcryMed’s SilvaGardTM 

are two of the most well-known commercial coating products which rely on the diffusion of Ag+ 

ions from the substrate material and inactivate the microorganisms. But a possible drawback of 

silver-based antimicrobials is the cytotoxicity of Ag+ ions towards mammalian cells. Like silver, 

copper has long been considered to be a hygienic material.35 Another important way of developing 

release-active surfaces is by immobilizing bacteriophage viruses that infect prokaryotic cells. 

Developments of a phage containing wound dressing, hydrogel-coated silicone catheter, etc. with 

lytic bacteriophages have been well documented.36  

 

 

 

Figure 1.3: Schematic representation of a release-based antimicrobial surface. 

 

The overall timeframe and kinetics of antibacterial delivery are highly application-dependent. It 

provides antibacterial protection during the early post-operation period, which is considered the 

most critical stage for infection risk, and limits the development of bacterial resistance.  

However, for implanted devices, surfaces should maintain their antibacterial properties 

until integration with the surrounding tissues, which can take up to several months, to prevent 

bacterial colonization from the hematogenous route.37 Long-term release is also needed for 

revision surgeries, where implants are already in a contaminated tissue region22 To date, designing 

coatings that maintain released antibacterial compounds levels within the therapeutic window, 
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sufficient to kill bacteria but low enough to limit cytotoxicity toward eukaryotes, remains a 

significant challenge. Innovative approaches to control and extend release kinetics are therefore 

necessary to generate new solutions and products. 

 

1.4.3 Contact Killing 

 

1.4.3.1 Non-covalent Coating  

Quaternized polymers are widely used which were organo-soluble and water-insoluble to paint 

surfaces rendering them antimicrobial. A quaternized polyethyleneimine (PEI) derivative N-hexyl, 

N-methyl-PEI –based coating was developed on various surfaces such glass or polyethylene 

surfaces were capable to kill airborne S. aureus. However, this antimicrobial surface developed 

using this shorter alkyl chain bearing PEI derivative was not permanent. The deposited 

antibacterial polymer was found to leach out from the.38 A new antimicrobial surfaces with higher 

hydrophobicity bearing polymer was hypothesised to strengthen the intermolecular attractions and 

thus lesser tendency to leach out from the surface. Later on, PEI derivatives bearing higher 

hydrophobic moieties were synthesized to tackle this issue.39-41  

 Layer by layer (LbL) assembly is also employed to coat surfaces with solutions of two 

differently charged compounds in an alternative manner. An LbL assembly made up from 

bactericidal and virucidal cationic PEI derivative by using the anionic poly (acrylic acid) was 

reported.42,43 The surface showed potent efficacy against both airborne and waterborne E. coli and 

S. aureus including virucidal activity against influenza virus with no cytotoxicity towards 

mammalian cells.44  

Our group has further investigated a detailed structure-activity relationship of  a series of 

polyethylenimine based quaternized polymer-coated surfaces. A series of quaternized 

polyethylenimine were prepared by using the precursor polymers of various molecular weights. 

PEI derivatives with varied degree of quaternization were prepared using different long chain alkyl 

bromides.45 The resulting polymers were water insoluble and organo-soluble. Various surfaces 

were coated by easily dissolving the compound in various organic solvent. The surface coated with 

these polymers displayed activity against various pathogenic bacteria including drug-resistant 
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superbugs MRSA and VRE and against pathogenic fungi such as Candida spp. and Cryptococcus 

spp.45  

Recently, our group has reported another class of antimicrobial surfaces, where quaternized 

chitin derivatives were used. 46 The water-insoluble and organo-soluble antibacterial chitin 

derivatives were prepared by selective quaternization at C-6 position of the sugar unit by using 

various N,N-dimethylalkylamines (such as N,N-dimethyltetradecylamine, N,N-

dimethylhexadecylamine). By dissolving the polymers in methanol, it was coated on various 

surfaces such as polystyrene plates, glass slides or cover glasses by employing brush, dip or spin-

coating or drop casting. Polystyrene plates coated with these polymers showed potent activity 

against both drug-sensitive and drug-resistant bacteria (MRSA and VRE) with minimal toxicity 

against mammalian cells (RBCs and embryo kidney cells).46 

 

1.4.3.2 Covalent Coating 

 

Klibanov and co-workers developed a covalent coating of by immobilizing poly- (4-vinyl-N-

alkylpyridinium bromide) on glass.29 Russel and co-workers developed an antimicrobial polymer 

directly on the surface by employing atom transfer radical polymerization (ATRP).47 These reports 

involve complicated and sophisticated reactions on the surfaces. To this aim, researchers are 

immensely focusing on the development of coating procedure avoiding complicated techniques. 

Recent research has resulted in the development of polymers functionalized with active linkers 

which can bind the polymeric structure to various surfaces. Incorporation of such linkers in the 

polymeric architecture paves an easier way to coat the polymers on the surfaces which requires 

only one-step fabrication. Locklin and co-workers have developed coating involving 

benzophenone moieties which render UV curable property to the coating material.48-50 Klibanov 

and co-workers have also reported a covalent coating incorporating a photoactive linker 6-(4-

azido-2-nitrophenylamino) hexanoyl into branched polyethyleneimine.51 Upon incubation of 

water borne pathogens E. coli and S. aureus with the photo-coated cotton, no viable bacteria were 

detected. Dopamine has also been utilized as an anchoring agent.52-56 Various dopamine-

incorporated antimicrobial polymeric coatings are reported in the recent past. Yang and co-workers 
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have developed a one-step polycarbonate-based coating which employs dopamine as a linker.52 

The brush-like polycarbonates when coated on surface, was active against S. aureus and E. coli. 

 

1.5 Scope of the Thesis 

Because of the ever-growing demand for healthy living, there is a keen interest in materials capable 

of killing harmful microorganisms. Increased usage of of healthcare materials conjugated with the 

emergence and spread of resistant microbes has resulted in higher risk of surface associated 

infections. To tackle such infections, various modified antimicrobial surfaces are designed and are 

used. Surface treatment can be done in different modification principles. Cationic surfaces can 

inactive microbes on contact. Polyethylene glycol-based various anti-adherent surfaces are also 

developed to resist the attachment of bacteria to surfaces. Several surfaces are developed which 

kills bacteria by releasing antimicrobials from the surface. But several limitations are there to these 

methods. Anti-adhesive surfaces are mostly intrinsically inactive. Also, polymer matrices used as 

reservoirs for releasing antimicrobials are not active against pathogens. Contact active surfaces 

suffer from fouling, deposition of dead bacterial cells, proteins on the surfaces which spoil the 

surface making it ineffective with time.  

The aim of this thesis is to develop antimicrobial materials to address the above mentioned 

limitations of currently existing strategies. In Chapter 2, a covalent coating on cotton textile is 

developed based on UV-active linker benzophenone. The one step simple fabrication of 

antimicrobial textile is discussed with its detailed antimicrobial efficacy. The coating on the textile 

upon degradation transforms into zwitterionic form, imparting antifouling property to the surface. 

The coating was seen to adhere lower number of bacteria upon degradation making the textile 

coating switch from bactericidal to antifouling one.  

Chapter 3 reports the simple in-situ synthesis of dual-action polymer-silver chloride 

nanocomposites from an aqueous solution of a quaternary chitosan derivative and a silver salt. 

