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Preface 
 

The thesis, divided into seven chapters, aims to document the design principles, synthetic 

strategies underlying the development of simple small molecules that act as broad-spectrum 

antimicrobial agents by targeting the membrane of pathogenic microorganisms.  

Chapter 1 provides an introduction to the predicament of antimicrobial resistance (AMR) 

and endorses the significance of antimicrobial peptides (AMPs) as templates for next 

generation of drugs. In an attempt to emulate the properties of AMPs, in Chapter 2, the 

design and synthesis of simple antibacterial agents involving only one amino acid (L-Lysine) 

and two lipid tails are reported. The use of two short lipid tails over a single long one is 

shown to have increased selective activity against bacteria over mammalian cells 

significantly. Bacteria found it difficult to develop resistance against the best compound in 

multiple passages. Fluorescence spectroscopic studies corroborated the membrane-active 

mechanism of action of a representative compound.  Topical application of the representative 

compound reduced bacterial burden by 2.1 logs in mice inflicted with burn-infection caused 

by Acinetobacter baumannii.  

In Chapter 3 another series of small molecules have been described wherein aromatic 

moieties, alkyl groups and L-lysine moieties were assembled together through a tertiary 

amide. The aromatic moieties were varied from anthracene naphthalene to benzene. These 

molecules, termed as aryl-alkyl-lysines, exhibited high in vitro potency against a variety of 

multidrug-resistant Gram-positive and Gram-negative bacteria including the anaerobic 

bacteria, Clostridium difficile (MIC for the best compound was less than 3 μg mL-1) Nontoxic 

toward mammalian cells, these rapidly bactericidal compounds primarily acted by 

permeabilization and depolarization of bacterial membrane and withstood resistance 

development. In a methicillin-resistant Staphylococcus aureus model of skin infection and A. 

baumannii model of burn-infection in mice, bacterial burden was reduced by 2.1 logs and 2.4 

logs respectively. 
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In Chapter 4, lipidated-biphenyl-lysines which contain four cationic charges two lipid tails 

and a biphenyl core has been described. Increase in positive charge residues led to an increase 

in selectivity and it was observed that this class of compounds was able to inhibit cell wall 

biosynthesis of bacteria in addition to infiltrating membranes. Against this class of 

compounds too, bacteria could not develop resistance in multiple passages. Additionally, the 

compound was able to inhibit growth of bacteria within mammalian cells. In MRSA model of 

skin infection and A. baumannii model of burn infection in mice, bacterial burden was 

reduced by 2.7 logs and >5 logs respectively.  

 

Chronic or persistent infections belligerent to antibiotic treatment are often caused by stable 

communities of bacteria, termed biofilms, which grow on surfaces. In Chapter 5, the ability 

of the best two compounds (identified from the previous chapters) to act against dormant 

cells and biofilms of Gram-positive and Gram-negative bacteria have been studied. The 

efficacy of the compounds were also validated in a murine models of biofilm infection caused 

by MRSA and P. aeruginosa. Further, the ability of one of the compounds to prevent 

endotoxin stimulated inflammatory response (sepsis) have been described.   

 

In Chapter 6 the antifungal properties of aryl-alkyl-lysines has been documented. The 

activity of the best compound (MIC <2 μg mL-1) was performed against different clinical 

isolates of pathogenic fungi and also against biofilms of Candida albicans. It was observed 

that polarization and permeability of fungal cell membrane was compromised upon addition 

of the compound. Additionally, the compound was found to possess the ability to cross the 

blood-brain-barrier in an in vitro model. Overall, aryl-alkyl-lysines were found to be 

excellent antifungal compounds with scope for further development to clinical antifungals. 

 

In Chapter 7, the potential of aryl-alkyl-lysines to as antimalarial agents was tested. The 

optimal compound (IC50=1 μM) acted by arresting the development of Plasmodium 

falciparum at the ring stage inside the erythrocytes. The compound could perturb the plasma 

membrane potential and the digestive vacuole of parasites. The compound was also able to 

increase the survival of mice infected by Plasmodium bergheii by at least 5 days when 

administered via intra-peritoneal route, but showed no apparent toxicity to mice at the 

concentration tested. Thus, this class of compounds bear potential to be developed as novel 

antimalarial drugs. 
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1.1 Infectious diseases and Antimicrobial resistance 

Infectious diseases continue to wreak havoc in hospitals and health care settings. The World Health 

Organization has published a Global Report on Surveillance which summarizes the dire situation 

created by increasing antimicrobial resistance to drugs. The situation is worst in case of bacteria 

but resistance is rampant in other pathogenic microorganisms such as parasites, fungi and viruses.1 

According to the report of the O’Neill commission, AMR already causes around 700,000 deaths 

annually which is estimated to increase to 10 million deaths annually by 2050. Moreover, it is 

expected to cost global healthcare around $100 trillion by 2050. This has also prompted the 

governments of USA and UK to set up strategic plans to combat antimicrobial resistance.  

 Several other problems with respect to infectious diseases needs attention. A major 

problem is that of infection due to biofilms and metabolically inactive bacteria. Although around 

80% of all infections are related to biofilms, no dedicated treatment towards such infections exist. 

Sepsis, is another problem which is responsible for significant mortality, especially for children 

below the age of five years. Sepsis is overreaction of the immune system of the host in response 

to endotoxins released by bacteria. The condition of sepsis is also often overlooked and no 

dedicated treatment exists. Despite several unmet needs, several other factors have aggravated the 

problem. 

 Major pharmaceutical companies such as Roche, Bristol-Myers, Squib, Lilly, Abbott, 

Bayer and Pfizer had shut down their antibiotic research due to increasing rate of bacterial 

resistance and slow approval of drugs. This is reflected in the data given in Figure 1.1. In a period 

of twenty years from 1995 to 2014, till 2009, there was a steady decrease in the number of drugs 

approved by the Food and Drug Administration (FDA) of United States of America (USA) for 

infections caused by bacteria; only one, Vibativ® (Telavancin), was approved between 2005 and 

2009. However, the threat of antimicrobial resistance has compelled companies, health agencies 

and governments to implement new programs such as the GAIN (Generating Antibiotics 

Incentives Now) act, (effective in USA since 2012) “the ‘10’ × ‘20’ initiative” and ReAct (Action 

on Antibiotic Resistance).2 This in turn has prompted drug approval agencies such as the FDA to 

respond. In 2014 itself, as many as 9 drugs have been approved for infectious diseases, out of 

which 4 are for antibacterial purposes. In the period of 2009-2014, as many as 11 drugs were 

approved for treating bacterial infections.  
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As can be seen from Figure 1.1, the number of drugs approved for fungi is few and those 

approved for parasites are even fewer. However, both parasites and fungi are major contributors 

to human morbidity. In case of immunocompromised patients, fungal infections claim a lot of 

lives. Malaria is still rampant in low-income tropical countries and reports of resistance against 

artemisinin, the most active drug, has already emerged. As long as the elusive malarial vaccine is 

not available, it is important to invest research in developing new drugs. Against both the class of 

pathogens, drugs with novel mechanism of action are needed  

Historically, nature has been a constant supplier of new antimicrobial agents.3 Ever since 

penicillin was discovered by Alexander Fleming, significant amount of research had been 

dedicated towards isolation of novel antimicrobial agents from nature. Indeed, all the major classes 

of antibiotics, such as aminoglycosides, β-lactams, cephalosporins, macrolides, tetracyclines, 

glycopeptides and lipopeptides have all been isolated from nature. Although the sulphonamides, 

quinolones and oxazolidinones have been derived synthetically, significantly higher number of 

products have come from nature. Improved innovations has slowly made it possible to culture the 

previously uncultured microorganisms as well.4-7 These might possess a range of undiscovered 

antibiotics which might have clinical importance. The recently reported lassomycin and 

teixobactin are already being considered as future antibiotics.8, 9 The incorporation of newer 

technologies into drug discovery, such as computer aided drug discovery,10, 11 high-throughput 

 

Figure 1.1: The number of drugs approved by FDA in the category of infectious diseases 

from 1995 to 2014. 
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screening (HTS),12 Quantitative Structure Activity Relationship (QSAR) studies13 have made it 

possible to screen a large number of molecules for potential antibacterial activity. Synthetic 

modification of existing natural products is also another approach that is being successfully 

exploited to enrich antibiotic arsenal.14 Semi-synthetic vancomycin derivatives with improved 

biological activity have also been designed.15, 16  Another design principle that could be employed 

is to mimic the properties of natural compounds. This approach would basically be a combination 

of all the approaches mentioned before. Such an approach could be used to design more effective 

drugs with properties that could be controlled.   The synthetic designs would involve novel 

challenges for an organic chemist making the approach intellectually gratifying. Even against fungi 

and parasites, similar strategy can be followed. 

 In this chapter, one such approach of producing novel antimicrobial agents has been 

described, that is making small molecular mimics of antimicrobial peptides. First, a small 

introduction to natural antimicrobial peptides have been given; their properties, merits and 

demerits have been dealt with. Subsequently, synthetic attempts towards mimicking the properties 

of antimicrobial peptides have been classified. After briefly touching upon the macromolecular 

and oligomeric mimics of antimicrobial peptides, details of the design principles involved towards 

making small molecular mimics of antimicrobial peptides have been provided. Further, some of 

the unmet problems in the field have been discussed in details and how this field can tackle such 

problems have been described. Finally, the scope of the thesis has been furnished. 

1.2 Natural antimicrobial peptides 

Antimicrobial peptides (AMPs) and host-defense-peptides (HDPs), the first line of defense in 

many multicellular organisms, possess a broad range of biological activities including 

antibacterial, antifungal, antiviral, anticancer, antiplasmodial, antiprotistal, 

insecticidal, spermicidal and immunomodulatory activities, have been touted as future drugs.17, 18 

Membrane active nature of such molecules are considered to be largely responsible for such a 

broad range of activity of these compounds. Targeting the cell membrane of microorganisms is an 

effective and selective antimicrobial approach as they bear subtle differences with the mammalian 

cell membrane.19, 20 

 Facial amphiphilicity, common to all cationic AMPs, helps in interacting with microbial 

membranes.17, 20 For example, it is widely accepted that the positive charges on the peptides 
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interact with the negatively charged bacterial cell envelope which leads to attraction and 

attachment.21, 22 This is followed by interaction of the hydrophobic residues of the peptide with the 

negatively charged lipid rich bacterial membrane, which allows the disintegration of cell 

membrane, thereby causing cell death. The selectivity of AMPs towards bacterial cells (negatively 

charged) over mammalian cells (zwitterionic) is mainly due to the differences of the lipid 

components of the respective cell membrane. For example, the lipid composition of S. aureus, a 

typical Gram-positive bacteria, is 58% phosphatidylglycerol (PG) and 42% cardiolipin (CL) while 

that of E. coli is 80% phosphatidylethanolamine (PE), 15% (PG) and 5% cardiolipin. The 

mammalian cell has two leaflets; for a RBC the outer leaflet is composed of 33% 

phosphatidylcholine (PC), 9% PE, 18% sphingomyelin (SM) and 25% cholesterol (CH). The inner 

leaflet is composed of 10% PC, 25% PE, 10% phosphatidylserine and 5% SM 20, 23, 24 

 AMPs and HDPs offer more advantages as therapeutic agents over conventional 

antibiotics, which mostly target biosynthesis of bacterial cell wall, biosynthesis of proteins, 

 

Figure 1.2: The peptide antibiotics that have been approved for clinical use. 
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replication and folic acid synthesis. However, bacteria quickly develop resistance against such 

antibiotics.25-27 However, because AMPs target the cell membrane of the microorganisms for direct 

antimicrobial action bacteria find it difficult to develop resistance. Although there are reports of 

resistance even against antimicrobial peptides, the frequency for resistance development is much 

less.23, 28 Another advantage offered by AMPs is their ability to modulate the immune system to 

fight infections.17, 20, 29 Towards this, AMPs can alter host gene expression, induce chemokine 

production, inhibit production of pro-inflammatory cytokines, promote wound healing and so on.30  

 Despite so many advantages, few peptide antibiotics have had little clinical success largely 

due to their in vivo toxicity, limited bioavailability and large cost of production. The therapeutic 

potential of AMPs range from antibacterial to antiviral to antifungal to antiplasmodial. Very few 

peptide antibiotics have been used in the market, although several of them are undergoing clinical 

trials.14 The only peptide antibiotics that have been used in clinics if given in Figure 1.2 and include 

Polymyxin B (a lipopeptide obtained from Bacillus polymyxa), Colistin (Polymyxin E, also from 

Bacillus polymyxa), Gramicidin (a linear polypeptide derived from Bacillus brevis), daptomycin 

(a cyclic anionic lipopeptide) and nisin (a food preservative obtained from Lactococcus lactis). 

The successes and failures of other antimicrobial peptides are well documented in some excellent 

reviews.31, 32 In Table 1.1, an update on the current status of various synthetic and natural AMPs 

that are undergoing clinical trials has been provided. The search has been conducted by visiting 

clinicaltrials.gov and the individual websites of the companies. 

1.3. Synthetic mimics of antimicrobial peptides 

The field of medicinal chemistry is flooded with examples where synthetic chemistry has been 

used to mimic medicinally important molecules obtained from nature. Structure-activity-

relationship studies on various successful compounds have also yielded drugs with enhanced 

properties. In the field of antimicrobial peptides, chemists have developed sound synthetic 

strategies to overcome the problems faced by natural antimicrobial peptides. The different 

strategies can be broadly classified into three categories: 1. Macromolecular approaches 2. 

Oligomeric approaches and 3. Small molecular approaches. In this chapter, for the sake of 

simplicity macromolecular compounds have been defined as those which are high in molecular 

weight and are polydisperse. The oligomers are smaller in size and have a well-defined molecular 

weight. Small molecules are compounds which are less than 1000Da in weight. 
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1.3.1 Macromolecular approach 

Macromolecular approaches have also been successfully used to mimic the properties 

antimicrobial peptides. Again, amphiphilicity and overall cationic nature were important structural 

parameters which needed to be integrated into the designs of the polymers. Most of these designs 

could be categorized into one of the three following approaches: segregated monomer approach, 

Table 1.1: Antimicrobial Peptides in clinical trials. 

 

Compounds Indication Status Company

Locilex

(Pexiganan)

Diabetic foot ulcers Phase III Dipexium Pharma, 

USA

Omiganan Rosacea Phase II Cutanea life sciences, 

USA

LL-37 Chronic Leg Ulcers

Melanoma

Phase II

Phase II

Pergamum, Sweden

M. D. Anderson Cancer 

Centre, USA

OP-145 Middle ear infection Phase II OctoPlus, Netherlands

DPK-060 Atopic Dermatitis

Acute external otitis

Phase II

Phase I

Pergamum, Sweden

NP123 Onychomycosis Phase II Novabiotics, UK

Hlf1-11 Bacterimia and fungal 

infections

Phase II AM-Pharma, 

Netherlands

XOMA-629 Impetigo Phase II XOMA, Netherlands

PAC-113 Oral candidiasis Phase II Pacgen

Biopharmaceuticals, 

USA

CZEN-002 Vulvivaginal candidiasis Phase II Zengen Inc., USA

SGX 942 Oral Mucositis Phase II Soligenix Inc., USA

AP 138 MRSA implant infections Phase I Adenium Biotech, 

Denmark

Avidocin and 

purocin

Narrow spectrum antibiotic Preclinical Avid Biotics, USA

HB 1345 Acne Preclinical Helix Biopharma, 

Canada

HB 1275 Trychophyton infections Preclinical Helix BioPharma, 

Canada

Plectasin Gram-positive infections Preclinical Novozymes, Denmark
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same-centered approach and facially-amphiphilic approach.33 Same-centered approach has also 

been used by us to develop selective antibacterial polymers.34 Several excellent designs have been 

effectively used to obtain a plethora of antimicrobial polymers.35-43 The field of polymer 

antimicrobials are now being explored for other interesting activities like antifungal activity, 

siRNA delivery, anti-biofilm properties or action in combination with other drugs.44-47 The 

macromolecular approach towards the development of antimicrobial peptide mimics have been 

very well documented in literature and would provide excellent platform for future designs.33, 48-50 

1.3.2 Oligomeric approach 

Several groups around the world have tried to develop strategies to counter the problems faced by 

AMPs. Most of the initial approaches focused on using peptidomimetic approaches. The 

peptidomimetic approaches were focused on modification of the peptide backbone, either by 

extending α-peptides51, 52 to β-peptides 53, 54 or by replacing the amide bonds by urea bond,55, 56 a 

peptoid linkage57 and so on. Other important contributions in the field include those of oligoacyl 

lysines58 and α-AA peptides.59 Although most of the designs centered on mimicking the peptide 

bonds, they kept the cationic and amphiphilic nature of antimicrobial peptides constant in their 

designs. These compounds were oligomeric and were thus able to form secondary structures 

necessary for potent antimicrobial activity. Due to the presence of abiotic moieties these peptides 

were usually resistant to degradation. Some excellent reviews have covered the advent of the field 

of antimicrobial peptidomimetics.49, 60-62 

1.3.3 Small molecular approach 

Small molecular membrane active agents are interesting antimicrobial agents which can be 

potentially explored for activity against a plethora of pathogens. Around 90% of the drugs that are 

used in the market today are small molecules.14 There are many reasons as to why still small 

molecules rule pharmaceutical industry: they are relatively simple to synthesize, they offer a broad 

diversity of biological activities, and they are easily cleared from the body. Small molecules can 

be processed easily in large scale industrial production. They can be incorporated easily into tablets 

and capsules which when digested will pass easily into the blood stream via the intestinal wall. 

Through the blood stream they can reach almost anywhere in the body. Moreover, their small size 

and chemical structures allow them to easily permeate through the walls of cell membranes. 
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 This section deals with the various design strategies employed in the field of small 

molecular membrane active agents so far. The different compounds have been classified into four 

categories. 1. Structures that employ internal H-bonding for facial amphiphilicity. 2. Structures 

that use central aromatic cores. 3. Structures that use amino acids/peptides. 4. Other interesting 

designs.  

1.3.3.1 Structures that employ internal H-bonding 

Facial segregation of hydrophobic and hydrophilic residues is a conserved characteristic of most 

natural antimicrobial peptides. It was important to incorporate this property into any mimic of 

antimicrobial peptides. DeGrado and co-workers used hydrogen bonding as a tool to incorporate 

facial amphiphilicity into a polymer.63 In this design they have carried out polymerization of a 

diamine [2, 6-Diamino-4-t-butyl-1-(2-t-butoxycarbonylaminoethyl) sulfanylbenzene] and 

isophthaloyl chloride (Figure 1.3 Structure 1). It was expected that the methylene group bonded to 

the thioether would lie away from a plane of the aromatic ring and allow weak hydrogen bond 

interactions with the amide protons.  

 In an improved design, the primary compound which served as a template for further 

functionalization contained a central aromatic ring was flanked on both sides (through amide 

bonds) by the diamine (2,6-Diamino-4-t-butyl-1-(2-t-

 

Figure 1.3: The structures of compounds which incorporated H-bonding in their designs. 
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butoxycarbonylaminoethyl)sulfanylbenzene) as shown in Figure 1.3 Structure 2.64 The terminal 

amine groups of the diamines allowed further functionalization. Similarly, on increasing the 

positive charge residues, a different set of SAR was performed. It was observed that greater 

selectivity could be obtained by increasing the number of positive charges without compromising 

on activity significantly. The compound which was considered to be the most selective had 4 

positive charges, which were contributed by two arginine residues.  

In a separate study, Tew and co-workers sought to improve the design by replacing the 

amide moieties by urea and also by varying the aromatic rings from one to four.65 The aromatic 

ring containing the thioether moiety was kept constant in the design. The newly incorporated urea 

analogues allowed H-bonding interactions between S and NH on every side. This allowed for 

greater conformational rigidity in the molecule due to hydrogen bonding. The compound 

containing three aromatic rings was the most active compound (Figure 1.3 Structure 3). If the 

central ring was replaced by one in which the positions ortho to the carbonyl atoms contain a 

hydrogen bonding acceptor like Nitrogen, then the degree of the stiffness in the molecule can be 

further increased leading to better facial amphiphilicity. This design was envisioned and executed 

by Tew and co-workers in a further improvement of the aryl amide foldamers (Figure 1.3 Structure 

4). 66 

DeGrado and co-workers on the other hand wanted to increase rigidity of the molecules by 

replacing the central isophthalic acid moiety by 4, 6-dialkoxy-substituted isophthalic acid 4, 6-

dialkoxy-substituted isophthalic acid. This allowed the formation of extra intra-molecular O…H—

N hydrogen bonds which restricted the rotation around the aryl—CO bond. The effect of greater 

positive charge density was also studied by the introduction of guanidine groups (Figure 1.3 

Structure 5).67 

In another design, three aromatic rings formed the backbone but the central ring was para 

substituted (Figure 1.4 Structure 6).68 An important feature was the systematic use of hydrogen 

bonding via the optional use of nitrogen atoms in the central ring. Furthermore the effect of 

hydrophobicity was studied by variation of polar and non-polar side chains. The NH2 providing 

functionality was varied from β-alanine to aminovaleric acid. The polar groups were varied from 

tertiary butyl to CF3.  
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1.3.3.2 Structures that use central aromatic cores 

Tew and co-workers had introduced abiotic designs devoid of amide bonds in the form of polymers 

of phenylene ethylenes.69-71 In these designs the phenyl rings were joined by ethylene bonds. The 

hydrophobicity was brought about aromatic rings which are optionally substituted with an alkoxy 

group while hydrophilicity was brought about amine groups joined to the ring via ethyl groups. In 

the very first report the polymers length as varied from n = 6 to n = 20. A further advancement of 

the work, they had made a shorter derivative consisting of three aromatic rings.72 Upon variation 

of the number of methylene groups connecting the amine groups to the ring, a novel SAR was 

done (Figure 1.4 Structure 7).   

A new series of small molecular membrane active agents were designed by Tew et al. 

wherein four to six charges were decorated on another three aromatic moieties.73 This time the 

central ring was varied from benzene, naphthalene and phenyl benzene. The positive charges were 

contributed by ethanolamine moieties conjugated to the adjacent aromatic rings via ether bonds. 

 

Figure 1.4: Structures of compounds based on aromatic cores. 
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(Figure 1.4 Structure 8). Using a similar design they had further shown that if the facial 

amphiphilicity of such molecules are disrupted, then the compounds lose their broad spectrum 

activity (Figure 1.4 Structure 9).74 Some more molecules based on the same design principles were 

created but the central aromatic core was connected to the adjacent aromatic moieties via triazole 

moieties generated by click chemistry.75  

1.3.3.3 Structures that use amino acids/peptides 

Svendsen et al. had been interested in finding the pharmacophore of bovine lactoferrcin 

derivatives. In miniaturization attempt, they had made hexapeptides to dipeptides. Their systematic 

truncation of the original peptide and structure activity study with different derivatives allowed 

them to come to the conclusion that depending on the strain of bacteria a minimum of 4 amino 

acid residues were required for substantial activity.76 Two of the residues required to be cationic 

and two of them required them to be bulky hydrophobic amino acid residues. Further, they 

considered the activity of molecules which only two amino acids but a C-terminal appended to 

hydrophobic bulky groups. Of the two amino acid, arginine formed the C-terminal amino acid 

while several hydrophobic unnatural amino acid were the N-terminal ones.77 The free N-terminus 

and the guanidine moiety of the arginine moiety provided the two cationic charges. The best 

molecule identified from the study comprised of 2,5,7-tri-tert-butyltryptophan connected to an 

arginine moiety whose C-terminus was capped by benzyl amine. They had further designed 

tripeptides wherein, a central unnatural amino acid (with provision for adding aromatic moieties 

to it for increasing hydrophobicity) flanked on two sides by arginine residues.78 But studies 

conducted later showed that the compounds generated from tripeptides with the C-terminus capped 

with benzyl group, and highly hydrophobic central amino acid is the most effective. If the C-

terminal of this molecule is capped by an ethylphenyl group, LTX-109 is obtained, which is 

undergoing clinical trials (Figure 1.5 Structure 10).79 

Over several years Bremner et al. had been trying to mimic vancomycin action by design 

of small cationic cyclic peptoids.80-84 They had explored a variety of structures and designs towards 

this aim. In their most successful approach they had developed binaphthyl based dicationic 

peptoids (Figure 1.5 Structure 11).85 In this elegant design, the amino acids lysine and arginine 

contributed the positive charges. The hydrophobicity was provided by the binaphthyl core and a 

leucine moiety which was capped on the C-terminus.  
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Oligoacyllysines, developed by Amram Mor and co-workers were excellent mimics of host 

defense peptides with promising antimicrobial properties.58 But most of the compounds generated 

were oligomers with M.W. >1000 Da. Thus discussion regarding their evolution and the principles 

behind their designs has been reviewed excellently by them.86 Subsequently however, short 

oligoacyllysines had been designed. These molecules were an assembly of 3 lysines and 2 fatty 

acids.87, 88 The compound can be described as aminolauryl-[lysyl-aminolauryl]-lysyl. The design 

of the molecules is shown below (Figure 1.5 Structures 12). These molecules tend to aggregate in 

solution which limits their antibacterial efficacy and enhances their hemolytic activity. In order to 

disrupt their aggregation properties, the second molecule was designed which contained an 

unsaturated long chain. Their hypothesis was confirmed as the second molecule showed reduced 

aggregation and toxicity maintaining a similar antibacterial activity. 