Both the polymer and the nanoparticles are active against pathogens. The efficacies of the 

nanocomposites against both Gram-positive and Gram-negative bacteria including the drug-

resistant pathogens are discussed. The nanocomposites were found to be highly active against 

Gram-negative pathogens, owing to the presence of silver chloride nanoparticles. Hydroxyapatite, 

a well known material for orthopaedic applications, was loaded with the most active 

nanocomposite QAm1-Ag1. The loaded material was active against Gram-positive and Gram-
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negative pathogens with negligible in-vitro toxicity towards human erythrocytes. The materials 

are efficacious for different biomedical applications. 
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Chapter 2 

 

Covalent Coating on Textiles that can Switch 

from Bactericidal to Antifouling Properties 
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Abstract 

 

This chapter describes the synthesis and characterization of cationic benzophenone derivatives 

with non-degradable aliphatic chains and degradable chains bearing ester and amide moieties. It 

also reports the development of a zwitterionic analogue. Antibacterial efficacy of these 

compounds has been investigated in solution phase against various Gram-positive and Gram-

negative bacteria including drug-resistant bacteria methicillin-resistant Staphylococcus aureus 

(MRSA), vancomycin-resistant Enterococcus faecium (VRE). They were also showed to have 

potent activity against various clinically isolated strains. Compounds 6 (ester derivative) and 7 

(amide derivative) were covalently coated onto cotton surfaces from their aqueous solutions by 

UV irradiation at ~ 365 nm. The coated cotton showed excellent activity against various Gram-

positive pathogens. Cottons coated with compound 6 and 7 showed complete killing of MRSA 

in 1 h and 30 min respectively. Cottons coated with the zwitterionic compound 9 showed 

reduced adhesion of bacteria to the textile surfaces. 
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2.1 Introduction 

Microbial infection poses serious threat to for commercial applications many materials such as 

textiles, food packaging and storage, shoe industry, medical devices, water purification, and 

dental surgery equipment.1-4 Thus, development of a new methodology for surface 

immobilization of antimicrobial polymers with well-defined properties is necessary. This can be 

accomplished by anchoring various classes of antimicrobials (such as, antibiotics, antimicrobial 

peptide, quaternary ammonium compounds, etc.) to surfaces.5-9 A surface can be modified either 

by covalently immobilizing an antimicrobial to it or physically adhering any bactericidal agent 

on its surface. Non-covalent approach is based on painting of water-insoluble and organo-soluble 

antimicrobial polymers on different surfaces. This principle makes the preparation of 

antimicrobial surfaces simpler, where coating procedure is as simple as painting. Klibanov and 

co-workers have played a pioneering role in this direction.10-18 But leaching of antimicrobials 

from the modified surfaces can decrease their usability quotient which means that antimicrobial 

coatings need to be immobilized irreversibly or covalently to the surfaces for durable and long-

lasting activity. Various groups have put the initial efforts to develop non-leaching permanent 

antimicrobial coatings on different surfaces. A covalent coating by immobilizing poly- (4-vinyl-

N-alkyl pyridinium bromide) on glass.19 Development of an antimicrobial polymer directly on 

the surface by employing atom transfer radical polymerization (ATRP) has also been reported.20 

Even though the antimicrobials are anchored covalently to the surfaces, these reports involve 

reactions on the surfaces which are complicated and require sophisticated techniques. To this 

aim, researchers are immensely focusing on the development of a coating procedure which does 

not employ reactions involving the surfaces thereby avoiding complicated techniques. Recent 

research has resulted in the development of polymers or small molecules functionalized with 

active linkers which can bind the molecule to various surfaces. Incorporation of such linkers 

paves an easier way to coat the surfaces by only one-step fabrication. Use of benzophenone (BP) 

as an anchoring agent is well known in literature.21-23 The linking ability of BP is furnished by 

abstraction of a hydrogen from a suitable hydrogen donor which has been studied extensively 

and has been employed in different applications for many years.24-30 BP serves as an ideal cross-

linking agent because it can be activated using mild UV light (345-365 nm), which avoids the 

oxidative damage of the surface which could happen upon exposure to higher energy UV. BP 
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moiety is chemically more robust than other organic cross-linkers. It undergoes reaction 

preferentially with C-H bonds in different chemical environments. Upon exposure of UV-light, 

an n-π* transition takes place forming a bi-radical triplet excited state. This bi-radical triplet state 

can effect abstraction of a hydrogen atom from a neighboring aliphatic C-H group thereby 

forming a new C-C bond.31 

Antimicrobial coatings developed by immobilizing antibacterial agents are generally non-

degradable and toxic.32,33 The long-term exposure of non-degradable coatings might result in 

unpredictable cytotoxicity hindering implant-tissue integration. Furthermore, cationic coatings 

suffer from accumulation of dead bacterial cells on them. This dead cell accumulation leads to 

fouling of surfaces. Microbes can then adhere to this fouled surface further colonizing and 

forming biofilms.  Hence, 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 zwitterionic 

structure which will exert antifouling property. This chapter deals with the design and 

development of a charge-switchable antimicrobial coating on cotton textile by UV irradiation 

based on water-soluble cationic benzophenone derivatives bearing hydrolysable amide or ester 

groups in the side alkyl chain, which upon hydrolysis in presence of acid or enzymes, transforms 

into non-toxic and antifouling zwitterionic moiety (Scheme 2.1). The cotton textiles coated with 

the cationic degradable derivatives are checked for their activity against various Gram-positive 

pathogens. Upon degradation, the nature of the coating changes from cationic to zwitterionic 

one, which is checked for its antifouling property (Scheme 2.2). Bactericidal killing kinetics, 

non-leaching activity is also described and discussed. 

2.2 Experimental Section 

2.2.1 Materials and Instrumentation 

All the solvents were of reagent grade, which were distilled and dried before its uses. All the 

reagents were purchased from Sigma-Aldrich, S.D. Fine, and Spectrochem were used without 

further purification. Analytical thin layer chromatography (TLC) was performed on E. Merck 

TLC plates pre-coated with silica gel 60 F254 and visualization was carried out using UV light 

and Iodine. Column chromatography was performed on silica gel (60-120 mesh) using different 
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ratio of chloroform and methanol solvent system. Nuclear magnetic resonance spectra were 

recorded on Bruker (AV-400) 400 MHz spectrometer in deuterated solvents. Mass spectra were 

obtained using 6538-UHD Accurate mass Q-TOF LC-MS instrument. For optical density 

measurement Tecan InfinitePro series M200 Microplate Reader was used. Bacterial strains, S. 

aureus (MTCC 737), P. aureginosa (MTCC 424)E. coli (MTCC 443) were purchased from 

MTCC (Chandigarh, India). Methicillin-resistant S. aureus (ATCC 33591), Enterococcus 

faecium (ATCC 19634), vancomycin-resistant Enterococcus faecium (ATCC 51559), and 

Klebsiella pneumoniae (ATCC 700603) were obtained from ATCC (Rockville, MD, USA). 

Unbleached cotton was bought from local market in Bengaluru.  

2.2.2 Synthesis and Characterization 

2.2.2.1 Reaction Scheme 

 

 

Scheme 2.1: Synthesis of cationic benzophenone derivatives.  
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Scheme 2.2: Synthesis of zwitterionic benzophenone derivative. 

2.2.2.2 Synthetic Protocols and Characterization 

Procedure for synthesizing (4-((6-bromohexyl)oxy)phenyl)(phenyl)methanone (1): 4-

Hydroxy benzophenone (1 equiv), 1,6 dibromohexane (1.5 equiv), potassium carbonate (1.5 

equiv) and dry DMF were stirred at room temperature for 18 h under argon atmosphere.The 

reaction mixture was poured into ice-water mixture (300 mL) and extracted with CHCl3. The 

organic layer was collected and the solvent was removed under reduced pressure. The crude 

product was purified on a silica gel column by using 50:1 hexane: ethyl acetate mixture. (74 % 

yield) 1H-NMR (CDCl3, 400 MHz) δ/ppm: 7.820-7.798 (d, Ar-H), 7.758-7.775(d, Ar-H), 

7.738,7.735(d, Ar-H); 7.584-7.577(t, Ar-H), 6.965-6.931(d, Ar-H), 4.066-4.035(t, O-CH2).  