 

Figure 1.5: Structures based on amino acids/peptides. 
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In another novel design, several Histidine derived ultrashort peptides were created. The 

N(π)- and N(τ)- positions of histidine were appended to lipophilic groups. The lipophilic groups 

were typically propyl-cyclohexanes. Histidine (His) and Arginines (Arg) were repeated to form 

dimers and trimers. Cationic nature of the compounds were varied by varying the arginine groups 

(Figure 1.5 Structure 13).89  

α-Mangostin is a natural compound which acts against bacteria like MRSA by disrupting 

the cytoplasmic membrane. In order to improve the selectivity of α-Mangostin, several novel 

membrane active agents based on the xanthone core were designed. In this design the Xanthone 

core was functionalized on two sides with amine moieties with different pKa values to fine tune 

the amphiphilic nature of the molecules.90 In a further advancement to this work, cationic amino 

acids were coupled to the xanthone core to provide more potent and selective compounds.91 In a 

representative structure (Figure 1.6 Structure 14), the four positive charges were contributed by 

the guanidine groups of arginine.  

In another design a norspermidine derivative was functionalized in a way to have at least 

two positive charges and a pendant aliphatic group (Figure 1.6 Structure 15). Phenylalanine was 

conjugated to the primary amines of norspermidine while an aliphatic chain was appended to the 

secondary amine to create a library of compounds. A structure-activity relationship was delineated 

by varying the length of the long chain, varying the stereoisomerism and type of hydrophobicity. 

To understand the role of phenylalanine conjugation and appended long chains, control compounds 

without the phenylalanine conjugation as well as those without long chains were also synthesized. 

These compounds too were effective designs of small molecular membrane active agents.92 

1.3.3.4 Other interesting designs  

Savage and co-workers had decorated cholic acid derivatives with amines and guanidines to mimic 

the various derivatives of polymyxins B. It was observed that upon introduction of a lipophilic 

alkyl chain to the C17 position of the cholic acid derivatives made the compounds active. 

Furthermore, the activity of compounds wherein, the C-24 of the cholic acid was functionalized 

by various polyamines were also prepared. Significant improvement in activity was not observed, 

however. The work has been very well reviewed.93 The best compound of the study turned out to 

be CSA-13 the structure of which is represented in Figure 8 (Structure 16). 
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Benzophenone based membrane active antibiotics were initially designed as DNA 

targeting antibiotics (Figure 1.6 Structure 17). In their design they had segregated the molecules 

into three distinct regions: tail, heterocyclic moiety and linker. The symmetric benzophenone 

moiety was the linker, connected to it, via an amide bond, was N-methylimidazole, which served 

as the heterocycle. The tail region, which provided cationicity to the molecules were varied from 

methylpiperazine, dimethylaniline, morpholine, piperidine, or pyrrolidine.94 Subsequent studies 

on these compounds elucidated their mechanism of action which has been discussed later.95 

Another new class of antimicrobial agents were based on L-arginine coupled to an achiral 

lipophilic 3-amino-2,2-disubstituted propionic acid on the C-terminal. The lipophilic moieties had 

been varied from alkyl to cyclohexyl to aromatic derivatives. 96 As a further improvement to the 

design the L-arginine moiety was replaced with various functionalities containing different amine 

groups (Figure 1.6 Structure 18). Various lipophilic groups were also varied; mostly based on 

 

Figure 1.6: Other interesting designs of membran-active small molecules. 
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aromatic moieties. The most potent compounds were those in which the lipophilic moiety was 

based on tertiary butyl substituted benzenes.97  

A set of novel cationic amphiphilic small molecular biocides was also reported from Haldar 

and co-workers (Figure 1.6 Structure 19). Three important features of these compounds are- 

variable hydrophobic character not only from pendent lipophilic alkyl chains but also from the 

lipophilic spacer chains in their design; inclusion of non-peptidic amide bonds in lipophilic alkyl 

chain; and permanent positive charges from quaternary ammonium groups instead of soft charges 

provided by natural amino acids. In subsequent studies, non-peptidic amide bonds were introduced 

into the lipophilic spacer chains. In another design both the lipophilic spacer and the pendant alkyl 

chains bore non-peptidic amide bonds.98   

1.3.4 Therapeutic implications of small molecular mimics of antimicrobial peptides  

Small molecular membrane active agents have been shown to have a variety of antimicrobial 

properties against several microorganisms including bacteria, fungi and parasites. Some of these 

compounds also show antifungal properties. The problems caused by these pathogens and 

activities towards these pathogens have been further subdivided into sections for better 

understanding.  

1.3.4.1 Selective activity against bacteria 

The field of antimicrobial peptidomimetics progressed largely due to the evolution of designs with 

respect to selective antibacterial activity. In other words, compounds should be non-toxic to 

eukaryotic cells at the concentration at which they are toxic to bacterial cells. The activity of the 

best compounds in every series has been presented in Table 1.2. The activity against S. aureus and 

E. coli have been presented to give an idea of the broad spectrum activity of the compounds. 

Generally, synthetic mimics of AMPs, such as the polymers and oligomers, as described 

above, possess potent activity against Gram-positive bacteria over Gram-negative bacteria. 

Development of drugs against Gram-negative bacteria has become absolutely crucial due to the 

rampant increase of resistance. The prevalence of ESBL (Extended spectrum β-lactamase) 

producing Gram-negative species such as K. pneumonia and E. coli strains has further aggravated 

the problem. Carbapenems, once effective against such ESBL producing strains have now been 
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rendered ineffective due to the expression of carbapenem hydrolyzing enzymes.99 It has been 

particularly observed that certain bacteria belonging to the class of Gram-negative pathogens such 

as P. aeruginosa and K. pneumoniae are less susceptible to small molecular mimics. It is worth 

understanding why some of these highly potent membrane active agents fail to exhibit significant 

activity against these two bacteria. In fact structure activity relationship studies dedicated to 

understand the necessary parameters required solely for achieving Gram-negative activity is 

lacking. This needs to be addressed fast, primarily because of the growing number of drug resistant 

Gram-negative pathogens. 

Most of the compounds in this class show potent activity against Drug-resistant Gram-

positive bacteria such as MRSA and some of the compounds also show activity against VRE. This 

in itself shows the therapeutic efficacy and importance of these molecules. However, the field 

lacks study against several other important pathogens such as A. baumannii and C. difficile. 

Considering the mechanism of action of these class of compounds, they are expected to show 

activity against all classes of bacteria, albeit to different extent. The important point that needs to 

Table 1.2: Antibacterial activity of synthetic mimics of AMPs. 

 

Compounds

Minimum Inhibitory Concentration (μg mL-1)

S. aureus E. coli

Arylamide foldamers 0.05 0.4

Aromatic ring based 3.3 3.3

Short CAPs 12 12

Ceragenins 0.4 3

Short OAKs 3.5 28

β-scaffold based compounds 3.8 7.4

Benzophenone based membrane targeted antibiotics 0.5 16

Binaphthyl-based Dicationic peptoids 4 16

Xanthone derivatives 0.78 -

HDAMPs 2 4

PANA

Cationic amphiphilic biocides

3.5

0.5

10

1
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be highlighted here is that every compound does not need to be active against all bacteria, what is 

needed is a long-lasting antibiotic against each of these. Since membrane active agents bear much 

promise as antibiotics which are less prone to trigger bacterial resistance, each of them can be 

deemed long lasting.  

 All the compounds that have already been designed or are going to be designed to target 

an individual type of bacteria have a greater chance of being developed as a future antibiotic. 

Locilex®, for example is being developed for diabetic foot ulcers and omiganan for rosacea. While 

it is important to have a broad-spectrum candidate, it is necessary to solve individual bacterial 

infections. An important parameter to be considered while talking about antibacterial activity is 

selectivity. The ultimate aim in the field is to develop novel compounds with broad-spectrum 

selective antibacterial profiles. The basic toxicity profile of the compounds is usually provided by 

hemolytic activity. Toxicity against other mammalian cells are also evaluated to get an idea of the 

in vitro selectivity of the compounds. The selectivity of the compounds is an important factor 

directing the possible applications of these compounds. As long as the compound does not show 

any toxicity at its therapeutic concentration, it is generally considered safe. However, higher 

selectivity is always preferable. Selective antibacterial activity has been achieved by almost all the 

compounds of concern in laboratory settings. They vary substantially in their in vitro selectivity 

though. However, in vitro toxicity is not directly translated to in vivo toxicity. Toxicity in vivo is 

thus a more accurate reflection of the potential of the compounds in clinical level. 

Extensive studies on the in vivo profiles of the arylamide foldamers have been reported. 

The maximum tolerated doses (MTD) of these compounds were 20 mg kg-1. In a thigh-infection 

model of mice, these compounds were able to bring bacterial load down by 4 logs at two dosages 

of 20 mg kg-1 (separated by 6 hours). The authors have also reported multiple dosage patterns, 

which enhanced the activity of the compounds. These studies indicate the potential of these 

compounds as possible antibiotics for the treatment of systemic infections.67 Arylamide foldamers 

are undergoing Phase II clinical trials as antibiotic against Acute Bacterial Skin and Skin Structure 

Infections (ABSSSI). Lytix Biopharma, licensed to perform the preclinical and clinical studies of 

LTX-109 (short cationic peptidomimetic) studied the potential of the compound as a topical 

antibacterial agent.79 From the data furnished in the company website, it is apparent that these 

short CAPs were able to achieve antimicrobial activity against MRSA in a mouse-skin infection 
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model at efficacies better than the approved drugs Albatax and Fucidin.100 In fact, very recently 

they have shown the efficacy of LTX-109 as a novel agent for nasal decolonization of methicillin-

resistant and -sensitive S. aureus in humans.101 The short OAKs, at concentrations of 2 and 5 mg 

kg-1 were able to increase the survival of mice, infected in the thigh with a clinical isolate of S. 

aureus by 30% to 90%. The maximum tolerated dose of these compounds varied from 5 mg kg-1 

to 20 mg kg-1 depending upon the route of administration.88 In a novel study, the Xanthone based 

antimicrobial compounds were tested for their ability to cause wound healing in a rabbit cornea.90 

Subsequently, the authors had also studied the ability of xanthone derivatives to cure bacterial 

infection in the cornea of mice.91 This new model of study is another eye-opener to the immense 

possibilities these classes of compounds hold as next generation antibiotics. 

1.3.4.2 Mechanism of action 

 Natural antimicrobial peptides have been shown to act primarily by attacking the bacterial cell 

membrane. The peptides, upon interaction with the cell membranes could bring about bacterial 

cell death by i) depolarization of the bacterial cell membrane ii) permeabilization of the bacterial 

cell membrane iii) leakage of K+ iv) action on intracellular targets. Extensive biophysical studies 

have been done to explain the possible way of interacting with the bacterial cell membranes. Most 

of these studies were based on solid state NMR spectroscopy,102-104 circular dichroism, 105-107 

neutron scattering, 108, 109 microscopy and X-ray diffraction studies.52, 105 Based on information 

from these studies, the mechanism by which antimicrobial peptides act can be explained by the 

following models: Barrel stave model,110-112 toroidal pore model,113-115 carpet model,116, 117 Shai-

Matsuzaki-Huang model,17, 118 lipid-clustering model119, 120 and interfacial activity model.121, 122 

Several peptides also exert their activity by targeting internal components of bacterial cells.  

 The initial studies conducted to establish the mechanism of action of these compounds 

dealt with the ability of the compounds to induce leakage of fluorescent dyes from lipid vesicles 

mimicking bacterial and mammalian cell membranes, which proved their selective membrane 

active nature.64, 78  

 Most of these compounds respond positively to the membrane depolarization experiments 

conducted with the membrane potential sensitive dye DiSC3(5).123 The ability to permeabilize the 

membrane of Gram-positive bacteria and the inner membrane of Gram-negative bacteria are 
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studied using Propidium Iodide (PI). Only membrane compromised cells allow the entry of the 

dye and upon binding to DNA there is an increase in fluorescence of the dye.124 The ability to 

cause outer membrane permeabilization of Gram-negative bacteria is studied by using the dye N-

phenylnaphthylamine (NPN).125 Most compounds respond positively to either or all of these 

experiments. The membrane active benzophenone derivatives were shown to bind to 

Lipopolysaccharides (LPS) and Lipoteichoic acids (LTA) of Gram-negative and Gram-positive 

bacteria respectively in addition to their membrane depolarization properties. Moreover these 

compounds also showed the ability to release K+ from the bacterial cells.95 Some of the compounds 

are expected to have action after internalization into the cells as well. Unfortunately, not a great 

deal of study has been reported about the internalization of the small molecular membrane active 

agents. 

 Significant amount of study has been done with the mechanism of action of arylamide 

foldamers especially with their lead compound Brilacidin.67 Brilacidin was able to cause 

depolarization and permeabilization of bacterial cell membranes and gain entry inside the 

cytoplasm. Transcriptional profiling showed that treatment with Brilacidin led to upregulation of 

genes belonging to the rcs regulon (which plays a role in the transcriptional regulation of the genes 

for capsular polysaccharide in E. coli) and cpxAR regulon (which plays a role in membrane 

reorganization).126 In a further work, the efficacy of brilacidin, was compared with that of 

daptomycin and LL-37. Transcriptional profiling showed that treatment with all three drugs 

resulted in induction of the NsaSR (responsible for cell-wall synthesis, membrane transport, redox 

stress, DNA remodeling and general cell metabolism), VraSR (responds to cell wall stress and up 

regulates genes involved in LTA and peptidoglycan synthesis), WalKR (cell-wall and membrane 

turnover and maintenance) and GraSR (involved in reduction of overall negative charge of 

bacterial membrane) two-component system regulons. The effect of brilacidin on all of these 

systems was comparatively more in comparison to daptomycin and LL-37.127  

 Perturbation of membrane potential also results in development of defective cell division. 

Proper localization of proteins such as MinD, FtsA and MreB is extremely important for effective 

cell division to take place. Brilacidin treated cells showed a down regulation of genes involved in 

such processes. The short RW rich hexapeptide, which was established to have membrane active 

antibacterial action was also found to delocalize the proteins MinD and MurG.128 This 
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delocalization would result in improper cell division and lipid II biosynthesis. Furthermore, the 

hexapeptide was shown to reduce precursor incorporation, activate the promoter of cell wall stress-

responsive genes, up-regulate proteins indicative of cell-wall biosynthesis stress and diminish the 

integrity of the cell wall.  

1.3.4.3 Development of bacterial resistance 

It has been established already that bacteria find it difficult to develop resistance against AMPs. 

This offers an additional advantage to AMPs for development as long lasting antibacterial agents. 

However, there have been several reports wherein, resistance to AMPs have been described. So 

far resistance to AMPs have been developed through 1. Modification of bacterial surface, 2. 

External trapping of AMPs, 3. Active efflux pumps, 4. Proteolysis degradation, 5. Bacterial gene 

regulation, 6. Bacterial regulation of host AMP production and 7. Complete loss of LPS 

production. The various mechanisms of resistance to AMPs have been documented by others.19, 23, 

28, 129 

 It was observed for the arylamide foldamers, ceragenins, oligo-acyl-lysines, and 

phenylalanine conjugated norspermidine derivatives that even in multiple passages bacteria do not 

 

Figure 1.7: The mechanism of LPS induced sepsis. 
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develop resistance against these compounds. In comparison, cationic lipopeptides like colistin 

were found to develop resistance in as little as five passages. This result is intriguing because 

colistin belongs to lipopeptides class of antibiotics, which are also membrane active agents. This 

does open up an entire field of research as to why bacteria find it difficult to develop resistance 

against some of such membrane active agents and not against others. 

1.3.4.4 Activity against Stationary phase bacteria, persister cells and biofilms 

Chronic bacterial infections are often associated with slowly dividing bacteria, metabolically 

inactive cells and biofilms. Biofilms, are stable communities of bacteria, embedded within a matrix 

a polysaccharides, which are recalcitrant to antibiotic treatment.130-132 They are an eclectic mixture 

of extracellular polymeric substances (EPS) including polysaccharides, proteins, extracellular 

DNA, bacteria and other components of bacterial membrane.133, 134 It has been estimated that 

around 80% of all infections are biofilm related. The EPS prevents antibiotics from entering the 

biofilms and that is one of the reasons why antibiotics are ineffective. Further there are diffusion 

barriers and genetic mutations which also contribute to the belligerence of biofilms to 

antibiotics.135, 136 

Often, within bacteria lie bacteria which are non-dividing or slowly dividing cells. In the 

bacterial growth curve, such cells are encountered in stationary phase.137 Since antibiotics usually 

target a physiological processes within bacteria, they are inactive against such stationary phase 

bacteria. Apart from that upon antibiotic treatment, around 1% cells survive by down-regulating 

their metabolic activity. These cells, known as persister cells, can get back to normalcy upon 

removal of antibiotic pressure.138, 139 These cells are also encountered in biofilms. Biofilms are 

responsible for a variety of chronic diseases such as cystic fibrosis, urinary tract infections, catheter 

infections, middle-ear infections, formation of dental plaques, gingivitis and so on. Overall, 

biofilms are extremely tolerant to antibiotics and is one of the impending dangers facing the world 

today. It is imperative to develop new strategies to counter this growing threat. 

Several strategies have been used to solve the problem of bacterial biofilms which include 

use of natural products, enzymes, small molecules, quorum sensing inhibitors, siRNA, etc. In worst 

cases surgical removal of the biofilms is needed.140 

Ceragenins, particularly CSA-13 has been shown to have activity against established bio-

films of P. aeruginosa, K. pneumonia, S. epidermis and S. aureus. The effect of CSA-13 toward 
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the biofilms formed by these pathogens were comparable to that of the clinically used antibiotic 

ciprofloxacin.141 In a further advancement to the study, the same group showed that CSA-13, when 

incorporated into a polydimethylsiloxane polymer for development of release based antimicrobial 

coatings, it showed excellent activity both in vitro and in vivo. In fact this coating was able to 

prevent bio-film related infection development in a sheep model of simulated Type IIIB open 

fracture.142 

The short cationic tripeptides developed also showed potent activity against staphylococcal 

bio-films. In their study they considered the effect of the compounds/antibiotics toward the 

metabolic activity of the bio-films formed by various species of Staphylococci. It was shown that 

while some of the frontline antibiotics were not able to suppress the metabolic activity of the bio-

films, the synthetic antimicrobial peptidomimetics were able to completely eradicate the metabolic 

activity of the biofilms. 

1.3.4.5 Immunomodulation 

An exciting approach towards the treatment of infections is inducing the immune system to act 

against the invading pathogens. Innate immunity is responsible for preventing the body from 

succumbing to infections, considering the constant bombardment of pathogens our body faces. 

Stimulating the innate immunity by inducing the production of chemokines, suppressing the 

production of pro-inflammatory cytokines, promotion of wound healing are some of the ways that 

infections can be tackled. Since this process will have no direct impact on the pathogens, chances 

of resistance are considered to be low. Natural AMPs and some synthetic peptides have 

demonstrated excellent ability to not only activate the immune system but also have endotoxin 

neutralizing abilities. This is a novel way of treating infections which has several advantages. The 

immunomodulatory activities of natural and synthetic peptides have been covered in some 

excellent reviews.143-147 

During infection, bacteria release several endotoxins which are recognized by the immune 

system of the host. These pathogen associated molecular patterns target different receptors on the 

host immune cells.148 Upon recognition, it leads to a cascade of reactions which results in the 

production pro-inflammatory cytokines such as TNF-α and IL-6. These, in turn causes excess 

inflammation and in worst cases sepsis (Figure 1.7). Sepsis is a cause of severe morbidity amongst 

humans but there is no dedicated treatment against sepsis. Lipopolysachharide, a component of 
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Gram-negative cell wall is released during proliferation of bacteria and sometimes also due to the 

action of antibiotics. Aggregates of LPS is recognized by the host immune system and often leads 

to sepsis. Similarly, Gram-positive bacteria also release another endotoxin known as lipoteichoic 

acid, albeit, LPS causes more damage. In order, to prevent sepsis, it is necessary to develop 

molecules that will prevent the excessive interaction of the endotoxins with the host immune 

system.149, 150 

 The aromatic ring based compounds described by Tew and co-workers was the first report 

wherein small molecular membrane active agents showed potent immunomodulatory activities 

along with potent antibacterial activity. One of the compounds SMAMP-4 induced the production 

of TNF-α on its own and, did not down regulate the activity of LPS. This activity is different from 

the immunomodulatory activities of natural peptides and the synthetic IDR peptide.20 Moreover, 

SMAMP-4 could induce the production of neutrophil chemo attractant, murine KC, in mouse 

primary cells. This was the first report of a non-peptidic membrane active agent which displayed 

both potent antimicrobial activity and immunomodulatory activity.73  

 Some aryl amide foldamers were able to bind to LTA of S. aureus and prevented the 

induction of TNF, IL-6 and IL-10. They synergistically exhibited potent antibacterial activity as 

well as inhibited LTA induced sepsis in vivo.151 

 The HDAMPs also showed potent anti-inflammatory activity. One of the compounds, 

which had two arginines flanking a central histidine, which in turn was functionalized with a 

lipophilic group, was able to suppress LPS induced NO production and TNF-α production at 

efficiency similar to LL-37.89 

 

1.3.4.7 Activity against parasites 

Parasites such as Plasmodium sp., Leishmania sp. and Trypanosoma sp. contribute majorly to 

mortality in the tropics.152-154 The malarial parasite Plasmodium sp. are notorious because of their 

ability to develop resistance against drugs rapidly. Development of resistance is known even in 

the other parasites. Moreover some of the frontline drugs which are approved for treatment against 

Chagas disease are quite toxic. Thus there is a constant need for drugs against such parasites. 

Slowly, due to their ability to act against malarial parasites, several groups around the world have 

started to develop synthetic peptides as potential antimalarial drug candidates.155-158 
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Ceragenins such as CSA-8, CSA-13 and CSA-54 showed antitrypanostomatid activity and 

antileshmanial activity in vitro. All though the compounds showed substantial toxicity they bore 

promise as antiparasitic compounds. However, the authors believed that the activity of the 

compounds could be enhanced further if a suitable drug-delivery agent is employed.159 

 Arylamide foldamers also showed potent antimalarial activity. These compounds were 

active at nanomolar ranges even against chloroquine resistant Plasmodium strains. Fluorescence 

dye based experiments revealed that these compounds acted mostly on the digestive vacuole of the 

parasites, and activity on the parasite membrane was minimal, if at all. In a murine model too these 

compounds were able to decrease the burden of parasites and increased mice survival 

significantly.158 To the best of our knowledge no other published data exists with respect to activity 

of membrane active small molecules against parasites. 

 

1.3.4.8 Activity against fungi 

 

Pathogenic fungi are notorious for causing both superficial and life-threatening infections both in 

healthy and immunocompromised individuals.160 More than 300 million individuals worldwide 

are afflicted with a serious fungal infection. Although infections caused by bacteria, viruses and 

parasites are often highlighted, infections caused by pathogenic fungi have largely remained out 

of limelight. The emergence of resistance to front-line antifungal drugs (including fluconazole) 

has further exacerbated the issue. This necessitates the identification and development of new 

antifungal agents to address this significant public health challenge. Few small molecules 

described earlier have been investigated in details for their potential antifungal properties. Only 

LTX-109 has been studied in details for their antifungal properties.161 As topical agents, these 

membrane active small molecules can be exploited as drugs for the treatment of fungal infections 

of the skin, nails and so on. Future studies must consider antifungal aspects of membrane active 

agents. 

1.4 Scope of the thesis 

The thesis, divided into seven chapters, aims to document the design principles, synthetic strategies 

underlying the development of simple small molecules that act as broad-spectrum antimicrobial 

agents by targeting the membrane of pathogenic microorganisms.  
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Chapter 1 provides an introduction to the predicament of antimicrobial resistance (AMR) and 

endorses the significance of antimicrobial peptides (AMPs) as templates for next generation of 

drugs. In an attempt to emulate the properties of AMPs, in Chapter 2, the design and synthesis of 

simple antibacterial agents involving only one amino acid (L-Lysine) and two lipid tails are 

reported. The use of two short lipid tails over a single long one is shown to have increased selective 

activity against bacteria over mammalian cells significantly. Bacteria found it difficult to develop 

resistance against the best compound in multiple passages. Fluorescence spectroscopic studies 

corroborated the membrane-active mechanism of action of a representative compound.  Topical 

application of the representative compound reduced bacterial burden by 2.1 logs in mice inflicted 

with burn-infection caused by Acinetobacter baumannii.  