General procedure for synthesizing 2a-2f: Compound 1 was taken (1 equiv) and the N,N 

dimethyl alkyl amine (2 eqv, R= -C6H13, -C8H17, -C10H21, -C12H25, -C14H29, -C16H33) in dry 

CH3CN and stirred for 24h in a screw top sealed pressure tube at 1000 C. Precipitation was done 

with diethyl ether. 

(N-(6-(4-benzoylphenoxy)hexyl)-N,N-dimethylhexan-1-aminium bromide), (2a): (85% yield) 

1H-NMR (CDCl3 , 400MHz) δ/ppm: 7.820-7.798 (d, Ar-H), 7.758-7.775(d, Ar-H), 7.738,7.735(d, 

Ar-H); 7.584-7.577(t, Ar-H), 6.965-6.931(d, Ar-H), 4.066-4.035(t, O-CH2), 3.641-3.619(m, N-

CH2-CH2-), 3.598-3.497(m, N-CH2-CH2-), 3.396(s, N-(CH3)2), 1.859-1.502(m), 0.956-0.889 (t, -

CH3); HRMS (m/z):calculated : 410.3054; observed : 410.30175.  
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(N-(6-(4-benzoylphenoxy) hexyl)-N,N-dimethyloctan-1-aminium bromide), (2b): (77% 

yield) 1H-NMR (CDCl3, 400 MHz) δ/ppm: 7.820-7.798(d, Ar-H), 7.758-7.775(d, Ar-H), 7.738-

7.735(d, Ar-H), 7.584-7.577(t, Ar-H), 6.965-6.931(d, Ar-H), 4.066-4.035 (t, O-CH2), 3.641-

3.619(m, N-CH2-CH2-), 3.598-3.497(m, N-CH2-CH2-), 3.389 (s, N-(CH3)2),    1.859-1.502(m), 

0.889 (t, -CH3); HRMS (m/z):calculated: 438.3667; observed : 438.32262. 

(N-(6-(4-benzoylphenoxy) hexyl)-N,N-dimethyldecan-1-aminium bromide), (2c): (90% 

yield) 1H-NMR (CDCl3, 400 MHz) δ/ppm: 7.820-7.798(d, Ar-H), 7.758-7.775(d, Ar-H), 7.738-

7.735 (d, Ar-H), 7.584-7.577(t, Ar-H), 6.965-6.931(d, Ar-H), 4.066-4.035(t, O-CH2), 3.641-

3.619(m, N-CH2-CH2-), 3.598-3.497 (m, N-CH2-CH2-), 3.386(s, N-(CH3)2),    1.859-1.502(m, 

24H), 0.889-0.872(t, -CH3); HRMS (m/z): calculated: 466.3680; observed: 466.35401. 

(N-(6-(4-benzoylphenoxy) hexyl)-N,N-dimethyldodecan-1-aminium bromide), (2d): (92% 

yield) 1H-NMR  (CDCl3, 400M Hz) δ/ppm:  7.820-7.798(d, Ar-H), 7.758-7.775(d, Ar-H), 7.738-

7.735(d, Ar-H), 7.584-7.577(t, Ar-H), 6.965-6.931 (d, Ar-H), 4.066-4.035(t, O-CH2), 3.641-

3.619(m, N-CH2-CH2), 3.598-3.497(m, N-CH2-CH2-), 3.389(s, N-(CH3)2), 1.859-1.502(m), 

0.893-0.837 (t, -CH3); HRMS (m/z):calculated: 494.3993; observed: 494.38407.  

(N-(6-(4-benzoylphenoxy) hexyl)-N,N-dimethyltetradecan-1-aminium bromide), (2e): (88% 

yield) 1H- NMR  (CDCl3, 400 MHz) δ/ppm: 7.820-7.798 (d, Ar-H), 7.758-7.775 (d, Ar-H), 

7.738-7.735 (d, Ar-H), 7.584-7.577(t, Ar-H), 6.965-6.931(d, Ar-H), 4.066-4.035(t, O-CH2), 

3.641-3.619 (m, N-CH2-CH2-), 3.598-3.497(m, N-CH2-CH2-), 3.389(s, N-(CH3)2), 1.859-

1.502(m), 0.889 (t, -CH3); HRMS (m/z):calculated: 522.4306; observed: 522.43276. 

(N-(6-(4-benzoylphenoxy) hexyl)-N,N-dimethylhexadecan-1-aminium bromide), (2f): (70% 

yield) 1H-NMR  (CDCl3, 400 MHz) δ/ppm: 7.820-7.798 (d, Ar-H), 7.758-7.775 (d, Ar-H), 7.738-

7.735 (d, Ar-H),  7.584-7.577(t, Ar-H), 6.965-6.931(d, Ar-H), 4.066-4.035 (t, O-CH2), 3.641-

3.619 (m, N-CH2-CH2-), 3.598-3.497 (d, N-CH2-CH2), 3.369(s, N-(CH3)2), 1.859-1.502(m), 

0.889(t, -CH3); HRMS(m/z): calculated: 550.4619; observed: 550.70390. 

Procedure for synthesizing (4-((6-(dimethylamino)hexyl)oxy)phenyl)(phenyl)methanone, 

(3): Compound 1 was dissolved in dry chloroform (40 mL) in a screw-top pressure tube. Dry 

NHMe2 gas was collected to the solution 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. 
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After the reaction, the pressure tube was cooled and the reaction mixture was transferred to a 

round bottom 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  100 mL) in order to 

deprotonate the products. Finally,washed with 2 M KOH solution (3  the organic layer was 

passed through anhydrous Na2SO4 and was dried to give brownish-yellow coloured liquid. (85% 

yield) 1H-NMR (CDCl3, 400 MHz) /ppm: 7.82-6.93(Ar-H), 4.04(Ph-O-CH2-), 2.24(N-(CH3)2), 

2.28(N-CH2-), 1.3-1.8(O-CH2-(CH2)4). 

Procedure for synthesizing decyl 2-bromoacetate (4): Decanol (10 g) was dissolved in 

dichloromethane (55 mL). Potassium carbonate, K2CO3 (13.08 g) was dissolved in 60 mL of 

distilled water and the solution was added to the organic solution. The resulting two-phase 

solution was cooled to 4 °C. A solution of bromoacetyl bromide (19.13 g) in dichloromethane 

(55 mL) was carefully added drop wise to the cooled solution while maintaining the temperature 

at 4 °C for about 30 min. Then the reaction mixture was stirred at room temperature for 12 h. 

The aqueous solution was separated and washed with dichloromethane (2 × 25 mL). The organic 

solution was washed with water (2 × 50 mL) and passed over the anhydrous Na2SO4 and 

concentrated to yield a white solid quantitatively. (100% yield) 1H-NMR (CDCl3, 400 MHz) 

/ppm: 0.878 (t, terminal, –CH3), 1.292 (m, –(CH2)7–), 1.535 (q, –CH2(CH2)7–,), 3.258 (t, –

CONHCH2–), 3.874 (s, –COCH2Br), 6.585 (br s, amide –NHCO). 

Procedure for synthesizing 2-bromo-N-decylacetamide (5):Decyl amine (10 g) was dissolved 

in dichloromethane (55 mL). Potassium carbonate, K2CO3 (13.17 g) was dissolved in 60 mL of 

distilled water and the solution was added to the organic solution. The resulting two-phase 

solution was cooled to 4 °C. A solution of bromoacetyl bromide (19.25 g) in dichloromethane 

(55 mL) was carefully added drop wise to the cooled solution while maintaining the temperature 

at 4 °C for about 30 min. Then the reaction mixture was stirred at room temperature for 12 h. 