In Chapter 3 another series of small molecules have been described wherein aromatic moieties, 

alkyl groups and L-lysine moieties were assembled together through a tertiary amide. The aromatic 

moieties were varied from anthracene naphthalene to benzene. These molecules, termed as aryl-

alkyl-lysines, exhibited high in vitro potency against a variety of multidrug-resistant Gram-

positive and Gram-negative bacteria including the anaerobic bacteria, Clostridium difficile (MIC 

for the best compound was less than 3 μg mL-1) Nontoxic toward mammalian cells, these rapidly 

bactericidal compounds primarily acted by permeabilization and depolarization of bacterial 

membrane and withstood resistance development. In a methicillin-resistant Staphylococcus aureus 

model of skin infection and A. baumannii model of burn-infection in mice, bacterial burden was 

reduced by 2.1 logs and 2.4 logs respectively. 

 

In Chapter 4, lipidated-biphenyl-lysines which contain four cationic charges two lipid tails and a 

biphenyl core has been described. Increase in positive charge residues led to an increase in 

selectivity and it was observed that this class of compounds was able to inhibit cell wall 

biosynthesis of bacteria in addition to infiltrating membranes. Against this class of compounds 

too, bacteria could not develop resistance in multiple passages. Additionally, the compound was 

able to inhibit growth of bacteria within mammalian cells. In MRSA model of skin infection and 

A. baumannii model of burn infection in mice, bacterial burden was reduced by 2.7 logs and >5 

logs respectively.  
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Chronic or persistent infections belligerent to antibiotic treatment are often caused by stable 

communities of bacteria, termed biofilms, which grow on surfaces. In Chapter 5, the ability of 

the best two compounds (identified from the previous chapters) to act against dormant cells and 

biofilms of Gram-positive and Gram-negative bacteria have been studied. The efficacy of the 

compounds were also validated in a murine models of biofilm infection caused by MRSA and P. 

aeruginosa. Further, the ability of one of the compounds to prevent endotoxin stimulated 

inflammatory response (sepsis) have been described.   

 

In Chapter 6 the antifungal properties of aryl-alkyl-lysines has been documented. The activity of 

the best compound (MIC <2 μg mL-1) was performed against different clinical isolates of 

pathogenic fungi and also against biofilms of Candida albicans. It was observed that polarization 

and permeability of fungal cell membrane was compromised upon addition of the compound. 

Additionally, the compound was found to possess the ability to cross the blood-brain-barrier in an 

in vitro model. Overall, aryl-alkyl-lysines were found to be excellent antifungal compounds with 

scope for further development to clinical antifungals. 

 

In Chapter 7, the potential of aryl-alkyl-lysines to as antimalarial agents was tested. The optimal 

compound (IC50=1 μM) acted by arresting the development of Plasmodium falciparum at the ring 

stage inside the erythrocytes. The compound could perturb the plasma membrane potential and the 

digestive vacuole of parasites. The compound was also able to increase the survival of mice 

infected by Plasmodium bergheii by at least 5 days when administered via intra-peritoneal route, 

but showed no apparent toxicity to mice at the concentration tested. Thus, this class of compounds 

bear potential to be developed as novel antimalarial drugs. 

 In summary, this thesis describes the design and development of small molecular 

antimicrobial agents that selectively target microbial cell membrane with low toxicity to 

mammalian cells. This approach has been exploited for development of potential drug candidates 

against acute and chronic infections caused by bacteria, fungi and parasites. 
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Chapter 2 

 

Lipidated lysines: Broad-spectrum antibacterial 

compounds that target the bacterial membrane 
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Abstract 

 

In the global effort to thwart antimicrobial resistance lipopeptides represent an important class of 

antimicrobial agents, especially against Gram-negative infections. In an attempt to circumvent 

their synthetic complexities, the design of simple membrane-active agents involving only one 

amino acid and two lipid tails has been reported here. It has been shown that use of two short lipid 

tails over a single long one increases selective antibacterial activity significantly. The study 

yielded several selective antibacterial compounds and investigation of the properties of the class 

of compounds were conducted with the most active compound. Fluorescence spectroscopic studies 

revealed the ability of the compound to cause depolarization and permeabilization of bacterial 

cell membrane. Topical application of the compound reduced bacterial burden in mice inflicted 

with burn-infection caused by Acinetobacter baumannii. The design principles described in this 

chapter has laid the foundation for the development of better antimicrobial agents.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(1) Ghosh, C. et al. “Designing simple lipidated lysines: Bifurcation imparts selective antibacterial activity”. 

ChemMedChem 2016 (DOI: 10.1002/cmdc.201600400) 
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2.1 Introduction 

The current predicament of antimicrobial resistance has not only put the world health at risk but 

also expected to severely affect global economy.162, 163 As mentioned in Chapter 1, natural 

antimicrobial peptides are an inspiration for designing of next generation of drugs. The advent of 

synthetic membrane active agents have bolstered the antimicrobial pipeline with a new class of 

drugs.17, 20, 38, 73, 79, 86, 164, 165Although much remains to be achieved in terms of clinical success, 

their importance as future antibiotics cannot be undermined. Peptidomimetics and development of 

synthetic mimics of antimicrobial peptides (SMAMPs) have gained popularity among scientists as 

a successful method of producing broad-spectrum antibacterial agents. Lipidation of currently used 

antibiotics have also been reported in the literature.15, 58, 92, 166-173 Cellceutix’s brilacidin and Lytix 

biopharma’s LTX 109 are successful examples of small molecular mimics of antimicrobial 

peptides.79, 165 Some other examples include the binaphthyl based dicationic peptoids,85 β2,2-amino 

acid derivatives96, 97 and those based on aryl scaffolds.73, 74 Although there is no doubt about the 

efficacy of such designs, there was a scope to make a simpler and more cost-effective compounds.  

Here we describe the development of simple lipidated lysine based membrane-active 

molecules and one possible approach of achieving selective antibacterial activity. Further, the 

mechanism of antibacterial action, ability to stall resistance development in bacteria has been 

studies. Finally, the activity of the compound was also validated in a murine model of 

Acinetobacter baumannii (A. baumannii) burn infection.   

 

2.2 Results and discussion 

2.2.1 Design and Synthesis  

In our attempt to design simplest membrane-active agents, we first identified the necessary 

parameters required. After surveying the literature, we concluded, that for an agent to be 

membrane-active and antibacterial, minimum two positive charges were necessary. 

Hydrophobicity was also important, but the nature of the moiety varied from design to design. We 

then looked for a simple molecule that will not only provide the necessary positive charges, but 

also allow for further functionalization with hydrophobic groups. Due to the presence of two amine 

groups, L-lysine seemed to be the perfect molecule to base our design on. Further, the COOH 
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group allowed for further functionalization. We envisioned that the structure of a simple lysine 

based membrane-active compound would be an alkyl chain conjugated to it. In order to achieve 

any significant activity, the alkyl chain has to be sufficiently long, which will facilitate better 

interaction with the bacterial membranes. In the very first example, we chose to couple 

dodecylamine to lysine using simple HBTU coupling chemistry to obtain C12K (1) (Scheme 2.1). 

Gradual increase of alkyl chains yielded compounds with tetradecyl chain (C14K, 2), hexadecyl 

chain (C16K, 3), octadecyl chain (C18K, 4) and eicosyl chain (C20K, 5).  

 

To understand, how different properties can be obtained by keeping the same amphiphilic 

properties, we bifurcated the alkyl chain e.g. splitting the hexadecyl long chain to two octyl chains. 

Based on this, we designed a set of new molecules containing two short alkyl chains instead of 

one long chain. We symmetrically and asymmetrically varied the length of the two chains from 

hexyl to decyl. We deliberately avoided using chains of odd number of carbons to obtain 

asymmetry in the designs. The synthetic strategy is outlined in Scheme 2.1. In the first step of 

synthesis, alkanals were first reacted with alkylamines in dry methanol and then reduced by sodium 

borohydride to obtain dialkyl amines. These dialkyl amines were then coupled to Boc-Lys(Boc)-

OH in CHCl3/DMF mixture using HBTU chemistry. In compounds 1 to 5, single long chain amines 

were directly coupled to Boc-Lys(Boc)-OH). After purifying the compounds using column 

chromatography the Boc groups were subsequently deprotected using 50% trifluoroacetic acid in 

 

Scheme 2.1: General scheme for the synthesis of the compounds  
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DCM to yield the final compounds. They were purified by HPLC to more than 95% purity and 

were subsequently characterized using 1H NMR, 13C NMR, IR and High Resolution Mass 

Spectrometry (HRMS). 

 

2.2.2 Antibacterial activity and selectivity 

The activity of the compounds were evaluated against Staphylococcus aureus (S. aureus), 

Enterococcus faecium (E. faecium), Escherichia coli (E. coli) and A. baumannii (Table 2.1). It was 

observed that the first three compounds possessed good antibacterial activity. However, as we 

moved to C18K and C20K, the activity of the compounds was lost. Evaluation of their toxicity 

against erythrocytes, as indicated by their HC50 values (concentration at which 50% erythrocytes 

are lysed), revealed that all the active compounds possessed substantial toxicity. The activity of 

bifurcated compounds (6-10) were then tested against S. aureus, E. faecium, E. coli, A. baumannii 

and human erythrocytes. For Gram-negative bacteria, colistin was used as a comparator and for 

Gram-positive bacteria, vancomycin was used as a comparator drug (Table 2.1). Compound C6-

K-C6, which is the bifurcated analogue of C12-K, retained the activity against S. aureus (MIC of 

23 μM), E. faecium (MIC of 46 μM) and E. coli (MIC of 23 μM), but lost the activity against A. 

baumannii (MIC > 50 μM). However, with a HC50 value of 390 μM, it was significantly less toxic 

to erythrocytes in comparison to C12-K (HC50 of 120 μM). The asymmetric bifurcated analogue of 

C14-K, consisted of an octyl chain and a hexyl chain. Other than E. faecium, the parent compound 

C14-K, was active at 11 μM. The bifurcated compound C6-K-C8 displayed two fold less activity 

(MIC of 22 μM against all of those three bacteria) but it was more active against E. faecium. The 

HC50 value of compound C6-K-C8 was 172 μM while that of compound C14-K was 105 μM. Like 

its single chain counterpart, C16-K, C8-K-C8 displayed good activity against all bacteria (MIC 

ranged from 5 μM to 10.5 μM) but was more active against E. faecium and relatively less toxic. 

C18-K, was inactive against all the bacteria tested till 50 μM. In comparison, C10-K-C8 turned out 

to be a very active compound in the series. It displayed MICs of 5 μM against both S. aureus and 

E. coli while against E. faecium and A. baumannii, the MIC was 10.5 μM. C10-K-C10 was as active 

as C10-K-C8 (MIC of 6 μM) against S. aureus, E. faecium and E. coli but slightly more active 

against A. baumannii. Although the single chain analogue 5 was less toxic (HC50 of 185 μM), it 

was inactive against all bacteria. Since, selective antibacterial activity is the most desired condition 

for membrane active agents, it could be envisioned from this study that bifurcation of long chains 
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in any membrane active antibiotics containing such feature should substantially increase the 

selectivity of the resultant compound. Since C10-K-C8 turned out to be the most selective 

compound, further studies were conducted with that. 

 

Table 2.1: Antibacterial and haemolytic activity of the compounds. 

Compounds Minimum Inhibitory Concentration (µM)        HC50 

      (µM) 

S. aureus E. faecium E. coli A. baumannii 

C12-K (1) 23 46 23 23 120 

C14-K (2) 11 44 11 11 105 

C16-K (3) 5 21 5 10.5 73 

C18-K (4) >50 >50 >50 >50 114 

C20-K (5) >50 >50 >50 >50 185 

C6-K-C6 (6) 23 46 23 >50 390 

C8-K-C6 (7) 22 22 22 22 172 

C8-K-C8 (8) 5 10.5 5 10.5 110 

C10-K-C8 (9) 5 10 5 10 108 

C10-K-C10 (10) 6 6 6 6 88 

Colisin 25 N.D. 0.4 0.4 N.D. 

Vancomycin 0.5 0.5 0.5 >100 N.D. 

Values are the averages of at least two experiments, each done in triplicate (error <5%) 
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The microorganisms which are often associated with such rapid resistance development 

are commonly termed as ESKAPE (Enterococcus faecium, Staphylococcus aureus, Klebsiella 

pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter species), 

because of their ability to “escape” frontline antibiotic treatment. These pathogens are involved in 

a significantly high percentage of infections in intensive care units (ICUs). Although the rate of 

resistance varies, some of them are strong enough to completely wipe out the use of front line 

antimicrobials. In order to test the overall properties of the molecule, the antibacterial activity of 

C10-K-C8 toward several ESKAPE pathogens are given in Table 2.2. Most of these strains were 

isolated from patients at National Institute of Mental Health and Nerosciences (NIMHANS, 

Bangalore). Against a vancomycin resistant strain of E. faecium the compound was active at 5 μM. 

There were a total of three strains of Staphylococcus aureus against which the compound was 

tested. One of them was a laboratory strain obtained from ATCC while the other two were MDR 

clinical isolates. All the strains were susceptible to 0.7 μM of vancomycin. Against methicillin-

susceptible and methicillin-resistant strains of S. aureus, C10-K-C8 exhibited an MIC of 5 µM as 

well. This emphasized on the strong activity of the compound against Gram-positive strains. 

Subsequently, we tested the activity of the compound against the Gram-negative strains of 

ESKAPE groups of pathogens which included K. pneumoniae, A. baumannii, P. aeruginosa and 

E. coli. The compound displayed good activity against all the Gram-negative pathogens. Against 

the ATCC strain of K. pneumoniae (resistant to β-lactam antibiotics) the compound was active at 

10 μM, while against the clinical isolate R3421, an MIC of 5 µM was observed. The MIC of C10-

K-C8 against both the strains of A. baumannii (R674 and R676) was also 5 μM. The activity of the 

compound against the P. aeruginosa clinical isolates were moderate. It was active at 10 μM against 

P. aeruginosa R590, but inactive against the other strains. The last representative of the ESKAPE 

group of pathogens was E. coli which belong to the family of Enterobacteriaceae. Against the 

clinical isolate E. coli R250, the compound displayed an activity of 5 μM. Further, activity of the 

compound against New Delhi-metallo-β-Lactamase producing Gram-negative bacteria was also 

conducted. 

The emergence of New Delhi-metallo-β-lactamase carrying bacteria, which remain 

susceptible only to polymyxins and tigecycline, have set alarm bells ringing in every health 

agency. As a further dent to the problem, there are reports of bacteria developing resistance to the 
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drugs of last resort, colistin and tigecycline. Carbapenem-resistant New Delhi-metallo-β lactamase 

were isolated from patients of National Institute of Mental Health and Neurosciences, Bangalore.  

The bacteria against which the study was conducted included E. coli 3336, K. pneumoniae 

R3934, P. aeruginosa R596 and E. clocae R2928. Against E. coli R3336 and P. aeruginosa R596, 

Table 2.2: Activity against drug-resistant strains of ESKAPE pathogens 

Bacterial Strains MIC of C10-K-C8 

(μM) 

E Vancomycin-resistant 

Enterococcus faecium  

5 

S MRSA ATCC  33591 

MRSA R3889 

MRSA R3890 

5 

5 

5 

K K. pneumoniae ATCC 700603 

K. pneumoniae R3421 

10 

5 

A A. baumannii R674 

A. baumannii R676 

5 

5 

P P. aeruginosa R590 

P. aeruginosa R3324 

10 

>50 

E E. coli  R250 5 

NDM-1 

(+ve) 

E. coli  R3336 

K. pneumoniae R3934 

P. aeruginosa R596 

Enterobacter cloacae R2928 

10 

5 

10 

5 

Values are the averages of at least two experiments, each done in triplicate (error <5%) 
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C10-K-C8 was active at 10 µM and both while against K. pneumoniae R3934 and E. clocae, a MIC 

of 5 µM was displayed by the compound. The activity of the compound against selected strains of 

ESKAPE have been compared with vancomycin and tetracycline and presented in Figure 2.1A.   

 

2.2.3 Kinetics of antibacterial activity 

Kinetics of bactericidal action of C10-K-C8 was then studied. Within minutes of treatment at 

concentrations only thrice its MIC, C10-K-C8 was able to lyse cells of both Gram-negative and 

Gram-positive bacteria. In Figure 2.1B, time kill kinetics against E. coli has been furnished. The 

ability of the compound to lyse bacterial cells could be attributed to their membrane active nature.  

2.2.4 Activity in different physiological conditions 

Another important point that has to be considered in detail in development of new antimicrobial 

agents is their activity in different physiological conditions such as pH, salinity and in whole blood. 

Membrane active agents can have a variety of applications as antibacterial agents: as topical 

antibiotics for skin-infections, antibiotics for systemic infections, as food preservatives and so on. 

 

Figure 2.1: A) Activity of the compound C10-K-C8 in comparison to that of vancomycin and 

tetracycline against representative strains of ESKAPE pathogens. B) Time kill-kinetics of 

C10-K-C8 against E. coli. * indicate no bacteria observed. Detection limit is 50 CFU mL-1. 

The MIC considered is 5 µM. 
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Although all of the applications mentioned above are equally important, the compound’s 

performance in different physiological conditions determines its ultimate use. 

The pH of the site of infection varies from place to place inside the body. Infections of the 

vagina are also regulated by changes in pH. In cystic fibrosis too it is believed that low pH reduces 

the antimicrobial activity of airway surface liquid. Thus, it is important to understand the 

antimicrobial activity of the test compound at different pH conditions. The balance of NaCl is 

critical in different aspects of antimicrobial treatment. Osmotic stress is known to increase capsule 

formation in E. coli thereby inducing antibiotic resistance in the infecting strain. Many natural 

membrane active agents such as the Antimicrobial peptide Human-β-defensin is inactivated by 

high concentration of NaCl. Moreover, use of hypertonic saline (concentration of NaCl ≥3%) is 

common in the treatment of cystic fibrosis for improved mucociliary clearance and sputum 

expectoration. Several food-borne pathogens are known to have decreased antibiotic susceptibility 

on exposure to NaCl. 

  To gain insight into the potential areas of application of the compound, we chose to study 

its antibacterial efficacy at different pH (varied from 5.5 to 8.5) and salinity (varied from 1% to 

3%). The compound was found to retain its activity against both S. aureus and E. coli in different 

physiological conditions. In different percentage of salinity the compound maintained its MIC of 

5 μM against both S. aureus and E. coli. At pH 5.5, the compound was active at 10 μM against S. 

aureus and 5 μM against E. coli. No variation in MIC was observed against either bacteria at any 

other pH. We also tested the activity of the compound in presence of 4% bovine serum albumin 

(BSA). Compound C10-K-C8 was active at 10 µM against both S. aureus and E. coli in presence 

of BSA. The stability of the compound at such broad ranges of conditions suggested that they 

could be used for treating bacterial infections at various regions in the body. 

 

2.2.5 Propensity to induce resistance development 

Since it is widely known that bacteria find it difficult to develop resistance against membrane 

active agents, the belligerence of the compound to induce resistance development was studied 

(Figure 2.2). Serial passage of bacterial culture (both S. aureus and E. coli) in sub-MIC 

concentrations of C10-K-C8 yielded no resistant mutants. In comparison norfloxacin (comparator 

drug for S. aureus) and colistin (comparator drug for E. coli), yielded resistant mutants within 6 
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passages and in fourteen passages a 400 fold increase in MIC was observed for norfloxacin and an 

800 fold increase was observed for colistin. 

 

2.2.6 Mechanism of antibacterial action  

AMPs and their synthetic mimics have different modes of action such as cytoplasmic membrane 

depolarization, membrane permeabilization, potassium efflux etc. Since these compounds were 

designed to mimic the biological properties of natural AMPs, we hypothesized that these 

compounds would also act via infiltration of the membrane.     

 

2.2.6.1 Cytoplasmic membrane depolarization 

Altering the membrane potential across the cytoplasmic cell membrane of the bacteria has been 

shown to be one of the main mechanisms of action of natural AMPs. Ability of the compound to 

depolarize bacterial plasma membrane was measured using a membrane potential sensitive dye, 

DiSC3 (5) ((3, 3’-dipropylthiadicarbocyanine iodide). DiSC3 (5) is known to intercalate into the 

cytoplasmic membrane of energized cells resulting in quenching of fluorescence. Upon 

                   

Figure 2.2: Ability of the compound C10-K-C8 to halt resistance development in bacteria in 

comparison to norfloxacin and colistin. SA stands for S. aureus and EC stands for E. coli.  
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perturbation of the membrane potential the dye fluoresces in aqueous environment. Experiments 

with this dye showed that upon addition of C10-K-C8 (15 µM) potential of E. coli membrane was 

dissipated (Figure 2.3 A). 

 

2.2.6.2 Outer membrane permeabilization 

The outer membrane of Gram-negative bacteria prevents the entry of several antibiotics rendering 

them ineffective. Natural AMPs and their synthetic mimics are known to permeate the outer 

membrane of Gram-negative bacteria. Ability of the C10-K-C8 to cause outer membrane 

permeabilization was studied by measuring the uptake of a fluorescent probe N-

phenylnaphthylamine (NPN). The fluorescence of this dye is quenched in the lipophilic region of 

the outer cell membrane and fluoresces in aqueous solution. Studies with this dye showed that the 

outer membrane of E. coli was compromised within minutes of treatment with 15 µM of C10-K-

C8 (Figure 2.3 B). 

 

2.2.6.3 Cytoplasmic inner membrane permeabilization 

Natural AMPs and cationic and amphiphilic small molecules can also cause membrane 

permeabilization and disruption causing loss of membrane integrity of the bacteria. Kinetics of 

membrane permeabilization was studied by measuring the uptake of a fluorescent probe propidium 

iodide (PI). This dye enters only membrane compromised cells and fluoresces upon binding to 

nucleic acids. Treatment with the compound (15 µM) also allowed the entry of propidium iodide 

 

Figure 2.3: Ability of the compound C10-K-C8 at 15 µM to act on E. coli membrane. A) 

Depolarization of membrane B) Outer membrane permeabilization C) Inner membrane 

permeabilization.  
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(PI) inside E. coli cells as was evident from increase in fluorescence intensity of the dye upon 

compound treatment (Figure 2.3 C) 

 

2.2.7 In vivo activity 

2.2.7.1 Acute Dermal toxicity in mice 

The acute dermal toxicity was performed in accordance with the OECD guidelines. Mice skin were 

shaved and the shaved regions were treated with 200 mg kg-1 of C10-K-C8. The mice were observed 

for irritation, tremors, convulsions, salivation or diarrhoea for 14 days. Careful visual observation 

of the animals showed that upon application of the compound the mice showed no sign of irritation 

or unnatural behaviour. However, the skin showed development of corrosion on the first and 

second day but appeared to heal subsequently. Normal generation of fur was observed henceforth 

(within a week) proving that the compound possessed acute dermal toxicity but not chronic. 

 

2.2.7.2 In vivo murine model of Acinetobacter baumannii burn-infection  

                                    

Figure 2.4: In vivo activity against A. baumannii burn infection. Concentration of C10-K-C8 

was 40 mg kg-1 and that of colistin was 5 mg kg-1. Statistical analysis was performed using 

Student’s t-test. Differences are considered statistically significant from the untreated group 

with a value of P<0.05 with 95% confidence intervals (*** indicate P<0.001).  
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Infections caused by A. baumannii is a growing problem with growing reports of resistance against 

even drugs of last resort, such as colistin. A serious problem associated with burns is infection 

caused by A. baumannii. We, thus chose to address this serious problem by checking the activity 

of our compounds against a murine model of burn-infection caused by A. baumannii. In order to 

do the experiments, a burn infection was induced on the skin at the back of the mice. Subsequently, 

the burn wounds of mice inflicted with A. baumannii were continuously treated for six days with 

C10-K-C8 at concentrations of 40 mg kg-1 (no toxicity was observed at this concentration). It can 

be seen from Figure 2.4 that serial plating of homogenates of the severed part of the mice showed 

that treatment with compound brought down the bacterial burden by 2 log in comparison to the 

untreated case in six days (P value 0.0003). Colistin, which was used as a positive control 

completed cleared the bacterial burden even at 5 mg kg-1. Although, the efficacy of the compounds 

falls short of colistin, it should be kept in mind that colistin is prone to triggering resistance 

development in bacteria unlike C10-K-C8 (Figure 2.2B). The rapid development of resistance 

against colistin could be attributed to its lipopolysaccharide-mediated mechanism of action.  

2.3 Conclusions 

In summary, this chapter describes the development of simple membrane active agents using two 

long chains and one amino acid (L-lysine). An important conclusion of the study is that using two 

short chains instead of one single long chain can effectively increase the selective antibacterial 

activity of the resultant compounds. Through the study, one potent membrane antimicrobial agent 

was discovered which acted on both Gram-positive and Gram-negative bacteria. Although slightly 

toxic in mice, the compound was active in treating burn infection caused A. baumanii. The 

compound retained activity at different physiological conditions and did not select resistant 

mutants. Although, a lot more improvement is warranted, initial data reveals the potential of this 

class of compounds for treatment of topical Gram-negative infections. 