The aqueous solution was separated and washed with dichloromethane (2 × 25 mL). The organic 

solution was washed with water (2 × 50 mL) and passed over the anhydrous Na2SO4 and 

concentrated to yield a white solid quantitatively. (100% yield) 1H-NMR (CDCl3, 400 MHz) 

/ppm: 0.878 (t, terminal, –CH3), 1.292 (m, –(CH2)7–), 1.535 (q, –CH2(CH2)7–), 3.258 (t, –

CONHCH2–), 3.874 (s, –COCH2Br), 6.585 (br s, amide –NHCO). 
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Procedure for synthesizing 6-(4-benzoylphenoxy)-N-(2-(decyloxy)-2-oxoethyl)-N,N-

dimethylhexan-1-aminiumbromide(6):The compound 3 (1 equiv) and the compound 4(1.5 

equiv) was taken in a screw top pressure tube in dry CHCl3 and stirred at 550C for 36 hrs. The 

reaction mixture volume was reduced in rotary evaporator and precipitation was done by 

anhydrous diethyl ether. (70% yield) 1H-NMR (CDCl3, 400 MHz) /ppm: 7.98-6.93 (m, Ar-H), 

4.86 (t,-C(O)-CH2-CH2), 4.20 (s, N-CH2-C(O)-), 4.0 (t, Ph-O-CH2-), 3.8 (t, O-CH2-CH2-), 3.6 (s, 

N-(CH3)2-), 1.5-2.0 (-CH2-CH2-). HRMS (m/z): calculated: 524.3734; observed: 524.3131. 

Procedure for synthesizing 6-(4-benzoylphenoxy)-N-(2-(decylamino)-2-oxoethyl)-N,N-

dimethylhexan-1-aminium bromide (7):The compound 3 (1 equiv) and the compounds 6 (1.5 

equiv) was taken in a screw top pressure tube in dry CHCl3 and stirred at 750C for 36 hrs. The 

reaction mixture volume was reduced in rotary evaporator and precipitation was done by 

anhydrous diethyl ether.(82% yield) 1H-NMR (400 MHz, CDCl3) /ppm: 7.98-6.93 (Ar-H), 4.86 

(t,-C(O)-CH2-CH), 4.20 (s, N-CH2-C(O)-), 4.0 (t, Ph-O-CH2-),  3.8 (t, N-CH2-CH2-), 3.6 (s, N-

(CH3)2-), 1.5-2 (-CH2-CH2-). HRMS(m/z): calculated: 523.3894; observed: 523.3680. 

Procedure for synthesizing 2-((6-(4-benzoylphenoxy)hexyl)dimethylammonio)acetate (9): 

Compound 3 (1 eqv) and tert-butyl bromoacetate (2 eqv) was taken in a screw top pressure tube 

in dry CHCl3 and stirred at 55 0C for 24 h. Precipitate was done by addition of anhydrous diethyl 

ether. The precipitate was then dispersed in 50 mL DCM and trifluoroacetic acid was added to it 

and left to stir for 24 h. Volume of the mixture wax reduced in rotary evaporator and 

precipitation was done by diethyl ether. (65% yield) 1H-NMR (400 MHz, CDCl3) /ppm: 7.820-

7.798(d, Ar-H), 7.758-7.775(d, Ar-H), 7.738-7.735(d, Ar-H), 7.584-7.577(t, Ar-H), 6.965-

6.931(d, Ar-H), 4.066-4.035 (t, O-CH2), 3.641-3.619(m, N-CH2-CH2-), 3.598-3.497(m, N-CH2-

CH2-), 3.389 (s, N-(CH3)2). HRMS(m/z): calculated: 383.2097; observed: 383.2110. 

Procedure of coating of cottons with compounds: Commercial cotton was cut into 1 x 1 cm2 

pieces. Compounds were dissolved in Milli-Q water to obtain aqueous solutions of concentration 

10 mg/mL. The cotton pieces were dipped into the aqueous solution of compounds and were 

taken out. These cotton pieces soaked in the compound solution were then exposed to UV 

irradiation of wavelength ~ 356 nm for 20 minutes. Then they were washed in chloroform 
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followed by acetone to remove unbounded compound, if any. The cotton pieces were dried in 

vacuum at 35 0C. 

2.2.3 Biological Assays 

2.2.3.1 In-vitro Antibacterial Assay 

Bacteria were grown for 6 h (about 108 CFU/mL). The bacterial cultures were diluted to give ~ 

105 CFU/mL in MHB and used for determining antibacterial efficacy. Some of the compounds 

were water soluble and some formed dispersion in water, solubilized further by heating. Stock 

solutions of the compounds were prepared by serial dilution of the compounds using sterilized 

Milli-Q water. The aqueous solutions (20 µL) of the compounds were added to the wells of 96 

well plate followed by addition of 180 µL of bacterial suspension (105 CFU/mL). The plates 

were then incubated at 37 ºC 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 twice. 

Antibacterial efficacy was determined by taking the average of triplicate OD values for each 

concentration. 

2.2.3.2 In-vitro Antibacterial Assay of Cottons 

1 x 1 cm2 cotton pieces (both coated and uncoated) were used for the experiments. Freshly 

prepared MRSA ATCC 33591, were grown in nutrient broth and 106 CFU/mL suspensions 

were made in MHB. 20 microlitres of it was dropped onto the cotton pieces and incubated for 2 

h at 37°C. After 2 h, the cotton pieces were dragged on nutrient agar plates followed by 

incubation for 24 hours at 37°C. The experiment was done in triplicate.  

2.2.3.3 Non-Leaching Experiment  

Methicillin-resistant S. aureus was collected during the log phase and 100 μL of their 

suspension in the media broth were plated on agar (30 mL per plate) with a wet cotton swab. 

Cotton pieces coated with compounds 6, 7 as well as uncoated cotton (used as negative control) 

were put on the surface of the agar plates with bacteria and incubated at 37 °C for the next 24 h.  
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2.2.3.4 Bactericidal Kinetics of Coated Cotton 

1 x 1 cm2 cotton pieces (coated with compounds 6, 7 and uncoated) were used for the 

experiments. Freshly prepared MRSA ATCC 33591 was grown in nutrient broth and 106 

CFU/mL suspensions was made in MHB. 20 microlitres of it was dropped onto the cotton 

pieces and incubated for 2 h at 37 0C. After 2 h, the cotton pieces were dragged on nutrient agar 

plates followed by incubation for 24 hours at 37°C. The experiment was done in triplicate.  

2.2.3.5 Bacterial Adhesion Test 

1 x 1 cm2 cotton pieces (coated with compound 9 and uncoated) were used for the experiments. 

Freshly prepared MRSA ATCC 33591 was grown in nutrient broth and 106 CFU/mL 

suspensions was made in saline. Cotton pieces were dipped in 500 µL of bacterial suspension 

and incubated for 2 h at 37 0C. After 2 h, the cotton pieces were dragged on nutrient agar plates 

followed by incubation for 24 hours at 370 C. The experiment was done in triplicate.  

2.3 Results and Discussion 

In order to estimate the antibacterial efficacy of the cationic benzophenone derivatives, their 

Minimum Inhibitory Concentration (MIC) was determined (Table 2.1) against different Gram-

positive and Gram-negative bacteria including drug resistant bacteria and clinical isolates. 

The benzophenone derivatives with non-degradable alkyl chain showed potent activity against 

various Gram-positive pathogens. Against S. aureus, the compounds showed MIC values in the 

range of 0.25-4 µg/mL. Against E. faecium, another threatening Gram-positive pathogen, the 

MIC values vary from 0.25-16 µg/mL; 2c (decyl) and 2d (dodecyl) showed MIC value of 0.25 

µg/mL and 2 µg/mL against E. faecium. But current medical scenario is more concerned about 

the resistant strains and the clinically circulating strains of pathogens. All the non-degradable 

analogues showed highly potent activity against drug resistant Methicillin-resistant S. aureus 

(MRSA), VRE and clinically isolated strain MRSA R3889. Against both MRSA and VRE, the 

MIC values of 2a-2f were in the range of 0.5-16 µg/mL. On checking activity against a clinically 

isolated strain of MRSA, R3889, MIC values varied from 0.25-2 µg/mL, proving their efficacy 

against various clinically relevant strains. 