 

2.4 Experimental section 

2.4.1 Materials and instrumentation: All the solvents were of reagent grade and were distilled and 

dried prior to use wherever required. Chloroform and methanol were supplied by Merck-India. 

Dimethylformamide, Dicholoromethane, Diethyl ether and other solvents were supplied either by 

SDFCL (India) or Spectrochem (India). L-Lysine, Di-tert-butyl carbonate, Diisopropylethylamine, 
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HBTU, Hexylamine, Octylamine, Trifluoroacetic acid were purchased from Spectrochem (India). 

Hexanal, Octanal, Decanal and Decylamine were purchased from Sigma-Aldrich. All the 

chemicals were used as supplied. Analytical thin layer chromatography (TLC) was performed on 

E. Merck TLC plates pre-coated with silica gel 60 F254 (250 μm thickness). Visualization was 

accomplished using UV light and Iodine. Column chromatography was performed on silica gel 

(60-120 Å pore size). HPLC analysis was performed on a Shimadzu-LC 8A Liquid Chromatograph 

instrument (C18 column, 10 mm diameter, 250 mm length) with UV detector monitoring at 254 

nm. Nuclear magnetic resonance spectra were recorded on Bruker (AV-400) 400 MHz 

spectrometer in deuterated solvents. High-resolution Mass Spectrometry was recorded on Agilent 

6538 Q-TOF LC-MS system and Shimadzu LC-MS 2020 spectrometer. Optical density was 

measured by TecanInfinitePro series M200 Microplate Reader. Bacterial strains, S. aureus (MTCC 

737), E. coli (MTCC 443), A. baumannii (MTCC 1425) were obtained from MTCC (Chandigarh, 

India). E. faecium was obtained from ATCC (19634). A. baumannii R674 was a clinical isolate 

obtained from the Department of Neuromicrobiology, National Institute of Mental Health and 

Neurosciences, Hosur Road, Bangalore 560029, India. S. aureus and A. baumannii was cultured 

in nutrient media (peptone broth), E. coli was grown in Luria-Bertani broth, E. faecium was 

cultured in brain-heart infusion broth. 

Animals: 6-8-week old Balb/c female mice weighing 20 to 25 g were used for all studies. The 

animal experiments were approved by the Institutional Animal Ethics Committee (IAEC) and 

carried out as per the guidelines of Committee for the purpose of Supervision and Experiments on 

Animals (CPCSEA), Ministry of Environment and Forests, New Delhi. 

 

2.4.2 Synthetic procedure and characterization of compounds  

2.4.2.1 Synthesis of azidoalkanes: Alkyl bromides (2.3 mmols) were dissolved in dry methanol 

in a pressure tube and to it sodium azide (3.6 mmols) was added. The mixture was stirred at R.T. 

for 24h. At the end of the reaction, the organic layer was filtered and evaporated under reduced 

pressure. The contents were dissolved in chloroform and filtered again. Finally, the organic layer 

was evaporated under reduced pressure to obtain the alkyl azides in quantitative yields. 
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Azidooctane (C18H37N3):  Yield: 100%. 1H-NMR: (400 MHz, CDCl3) δ/ppm: 3.25 (t, N3-CH2-

C17H35, 2H), 1.6 (m, N3-CH2-CH2-C16H33 2H), 1.26 (s, N3-CH2-CH2-C15H30CH3, 30H). 0.8 (t, 

terminal CH3 groups, 3H). FT-IR (cm-1): 2928-2843 (sp3 C-H str.), 2100 (N3 str.)  

 

Azidodecane (C20H41N3): Yield: 100%. 1H-NMR(400 MHz, CDCl3) δ/ppm: 3.25 (t, N3-CH2-

C19H39, 2H), 1.6 (m, N3-CH2-CH2-C18H37 2H), 1.26 (s, N3-CH2-CH2-C17H34CH3, 34H). 0.8 (t, 

terminal CH3 groups, 3H).. FT-IR (cm-1): 2928-2843 (sp3 C-H str.), 2100 (N3 str.)   

 

2.4.2.2 Synthesis of alkylamines: The azidoalkanes (2.5 mmols) were dissolved in dry methanol 

in a pressure tube and to it triphenyl phosphine (3 mmols) was added. The mixture was heated at 

80 °C for 24 h. At the end of the reaction, methanol was removed under reduced pressure to a 

minimum volume. To the mixture HCl (4N) was added and thick white precipitates of the salts of 

alkylamines were obtained. This was filtered, washed several times with hexanes and the residue 

was characterized and used for further synthesis. The compounds were obtained in more than 90% 

yields. 

 

Octadecylaminium chloride (4a): Yield: 90%. 1H NMR (400 MHz, DMSO-d6) δ/ppm: 2.65 (t, 

NH2-CH2-C17H35, 2H), 1.56 (m, NH2-CH2-CH2-C16H33, 2H), 1.26 (s, NH2-CH2-CH2-C15H30CH3, 

30H). 0.8 (t, terminal CH3 groups, 3H). FT-IR (cm-1): 3059 (NH2 str.) 2928-2843 (sp3 C-H str.). 

 

Eicosanylaminium chloride (5a): Yield-92%. 1H NMR (400 MHz, DMSO-d6) δ/ppm: 2.65 (t, 

NH2-CH2-C19H39, 2H), 1.56 (m, NH2-CH2-CH2-C18H37, 2H), 1.26 (s, NH2-CH2CH2-C17H34-CH3, 

34H). 0.8 (t, terminal CH3 groups, 3H). FT-IR (cm-1): 3059 (NH2 str.) 2928-2843 (sp3 C-H str.). 

 

2.4.2.3 Synthesis of N-dialkylaminium chlorides (6a-10a): In a typical reaction amines (3.87 

mmols) and alkanal (4.65 mmols) were dissolved in dry methanol (20 mL) and stirred at room-

temperature (under Nitrogen atmosphere) for 8 hrs. The resulting clear solution was then cooled 

to 0C, and to it sodium borohydride ( 7.74 mmol) was added. This was allowed to come to room 

temperature and stirred for 12 h. Then the solvents were evaporated under reduced pressure (not 

to dryness) and diluted with diethyl ether. To this  2N NaOH (20 mL) was added and stirred for 

15 minutes. After separation from the NaOH layer, the organic layer was subsequently washed 
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with water (twice), brine and dried over MgSO4. The organic layer was then evaporated under 

reduced pressure and the residue was dissolved minimum volume of methanol. To this of 4N HCl 

(3 mL) was added and instantaneous formation of precipitate was observed. The solvents were 

completely removed and the precipitate was dissolved in minimum volume of ethyl acetate (a few 

drops of methanol was added to dissolve completely). To this hexanes were added to obtain pure 

crystals of the target compound (Yield: 65-80%). These crystals were filtered, dried and 

subsequently characterized using 1H NMR, HRMS. 

 

Dihexylammonium chloride (6a): Yield: 70%. 1H NMR (400 MHz, CDCl3) δ/ppm: 9.5 (s, C6H13-

NH2-C6H13, 2H), 3.0 (m, RCH2-NH2-CH2-R, 4H), 1.84 (m, R-CH2-CH2-NH2-CH2- CH2-R, 4H), 

1.4-1.1 (s, R-CH2-CH2-NH2-CH2- CH2-R, 12H), 0.84 (t, CH3-R‘--NH2-R-CH3, 6H). [M+H]+ obsd. 

= 186.2209 (calc. = 186.2216) 

 

N-hexyloctan-1-aminium chloride (7a): Yield: 72%. 1H NMR (400 MHz, CDCl3) δ/ppm: 9.5 (s, 

C8H17-NH2-C6H13, 2H), 3.0 (m, RCH2-NH2-CH2-R‘, 4H), 1.89 (m, R-CH2-CH2-NH2-CH2- CH2-

R‘, 4H), 1.4-1.1 (m, R-CH2-CH2-NH2-CH2- CH2-R‘, 16H), 0.84 (t, CH3-R‘—NH2-R-CH3, 6H). 

[M+H]+ obsd. = 214.2535 (calc. = 214.2529) 

 

Dioctylammonium chloride (8a): Yield: 68%. 1H NMR (400 MHz, CDCl3) δ/ppm: 9.5 (s, C8H17-

NH2-C8H17, 2H), 3.0 (m, RCH2-NH2-CH2-R, 4H), 1.84 (m, R-CH2-CH2-NH2-CH2- CH2-R, 4H), 

1.4-1.1 (s, R-CH2-CH2-NH2-CH2-CH2-R, 20H), 0.84 (t, CH3-R‘--NH2-R-CH3, 6H). [M+H]+ obsd. 

= 242.2842 (calc. = 242.2848) 

 

N-octyldecan-1-aminium chloride (9a): Yield: 67%. 1H NMR (400 MHz, CDCl3) δ/ppm: 9.5 (s, 

C8H17-NH2-C10H21, 2H), 3.0 (m, R’CH2-NH2-CH2-R, 4H), 1.84 (m, R‘-CH2-CH2-NH2-CH2- CH2-

R, 4H), 1.4-1.1 (s, R‘-CH2-CH2-NH2-CH2- CH2-R, 24H), 0.84 (t, CH3-R‘--NH2-R-CH3, 6H). 

[M+H]+ obsd. = 270.3175 (calc. = 270.3155) 

 

Didecylammonium chloride (10a): Yield: 75%. 1H NMR (400 MHz, CDCl3) δ/ppm: 9.5 (s, 

C10H21-NH2-C10H21, 2H), 3.1-2.5 (RCH2-NH2-CH2-R, 4H), 1.95-1.1 (R-CH2-NH2-CH2-R‘, 28H), 

0.84 (t, CH3-R-NH2-R-CH3, 6H). [M+H]+ obsd. = 242.2841 (calc. = 242.2842) 
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2.4.2.4 General synthetic procedure for amide coupling reactions of dialkylamines or 

alkylamines with Boc-Lys(Boc)-OH: In a typical reaction, to a stirred solution of Boc-Lys(Boc)-

OH (1.97 mmol) in 2:1 DMF/CHCl3(9 mL), N,N-Diisopropylethylamine (DIPEA) (4.92 mmol) 

was added at 0C. To this solution was added HBTU (1.97 mmol). This reaction mixture was 

stirred for 5 minutes at 0 C and subsequently the dialkylamines or alkylamines (1.64 mmol) was 

added to it. The mixture was stirred at 0 C for 30 minutes and subsequently at RT for 24 hrs 

typically. At the end, CHCl3was evaporated under reduced pressure and the resulting solution was 

diluted to 2 times its original volume by addition of ethyl acetate. This mixture was subsequently 

washed with 0.5 M KHSO4, H2O (thrice) and brine. After passage through anhydrous Na2SO4, the 

organic layer was evaporated under reduced pressure and the residue was purified using column 

chromatography (only CHCl3) to obtain the products in 70-90% yield. The purified compound was 

subsequently characterized using 1H NMR, IR and HRMS. 

 

Boc-Lys(Boc)-N-aminododecane (1b): Yield: 86%. 1H NMR (400 MHz, CDCl3) δ/ppm: 5.4 (m, 

Lys (ε-NH-Boc)-α-NH-boc, 1H), 4.6 (m, Lys (ε-NH-Boc)-α-NH-boc, 1H), 4.0 (t, α-CH of 

Lys(boc)2, 1H), 3.3-3 (δ-CH2 of Lys(boc)2 and R‘-CH2-NH-Lys(boc)2, 4H), 1.7-1.2 (-CO-[CH-

CH2-CH2-CH2-CH2-NH-COO-C(CH3)3]-NH-COO-C(CH3)3 of Lys(boc)2 and –CH2-(CH2)10-CH3 

of R group, 44H), 0.8 (the terminal CH3 of alkyl chains, 3H). FT-IR (cm-1): 3437 (carbamate N-H 

str.),  2984-2858 (sp3 C-H str.), 1706 (C=O str. of carbamate), 1669 (C=O str. of tertiary amide). 

HR-MS (m/z): [M+H]+ obsd. = 514.4208 (calc. = 514.4220). 

 

Boc-Lys(Boc)-N-aminotetradecane (2b): Yield: 90%. 1H NMR (400 MHz, CDCl3) δ/ppm: 5.4 

(m, Lys (ε-NH-Boc)-α-NH-boc, 1H), 4.6 (m, Lys (ε-NH-Boc)-α-NH-boc, 1H), 4.0 (t, α-CH of 

Lys(boc)2, 1H), 3.3-3 (δ-CH2 of Lys(boc)2 and R‘-CH2-NH-Lys(boc)2, 4H), 1.7-1.2 (-CO-[CH-

CH2-CH2-CH2-CH2-NH-COO-C(CH3)3]-NH-COO-C(CH3)3 of Lys(boc)2 and –CH2-(CH2)12-CH3 

of R group, 48H), 0.8 (the terminal CH3 of alkyl chains, 3H). FT-IR (cm-1): 3437 (carbamate N-H 

str.),  2984-2858 (sp3 C-H str.), 1706 (C=O str. of carbamate), 1669 (C=O str. of tertiary amide). 