30 
 

Table 2.1: Antibacterial activity of the benzophenone derivatives 

 

 

Compounds 2c and 2d showed MIC value of 0.25 µg/mL and 1 µg/mL against MRSA 

(R3889) respectively. On lowering or increasing the hydrophobic content by decreasing or 

increasing the chain length, the MIC value of the compounds obtained a higher value from an 

optimum value showing a parabolic trend in their activity. The compounds 2b-2d, i.e. the octyl, 

decyl, and dodecyl analogues showed MIC in the range of 2-8 µg/mL against Gram-negative 

pathogen E. coli. On increasing the hydrophobic aliphatic chain length, activity against Gram-

negative pathogens was diminished showing an increased MIC value of ≥32 µg/mL. However, 

the non-degradable cationic derivatives showed no potent activity against other Gram-negative 

pathogens including K. pneumoniae, A. baumannii, P. aureginosa. The degradable analogues, 6 

(ester) and 7(amide) showed excellent efficiency against the tested Gram-positive pathogens 

(excluding E. faecium) including drug-resistant and clinically isolated strains. Their MIC values 

varied in the range of 0.5-1 µg/mL against S. aureus, MRSA (R3889) and VRE. Compounds 6 

and 7 were active against E. coli having MIC values 4 µg/mL and 8 µg/mL respectively, but 

MIC values against other Gram-negative pathogens were much higher (≥ 128 

µg/mL).Compounds 6 and 7 were selected for coating on cotton textile.  
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Unbleached cotton was bought from local commercial market. Cotton was washed with 

isopropanol and cut into 1 x 1 cm2 pieces which were further washed with acetone to remove 

impurities, if any. These cotton pieces were coated by dipping them into aqueous solutions of the 

compounds 6 and 7 of concentration 10 mg/mL. After 10 mins of UV irradiation, the cotton 

pieces were turned onto the other side and UV was exposed for 10 more minutes.   

The coated cottons were tested for their antibacterial activity against various Gram-

positive pathogens including drug-resistant and clinically isolated strains. Uncoated cottons were 

used as negative controls to check whether they themselves have any antibacterial activity or not. 

Upon incubation with 20 µL of 106 CFU/mL of bacteria for 24 h, a lawn of bacteria was seen in 

the agar plate for uncoated cottons, showing their inefficacy to kill bacteria.  

 

 

Figure 2.1: Activity of A) uncoated cottons, B) cottons coated with compound 6, C) cottons 

coated with compound 7 against various Gram-positive pathogens. 

On the other hand, no bacterial growth was observed in the agar plate for the cottons 

coated with compounds 6 and 7 respectively (Figure 2.1). The coated cottons not only killed 
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MRSA, but also showed no growth for the clinically isolated strains MRSA (R3545, R 3889, and 

R3890). Coated ones also showed complete inhibition of growth of E. faecium and VRE. 

As discussed earlier in the introduction, benzophenone was employed in the molecular 

structure for covalent linking of the molecules to the textile surface. This imparted a permanent 

coating to the cotton. To check whether the compounds were leaching out from the surface and 

killing bacteria in the surroundings, the coated cotton pieces were tested to observe zone of 

inhibition of bacterial growth, if any. Cottons pieces were placed on agar plates with bacteria 

spread on the agar. Uncoated cottons were also used in the experiment as negative controls. 

Upon incubation, neither the coated nor the uncoated cottons showed any zone of inhibition 

around them. In enlarged images it can be observed that there is no inhibition of bacterial growth 

surrounding the cotton pieces (Figure 2.2). This emphasizes on the fact that there was no 

leaching of compound from the coated cottons.  

 

Figure 2.2: Non-leaching of A) uncoated cottons; cottons coated with B) compound 6 and C) 

compound 7 respectively.  

Bacterial colonization by nosocomial pathogens on material surfaces can cause serious 

and life-threatening infections. Textiles are being used on a regular basis, and are most prone to 

be contaminated by common infection spreading mechanisms, such as coughing, sneezing etc. 

Hence, textile surfaces are one of the most exposed material that can get infected and transmit 

the infection. Therefore, the modified textile surfaces need to kill the microbes in a rapid manner. 

To evaluate how fast the textile surfaces can kill bacteria, time-kill kinetics experiment was 

performed. Upon incubation with MRSA, cotton surfaces coated with compound 6 killed 
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bacteria completely in 30 minutes, whereas cotton surfaces coated with compound 7 showed 

complete killing in 1 h (Figure 2.3). 

Biomaterial surfaces not only need to be antibacterial, but also need to release the dead 

bacterial cells preventing their accumulation on the surface. This “kill−release” strategy has been 

applied to construct so-called smart antibacterial surfaces, which can kill bacteria attached to 

their surface and then undergo release of the dead bacteria and other debris. Several groups have 

developed surfaces grafted with zwitterionic polymers that strongly bind water molecules via 

electrostatic interactions to form a stable hydration layer in aqueous solution and show excellent 

non-fouling properties. Compounds 6 and 7 upon degradation, will give the zwitterionic 

compound 9. The textiles coated with compounds 6 and 7 which were initially antibacterial, 

would switch to antifouling surfaces, as a result of degradation of the compounds on the 

surfaces.  

 

Figure 2.3: Bactericidal killing kinetics of uncoated cottons and cotton textile coated with 

compounds 6 and 7.  
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To check whether textile surfaces exert any antifouling effect, cotton pieces were coated 

with compound 9 and tested for bacterial adhesion when kept immersed in a bacterial 

suspension. Cotton pieces coated with compound 9 showed much less adherence of bacteria 

compared to the uncoated ones. To eliminate the possibility of bacterial killing by compound 9, 

its antibacterial activity was checked and was found to be inactive. Hence the inhibited growth of 

bacteria in the plate (Figure 2.4) was due to lower adherence of bacteria to the textile surface 

coated with the zwitterionic compound 9. 

 

Figure 2.4: Bacterial adhesion to A) uncoated cottons and b) cotton coated with compound 9 

2.4 Conclusion 

In conclusion, a series of cationic benzophenone derivatives have been prepared. Compounds 6 

and 7 were coated on cotton textile from their aqueous solutions. The coated cottons showed 

excellent activity against various Gram-positive bacteria including drug resistant and clinically 

isolated strains. Cottons were coated with the zwitterionic compound 9 which is the degradation 

product of the compounds 6 and 7. These showed lower adherence of bacterial cells to the 

cotton surface owing to its antifouling nature. This switchable permanent coating has potential 

for various applications.  
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Chapter 3 

 

Hydroxyapatite Loaded with Quaternary Chitosan-

Silver Chloride Nanocomposites Selectively Kill 

Bacteria over Human Erythrocytes 
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Abstract 

 

This chapter reports the in-situ synthesis of highly effective dual-action polymer-silver chloride 

nanocomposites from an aqueous solution of a quaternary chitosan derivative and a silver salt. The 

cationic water-soluble antimicrobial polymers acted as both reducing and stabilizing agents to the 

silver chloride nanoparticles. The polymeric nanocomposites were shown to be effective against 

both Gram-positive and Gram-negative bacteria including the drug-resistant pathogens such as 

methicillin-resistant S. aureus (MRSA), beta lactam-resistant K. pneumoniae and various 

clinically isolated strains. The most active nanocomposite QAm1-Ag1 showed highly potent 

activity against Gram-negative pathogens (MIC in the range of 8-32 µg/mL), whereas the polymer 

alone was shown to be inactive against them. The nanocomposite killed E. coli (~5 log reduction) 

in 30 minutes. Further, the composite QAm1-Ag1 was loaded with hydroxyapatite (HAp). Disks 

formed from the loaded HAp were shown to be effective in inhibiting bacterial growth. Notably, 

negligible in-vitro toxicity towards human erythrocytes was observed for both QAm1-Ag1 and the 

composite-loaded hydroxyapatite (HAp/QAm1-Ag1). Hydroxyapatite loaded with quaternary 

polymeric nanocomposite QAm1-Ag1 thus could be used as safe and effective antimicrobial 

biomaterial device in orthopaedic applications. 
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3.1 Introduction 

Despite sterilization and aseptic procedures, bacterial infection remains a major threat to the usage 

of medical implants.1  Systemic administration of antibiotics is costly and shows lesser efficacy 

against implant-associated infections.2 Thus the cases of implant removal and revision surgery are 

increasing which increases patients’ sufferings and healthcare-cost.1-3 Though revision surgery can 

remove/reduce infections, various other complications such as re-infections of the implants, due 

to surgical procedure or from the surrounding microbes can result.4 Thus, development of 

antimicrobial materials which can not only prevent infection but also eliminate bacteria in the 

surroundings, is highly demanded.  

Antimicrobial polymeric nanocomposites, offer great potential and several advantages 

over the existing individual systems.5-8 These materials not only kill pathogen on 

contact but also release active antimicrobials into the surroundings thereby killing microbes in the 

vicinity. Moreover, the nanomaterials can release the active antimicrobials over an extended period 

providing long-lasting antibacterial activity particularly required to eliminate device-related 

infections.  

Orthopaedic devices are the most common surgical devices associated with implant-related 

infections. The gold standard biomaterial for local antibiotic delivery against bone-infections, 

poly(methyl methacrylate) (PMMA) bone cement, bears many limitations. Such shortcomings 

include limited antibiotic release, incompatibility with many antimicrobial agents, and the need 

for follow-up surgeries to remove the non-biodegradable cement before surgical reconstruction of 

the lost bone.9,10 Hydroxyapatite-based products were first introduced in ceramic form and have 

raised much interest because they are chemically integral to the skeletal system.11-13 

Hydroxyapatite was later introduced in granular and paste forms, which were more 

osteoconductive, much more easily shaped, and did not create an inflammatory response.14  

Among various nanoparticles, silver-based nanoparticles are of special interest because of 

their broad-spectrum antimicrobial activity toward different pathogens, e.g., bacteria, fungi, 

viruses, etc.15,16 Silver-containing materials have been widely used by the biomedical industry in 

catheters, dental material, medical devices, implants, and wound dressings.17-19 However, most of 
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the techniques used to incorporate silver into polymeric matrices involve complex synthesis. 20-24 

Also, the polymers in the nanocomposites are generally poorly antimicrobial.  

Chitosan, a natural polycationic linear polysaccharide derived from chitin, has been 

employed in various biomedical applications.  This chapter reports development of a water soluble 

quaternary chitosan polymer N-(2-hydroxy) propyl-3-trimethyl ammonium chitosan chloride 

(HTCC)-silver chloride nanocomposite capable of inactivating both Gram-positive and Gram-

positive bacteria. The polymer-nanocomposites were shown to be non-toxic to human 

erythrocytes. HTCC is known to be moderately active against Gram-positive bacteria but its 

activity is very low against Gram-negative bacteria. The water-soluble nanocomposites were 

loaded on hydroxyapatite. Their activity was checked against various pathogens under in-vitro 

conditions. Zone of inhibition was studied to study their release-based killing. The disks formed 

by HAp/QAm1-Ag1 showed no significant toxicity towards human erythrocytes.   

3.2 Experimental Section 

3.2.1 Materials and Instrumentation  

All the solvents were of reagent grade, which were distilled and dried before its uses. All the 

reagents were purchased from Sigma-Aldrich, S.D. Fine, and Spectrochem were used without 

further purification. Nuclear magnetic resonance spectra were recorded on Bruker (AV-400) 400 

MHz spectrometer in deuterated solvents. For optical density measurement Tecan InfinitePro 

series M200 Microplate Reader was used. Bacterial strains, S. aureus (MTCC 737), P. aureginosa 

(MTCC 424) E. coli (MTCC 443) were purchased from MTCC (Chandigarh, India). Methicillin-

resistant S. aureus (ATCC 33591), Enterococcus faecium (ATCC 19634), vancomycin-resistant 

Enterococcus faecium (ATCC 51559), and Klebsiella pneumoniae (ATCC 700603) were obtained 

from ATCC (Rockville, MD, USA).   

3.2.2 Synthesis and Characterization 

3.2.2.1 Reaction Scheme 

Chitosan is a glucosamine derived from naturally occurring polymer chitin. HTCC, a modified 

quaternary chitosan was synthesized following a previous protocol (Scheme 3.1A).25 The 
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quaternary group of the polymer possess chloride-counter ions. These chloride ions were employed 

for nanoprecipitation of AgCl nanoparticles. Free amine present in the polymer acted as a stabilizer 

of the nanoparticles.  

 

 

Scheme 3.1: A) Synthesis of HTCC polymer and its silver chloride nanocomposites. B) 

Preparation scheme of hydroxyapatite-HTCC-silver chloride nanocomposite (HAp/QAm1-Ag1).  

3.2.2.2 Synthetic Protocol and Characterization 

Synthesis of Quaternized Chitosan Derivatives (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 h at room temperature to obtain a clear 
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solution. Glycidyl trimethylammonium chloride (GTMAC) was then added to the polymer 

solution in three portions at nearly 2 h intervals. The GTMAC to chitosan mole ratio was 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 and finally with acetone-ethanol mixture (1:1). The products were 

characterized by 1H NMR and FT-IR spectroscopy (yield higher than 90%). FT-IR (ATR): υ = 

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.). 1H NMR (CDCl3, 400 MHz,) δ/ppm: 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). 

Determination of Degree of Substitution (DS): The degree of substitution (DS) or degrees of 

quaternization (DQ) in the quaternary chitosan derivative was determined by conductivity 

measurement. DS was calculated by titrating the amount of chloride (Cl−) ions on the polymer with 

aqueous AgNO3 solution. The moles of reacted GTMAC to the moles of repeating sugar unit of 

chitosan was defined as DS. HTCC polymer (0.025 g) was dissolved in Millipore water (50 mL) 

and then solution of AgNO3 (0.02 M) was used to titrate the polymer solution. The DS of HTCC 

polymer was calculated using the following equation: 

CAgNO3 × VAgNO3 = (mHTCC × DS)/ [(DS × M3) + {(1−DS−DA) × M1} + (DA× M2)] 

In this equation, CAgNO3 is the concentration of AgNO3, VAgNO3 is the volume of the AgNO3 

solution at the point of equivalence, mHTCC 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). 

Synthesis of Quaternary Chitosan-Silver Chloride Nanocomposites: On measurement of the 

DS of HTCC, the number of moles of the quaternary unit in the polymer was calculated. 1 g HTCC 

was dissolved in Millipore water. Aqueous solutions of AgNO3 were prepared with required 

equivalents of AgNO3 such that quaternary unit (QAm) and Ag+ ions had a molar ratio 1:1, 1:0.5, 

https://www.sigmaaldrich.com/catalog/product/aldrich/50053?lang=en&region=US
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1:0.33 and 1:0.25. The AgNO3 solutions were added drop-wise to polymer solution at 0 ˚C with 

vigorous stirring. After 2 h, the mixtures were freeze-dried and stored in dark.  

Characterization of nanocomposites: To monitor the growth of the silver nanoparticle, the 

reaction mixture was directly used for UV-visible absorption spectroscopy. 20 µL of the reaction 

mixture was taken in 1.980 mL of Millipore water in cuvettes with water as a blank. Spectra were 

recorded for the region 150-800 nm. For TEM imaging, solid composites were re-dissolved in 

Millipore water and then drop casted on TEM grid. After casting onto the grids, they were allowed 

for drying and were stored in vacuum desiccator. Solid samples were directly used for X-ray 

diffraction spectra.   

Synthesis of Nanocomposite-Loaded Hydroxyapatite: QAm1-Ag1 was dissolved in water 

making an aqueous solution of 16.6 mg/mL. 2 gm of HAp was mixed with 6 mL of the aqueous 

solution of QAm1-Ag1. Upon freeze-drying this mixture, white powder was obtained which was 

pulverized and used for further experiments.  

Characterization of hydroxyapatite loaded with nanocomposite: Hydroxyapatite loaded with 

nanocomposite (HAp/QAm1-Ag1) was characterized by UV/Vis spectrum taking aqueous 

dispersion of the sample. The solid sample was re-dispersed in Millipore water and spectra were 

recorded as discussed earlier. UV/Vis spectrum for HAp was also recorded as a control. 

3.2.3 Biological Assays 

3.2.3.1 In-vitro Antibacterial Assay 

The same protocol was followed as described in the section of 2.2.3.1 in Chapter 2. 

3.2.3.2 Haemolytic 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 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 compounds taken 

in the wells of a 96-well plate (50 μL). Two controls were prepared, one without the compounds 



48 
 

(only 50 µL 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. 

Supernatants from the wells (~100 μL) were then transferred to a new 96-well plate and 

absorbances of the supernatants were 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. 

3.2.3.3 Bactericidal Kinetics 

The bactericidal activity of the compounds was evaluated by performing time kill kinetics assay. 

This gives the information about the rate at which the compounds are acting on bacteria. Briefly, 

S. aureus and E. coli was grown in nutrient broth at 37 ºC for 6 h. The compounds HTCC and 

QAm1-Ag1 were added to the bacterial solution (S. aureus of approximately 1×105 CFU/mL and 

E. coli of approximately 8.5×105 CFU/mL) with the working concentration of 192 µg/mL against 

S. aureus and 96 µg/mL against E. coli. This was incubated at 37C. At different time intervals 

(15 min, 30 min, 45 min, 60 min, 90 min and 120 min against S. aureus and 10, 20, 30, 40, 50, 60 

min against E. coli) 20 µL of aliquots from that solution were serially diluted 10-fold in 0.9 % 

saline. Then from the dilutions, 20 µL was plated on nutrient agar plates and incubated at 37 ºC 

for 24 h. The bacterial colonies were counted and results are represented in logarithmic scale, i.e. 

log10 (CFU/mL).  

3.2.3.4 Zone of Inhibition 

E. coli and Methicillin-resistant S. aureus were collected during the log phase and 100 μL of their 

suspension in the media broth was plated on agar (30 mL per plate) with a wet cotton swab. 

HAp/QAm1-Ag1 and HAp composites were compacted into 200-mg discs. The discs were 

manufactured by direct compressing of the powders using 8 mm stainless steel die by hand-

pressing. Disks of HAp/QAm1-Ag1 composites and HAp (used as negative control) were put on 

the surface of the agar plates with bacteria and incubated at 37 °C for the next 24 h. The zones of 

inhibition of bacteria growth were photographed. The test was performed in duplicate. 
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3.2.3.5 Toxicity of Hydroxyapatite Discs to Red Blood Cells 

Blood was donated by a healthy human donor and red blood cells (RBCs) were isolated from the 

heparinised blood. The cells were then washed twice and finally resuspended in PBS (5 vol%). 

50 µL of cell suspension was dropped on 8 mm disks of HAp and HAp/QAm1-Ag1 disks prepared 

as discussed previously. Incubation was done at 37 °C for 1 h and images were recorded. 

3.3 Results and Discussion 

Chitosan, a natural glucosamine polymer, has N-acetyl (15%) and free amine (85%) groups. It was 

modified by reacting with glycidyl trimethylammonium chloride, which introduces a quaternary 

ammine group into the polymeric structure with chloride as counter ions. The degree of 

substitution, i.e. DS was calculated by titration of the chloride ions with an aqueous solution of 

AgNO3. Upon titration, the degree of substitution was found to be ~53% of the free amine groups 

present in the polymeric architecture. Therefore in the final polymer contents 39% free amine, 

46% of the quaternary group and 15% of N-acetyl bearing sugar units (Scheme 3.1A). 

The presence of chloride ions made this quaternary polymer suitable for in-situ synthesis 

of silver chloride nanoparticles by nanoprecipitation (Scheme 3.1A). The polymer nanocomposites 

were prepared by adding aqueous solution of silver nitrate (AgNO3) to an aqueous solution of the 

polymer under dark condition. Four different composites were prepared by varying the molar ratio 

of the quaternary amine group (QAm) of the polymer and silver ions (Ag+) as 1:1 (QAm1-Ag1), 

1:0.5 (QAm1-Ag0.5), 1:0.33 (QAm1-Ag0.33) and 1:0.25 (QAm1-Ag0.25). The formation of silver 

chloride nanoparticles was indicated by the appearance of opaque white colour with time. The 

solid polymer-AgCl nanocomposites were obtained by rapid dialysis and freeze drying of the 

nanocomposite solutions.  

UV/Visible spectra were recorded for the polymer nanocomposites which showed maxima 

at around 269 nm, which corresponds to the surface plasmon resonance band of silver chloride 

nanoparticles (Figure 3.1A). This maximum was absent in case of HTCC. To establish that the 

nanoparticles were those of AgCl and not of some other species such as any metallic oxide or 

metallic silver, XRD spectra of the nanocomposites were recorded. For all the four 

nanocomposites, peaks were found at 2θ values 27.8°, 32.3°, 46.4°, 54.8°, 57.5°, 67.5°, 76.8°, 

85.6° (Figure 3.1B) which corresponds to the planes 111, 200, 220, 311, 222, 400, 420, 422. 

https://www.sigmaaldrich.com/catalog/product/aldrich/50053?lang=en&region=US
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Figure 3.1 Characterization of Nanocomposite. A) UV/Vis spectra of polymer nanocomposites. 

B) X-ray diffraction spectra of HTCC and nanocomposites. 

 

 

 

Figure 3.2: Characterization of nanoparticle-dimensions by TEM. A) QAm1-Ag1, B) QAm1-

Ag0.5, C) QAm1-Ag0.33 and D) QAm1-Ag0.25. 

The size of nanoparticles and their distribution play a significant role in determining their 

activity. To investigate the dimension of the polymer-capped nanoparticles, TEM images were 
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recorded which showed that the nanoparticles had a size distribution ranging between 10-40 nm. 

The nanocomposites with lower silver content were found to have more of smaller nanoparticles 

owing to the higher number of capping agents available (Figure 3.2).  

The antibacterial efficacy of the polymeric nanocomposites was evaluated by challenging 

them against a wide spectrum of drug sensitive and drug resistant bacteria such as S. aureus, E. 

coli, P. aeruginosa, A. baumannii and drug resistant bacteria such as MRSA, VRE. The 

antibacterial efficacy was expressed as minimum inhibitory concentration (MIC), i.e., the 

minimum concentration of the composites required to inhibit the growth of bacteria. Antibacterial 

efficacy of the polymer was also evaluated to compare the results against the same bacteria (Table 

3.1). The polymer HTCC showed moderate activity against Gram-positive bacteria (32-128 

µg/mL) but activity against Gram-negative bacteria was very low (≥256 µg/mL). Against various 

Gram-positive pathogens, all the nanocomposites and HTCC were  

Table 3.1: Antibacterial efficacy and haemolytic activity of polymer-nanocomposites 

 

active. Against S. aureus, all the nanocomposites showed MIC values 32 µg/mL whereas that of 

HTCC MIC 128 µg/mL. Against MRSA, MIC values of the nanocomposites ranged from 16-32 

µg/mL. The nanocomposites showed MIC values in the range of 16-32 µg/mL against the 

clinically isolated strains of MRSA. Against E. faecium, QAm1-Ag1 showed MIC of 128 µg/mL 

whereas that of HTCC was found to be >256 µg/mL. Their activity was checked against various 

Gram-negative pathogens, such as E. coli, A. baumannii, K. pneumoniae, and P. aureginosa. 
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Among all four nanocomposites, QAm1-Ag1 showed higher activity than the other composites. 

This can be validated by the fact that QAm1-Ag1 had highest content of silver chloride 

nanoparticles. Against E. coli, the nanocomposites showed MIC values in the range 16-32 µg/mL; 

QAm1-Ag1 having MIC value 16 µg/mL. This proved their potential of inactivating microbes, 

especially Gram-negative ones, much higher compared to the polymer alone. The composites 

were also much potent compared to HTCC against A. baumannii, the most dangerous pathogen 

according to the priority pathogen list published by WHO in 2017. MIC value of QAm1-Ag1 

against A. baumannii was 8 µg/mL and that of only polymer HTCC was 256 µg/mL. Against the 

other two Gram-negative pathogens K. pneumoniae and P. aureginosa, the MIC values of the 

nanocomposites were in the range of 16-64 µg/mL whereas HTCC had MIC value of 256 µg/mL 

against these two pathogens. Among the four nanocomposites, QAm1-Ag1 was shown to be the 

most active one with MIC values ranging between 16-128 µg/mL against tested Gram-positive 

pathogens and 8-32 µg/mL against Gram-negative ones.  

 Silver is known to have cytotoxic effects. To check the toxicity of the nanocomposites to 

human red blood cells (RBCs), their HC50 values were determined. HC50 value is the 

concentration of the compound which lyse 50% of human RBCs. Incorporation of silver chloride 

nanoparticles into the polymer did not introduce much toxicity as all the nanocomposites had 

HC50 values >1024 µg/mL. The HC50 value of HTCC was also found to be >1024 µg/mL.  

To check how fast the nanocomposite could kill bacteria, bactericidal kinetics of QAm1-

Ag1 was checked against S. aureus and E. coli. Against S. aureus, at 192 µg/mL, QAm1-Ag1 

showed only 1.5-log reduction in bacterial number in 2 hours whereas HTCC showed 1 log 

reduction in the same time (Figure 3.3A). Against E. coli, at 96 µg/mL, QAm1-Ag1 showed 

complete killing of bacteria (~ 5 log reduction) in only 30 minutes, whereas HTCC showed no 

significant reduction in bacterial count (Figure 3.3B). This proves the high potency of QAm1-

Ag1 against Gram-negative bacteria due to the presence of silver chloride nanoparticles, as silver 

nanoparticles are known to be effective against Gram-negative pathogens.   

 



53 
 

 

Figure 3.3: Bactericidal kinetics of QAm1-Ag1 and HTCC against A) S. aureus and B) E. coli. 

(*) stands for bacterial count < 50 CFU/mL.  

HAp/QAm1-Ag1 was prepared by mixing aqueous solution of QAm1-Ag1 with HAp and 

freeze-drying it. White powder-like texture was obtained on freeze drying. HAp/QAm1-Ag1was 

characterized by UV/Vis spectroscopy. HAp and QAm1-Ag1 were used as references. 

HAp/QAm1-Ag1 showed absorption of the metallic part of the composite superimposed on the 

absorption of HAp and QAm1-Ag1 in the UV/Vis region (Figure 3.4). The maximum around ~260 

nm corresponds to surface plasmon oscillations (SPR) of AgCl nanoparticles within the 

composites, which also shows the loading of the nanocomposite on HAp. 

 

Figure 3.4: UV/Vis spectra of HAp/QAm1-Ag1 and HAp.  
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HAp/QAm1-Ag1 was tested for its antibacterial activity against drug resistant Gram-

positive pathogen MRSA and Gram-negative pathogen A. baumannii. MIC value of HAp/QAm1-

Ag1 was 256 µg/mL against MRSA and 128 µg/mL against A. baumannii (Table 3.2). The loading 

of QAm1-Ag1 in HAp was 5% (w/w). Hence, MIC value of 256 µg/mL against MRSA translates 

to 12.5 µg/mL. This value was close to the MIC of QAm1-Ag1 16 µg/mL. Similarly, against A. 

baumannii, the MIC of HAp/QAm1-Ag1 was 128 µg/mL translating to 6.4 µg/mL for QAm1-

Ag1, which was close to its MIC against A. baumannii (8 µg/mL). Hydroxyapatite (HAp) did not 

show any activity even at the highest concentration tested, i.e. 1024 µg/mL.  

 Both HAp and HAp/QAm1-Ag1 were checked for their haemolytic activity (Table 3.2). 

HC50 values for both the compounds were found to be >1024 µg/mL, which proved their non-

toxic nature towards human RBCs.  

Table 3.2: Antibacterial efficacy and haemolytic activity of HAp and HAp/QAm1-Ag1 

 

  

A susceptibility test was performed in E. coli and MRSA using disks formed by 

compacting 200 mg of HAp/QAm1-Ag1. A disk made from pure HAp was used as control. 

Inhibition of bacterial growth was not detected around the disks of HAp, whereas in the case of 

HAp/QAm1-Ag1 (Figure 3.5), formation of the rings around the disks was observed. This result 

indicated the suppression of bacterial growth in their surroundings. The inhibition zones were 

mostly formed due to the diffusion of dissolved antibacterial Ag+ ions through the agar medium. 

The ring around the disk in case of E. coli was clearer than that in case of MRSA. The diameters 
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of the inhibition zone were found to be 3-3.3 cm for both the bacteria. This proves the efficacy of 

HAp/QAm1-Ag1 to kill bacteria not only upon contact, but also in its surroundings. 

 HC50 values of the materials showed that HAp/QAm1-Ag1 was non-toxic to human RBCs 

even at 1024 µg/mL. To check whether HAp/QAm1-Ag1 shows any toxicity when turned into a 

material containing higher amount of the sample, it was compacted into 200 mg 8 mm disks by 

uniaxial handpressing. RBC suspension was incubated with the disks. HAp was used as a control 

which is known to be non-toxic to human RBCs as well as other mammalian cells. The disks were 

incubated with human RBCs. Imaging of the cells was done to observe their morphological 

changes. The cells neither showed any sign of stress nor they were lysed upon exposure to 

HAp/QAm1-Ag1 disks (Figure 3.6). 

                               

 

Figure 3.5: Zone of Inhibition of (A, C) HAp and (B, D) HAp/QAm1-Ag1 against A, B) E. coli 

and C, D) MRSA.  
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Figure 3.6: Morphology of human RBCs on disks made from A) HAp and B) HAp/QAm1-Ag1. 

3.4 Conclusion 

In conclusion, polymer-silver chloride nanocomposites were prepared from water soluble 

quaternary chitosan derivative HTCC and AgNO3 by varying the molar ratio of quaternary amine 

group and silver ions. The polymer, though moderately active against Gram-positive bacteria, has 

very poor activity against Gram-negative pathogens. But all the nanocomposites showed very 

efficient activity against both Gram-positive and Gram-negative pathogens. The most active 

nanocomposite QAm1-Ag1 had MIC values in the range of 8-32 µg/mL killing E. coli in 30 

minutes (~5 log reduction). Hydroxyapatite, a well-known orthopedic biomaterial component was 

loaded with QAm1-Ag1 (5 % w/w). Quaternary nanocomposite loaded HAp (HAp/QAm1-Ag1) 

was active against Gram positive and Gram-negative pathogens. Disks made from HAp/QAm1-

Ag1 were shown to be non-toxic to human RBCs proving their efficacy to treat for orthopedic 

biomaterial related infections.  
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