HR-MS (m/z): [M+H]+ obsd. = 542.45218 (calc. = 542.4533). 
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Boc-Lys(Boc)-N-aminohexadecane (3b): Yield: 84%. 1H NMR (400 MHz, CDCl3) δ/ppm: 5.4 

(m, Lys (ε-NH-Boc)-α-NH-boc, 1H), 4.6 (m, Lys (ε-NH-Boc)-α-NH-boc, 1H), 4.0 (t, α-CH of 

Lys(boc)2, 1H), 3.3-3 (δ-CH2 of Lys(boc)2 and R‘-CH2-NH-Lys(boc)2, 4H), 1.7-1.2 (-CO-[CH-

CH2-CH2-CH2-CH2-NH-COO-C(CH3)3]-NH-COO-C(CH3)3 of Lys(boc)2 and –CH2-(CH2)14-CH3 

of R group, 52H), 0.8 (the terminal CH3 of alkyl chains, 3H). FT-IR (cm-1): 3437 (carbamate N-H 

str.),  2984-2858 (sp3 C-H str.), 1706 (C=O str. of carbamate), 1669 (C=O str. of tertiary amide). 

HR-MS (m/z): [M+H]+ obsd. = 570.47813 (calc. = 570.4846). 

 

Boc-Lys(Boc)-N-aminooctadecane (4b): Yield: 89%. 1H NMR (400 MHz, CDCl3) δ/ppm: 5.4 

(m, Lys (ε-NH-Boc)-α-NH-boc, 1H), 4.6 (m, Lys (ε-NH-Boc)-α-NH-boc, 1H), 4.0 (t, α-CH of 

Lys(boc)2, 1H), 3.3-3 (δ-CH2 of Lys(boc)2 and R‘-CH2-NH-Lys(boc)2, 4H), 1.7-1.2 (-CO-[CH-

CH2-CH2-CH2-CH2-NH-COO-C(CH3)3]-NH-COO-C(CH3)3 of Lys(boc)2 and –CH2-(CH2)16-CH3 

of R group, 56H), 0.8 (the terminal CH3 of alkyl chains, 3H). FT-IR (cm-1): 3437 (carbamate N-H 

str.),  2984-2858 (sp3 C-H str.), 1706 (C=O str. of carbamate), 1669 (C=O str. of tertiary amide). 

HR-MS (m/z): [M+H]+ obsd. = 598.51529 (calc. = 598.5159) 

 

Boc-Lys(Boc)-N-aminoicosane (5b): Yield: 90%. 1H NMR (400 MHz, CDCl3) δ/ppm: 5.4 (m, 

Lys (ε-NH-Boc)-α-NH-boc, 1H), 4.6 (m, Lys (ε-NH-Boc)-α-NH-boc, 1H), 4.0 (t, α-CH of 

Lys(boc)2, 1H), 3.3-3 (δ-CH2 of Lys(boc)2 and R‘-CH2-NH-Lys(boc)2, 4H), 1.7-1.2 (-CO-[CH-

CH2-CH2-CH2-CH2-NH-COO-C(CH3)3]-NH-COO-C(CH3)3 of Lys(boc)2 and –CH2-(CH2)18-CH3 

of R group, 60H), 0.8 (the terminal CH3 of alkyl chains, 3H). FT-IR (cm-1): 3437 (carbamate N-H 

str.),  2984-2858 (sp3 C-H str.), 1706 (C=O str. of carbamate), 1669 (C=O str. of tertiary amide). 

HR-MS (m/z): [M+H]+ obsd. = 626.5462 (calc. = 626.5472) 

 

Boc-Lys(Boc)-N,N-aminodihexane (6b): Yield: 82%. 1H NMR (400 MHz, CDCl3) δ/ppm: 5.4 

(m, Lys (ε-NH-Boc)-α-NH-boc, 1H), 4.7-4.5 (Lys (ε-NH-Boc)-α-NH-boc, and α-CH of Lys(boc)2, 

2H), 3.5-3 (δ-CH2 of Lys(boc)2 and R‘-CH2-N(-CH2-R)Lys(boc)2, 6H), 1.7-1.2 (-CO-[CH-CH2-

CH2-CH2-CH2-NH-COO-C(CH3)3]-NH-COO-C(CH3)3 of Lys(boc)2 and –CH2-(CH2)4-CH3 of R 

group and –CH2-(CH2)4-CH3, of R‘ group, 40H), 0.8 (the terminal CH3 of alkyl chains, 6H). FT-

IR (cm-1): 3437 (carbamate N-H str.),  2928-2863 (sp3 C-H str.), 1706 (C=O str. of carbamate), 

1638 (C=O str. of tertiary amide). HR-MS (m/z): [M+H]+ obsd. = 542.4524 (calc. = 542.4533) 
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Boc-Lys(Boc)-N,N-octylaminohexane (7b): Yield: 85%. 1H NMR (400 MHz, CDCl3) δ/ppm: 5.4 

(m, Lys (ε-NH-Boc)-α-NH-boc, 1H), 4.7-4.5 (Lys (ε-NH-Boc)-α-NH-boc, and α-CH of Lys(boc)2, 

2H), 3.5-3 (δ-CH2 of Lys(boc)2 and R‘-CH2-N(-CH2-R)Lys(boc)2, 6H), 1.7-1.2 (-CO-[CH-CH2-

CH2-CH2-CH2-NH-COO-C(CH3)3]-NH-COO-C(CH3)3 of Lys(boc)2 and –CH2-(CH2)6-CH3 of R 

group and –CH2-(CH2)4-CH3, of R‘ group, 44H), 0.8 (the terminal CH3 of alkyl chains, 6H). FT-

IR (cm-1): 3437 (carbamate N-H str.),  2928-2863 (sp3 C-H str.), 1710 (C=O str. of carbamate), 

1634 (C=O str. of tertiary amide). HR-MS (m/z): [M+H]+ obsd. = 542.4524 (calc. = 542.4533) 

 

Boc-Lys(Boc)-N,N-aminodioctane (8b): Yield: 78%. 1H NMR (400 MHz, CDCl3) δ/ppm: 5.4 

(m, Lys (ε-NH-Boc)-α-NH-boc, 1H), 4.7-4.5 (Lys (ε-NH-Boc)-α-NH-boc, and α-CH of Lys(boc)2, 

2H), 3.5-3 (δ-CH2 of Lys(boc)2 and R-CH2-N(-CH2-R)Lys(boc)2, 6H), 1.7-1.2 (-CO-[CH-CH2-

CH2-CH2-CH2-NH-COO-C(CH3)3]-NH-COO-C(CH3)3 of Lys(boc)2 and –CH2-(CH2)6-CH3 of R 

group and –CH2-(CH2)6-CH3, of the other R group, 48H), 0.8 (the terminal CH3 of alkyl chains, 

6H). FT-IR (cm-1): 3437 (carbamate N-H str.),  2984-2858 (sp3 C-H str.), 1706 (C=O str. of 

carbamate), 1669 (C=O str. of tertiary amide). HR-MS (m/z): [M+H]+ obsd. = 570.4780 (calc. = 

570.4846) 

 

Boc-Lys(Boc)-N,N-octylaminodecane (9b): Yield: 79%. 1H NMR (400 MHz, CDCl3) δ/ppm: 5.4 

(m, Lys (ε-NH-Boc)-α-NH-boc, 1H), 4.7-4.5 (Lys (ε-NH-Boc)-α-NH-boc, and α-CH of Lys(boc)2, 

2H), 3.5-3 (δ-CH2 of Lys(boc)2 and R‘-CH2-N(-CH2-R)Lys(boc)2, 6H), 1.7-1.2 (-CO-[CH-CH2-

CH2-CH2-CH2-NH-COO-C(CH3)3]-NH-COO-C(CH3)3 of Lys(boc)2 and –CH2-(CH2)6-CH3 of R 

group and –CH2-(CH2)8-CH3, of R‘ group, 52H), 0.8 (the terminal CH3 of alkyl chains, 6H). FT-

IR (cm-1): 3437 (carbamate N-H str.),  2928-2863 (sp3 C-H str.), 1706 (C=O str. of carbamate), 

1670 (C=O str. of tertiary amide). HR-MS (m/z): [M+H]+ obsd. = 598.51518 (calc. = 598.5159) 

 

Boc-Lys(Boc)-N,N-aminodidecane (10b): Yield: 78%. 1H NMR (400 MHz, CDCl3) δ/ppm: 5.4 

(m, Lys (ε-NH-Boc)-α-NH-boc, 1H), 4.7-4.5 (Lys (ε-NH-Boc)-α-NH-boc, and α-CH of Lys(boc)2, 

2H), 3.5-3 (δ-CH2 of Lys(boc)2 and R‘-CH2-N(-CH2-R)Lys(boc)2, 6H), 1.7-1.2 (-CO-[CH-CH2-

CH2-CH2-CH2-NH-COO-C(CH3)3]-NH-COO-C(CH3)3 of Lys(boc)2 and –CH2-(CH2)8-CH3 of R 

group and –CH2-(CH2)8-CH3, of R‘ group, 52H), 0.8 (the terminal CH3 of alkyl chains, 6H). FT-
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IR (cm-1): 3437 (carbamate N-H str.),  2928-2863 (sp3 C-H str.), 1706 (C=O str. of carbamate), 

1638 (C=O str. of tertiary amide). HR-MS (m/z): [M+H]+ obsd. = 626.54392 (calc. = 626.5472) 

 

2.4.2.5. Deprotection of Boc groups: Boc-Lys(Boc)-N,N-alkylaminoalkanes or Boc-Lys(Boc)-

N,N-aminoalkanes (1.2 mmol) were dissolved in DCM and subsequently CF3COOH (50% by 

volume) was added and stirred at RT for 6h. The reactions were monitored by TLC until complete 

removal of starting material was observed. All the volatile components were removed and the 

compound was dried overnight in a high vacuum oven. Then the compounds were purified to more 

than 95% purity using reverse phase HPLC and subsequently characterized by 1H NMR, 13C NMR, 

IR and HRMS. 

 

Lys-N-aminododecane (C12-K, 1): 1H NMR (400 MHz, D2O) δ/ppm: 4.0 (t, α-CH of Lys, 1H), 

3.3 (residual solvent peak for MeOH) 3.2-2.8 

(R‘-CH2-NH-Lys and ε-CH2 of Lys, 4H), 1.8-

1.2 (β- CH2 γ- CH2 δ- CH2 of Lys and –CH2-

(CH2)10-CH3 of R group, 26H), 0.8 (the 

terminal CH3 of alkyl chains, 3H). 13C-NMR (100 MHz, D2O with drops of DMSO-d6):168, 53.12, 

48.94, 39.03, 38.35, 38.18, 37.96, 37.75, 31.61, 30.55, 29.32, 28.83, 28.45, 26.92, 26.39, 22.37, 

21.42, 13.64 FT-IR (cm-1):  2912-2847 (sp3 C-H str.), 1675 (C=O str. of tertiary amide). HR-MS 

(m/z): [M+H]+ obsd. = 314.3152 (calc. = 314.3171) 

 

Lys-N-aminotetradecane (C14-K, 2): 1H NMR (400 MHz, D2O) δ/ppm: 4.79 (residual peak for 

D2O) 4.0 (t, α-CH of Lys, 1H), 3.3 

(residual solvent peak for MeOH) 3.2-2.8 

(R‘-CH2-NH-Lys and ε-CH2 of Lys, 4H), 

1.8-1.2 (β- CH2 γ- CH2 δ- CH2 of Lys and –CH2-(CH2)12-CH3 of R group, 30H), 0.8 (the terminal 

CH3 of alkyl chains, 3H). 13C-NMR (100 MHz, D2O with drops of DMSO-d6): 168.8, 53.00, 48.93, 

38.92, 38.34, 38.14, 37.92, 37.71, 37.50, 31.90, 30.59, 29.83, 29.41, 29.27, 28.66, 26.87, 26.28, 

22.56, 21.42, 13.71. FT-IR (cm-1):  2912-2847 (sp3 C-H str.), 1675 (C=O str. of tertiary amide). 

HR-MS (m/z): [M+H]+ obsd. = 342.3521 (calc. = 342.3484). 
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Lys-N-aminohexadecane (C16-K, 3): 1H NMR (400 MHz, D2O) δ/ppm: 4.0 (t, α-CH of Lys, 1H), 

3.3 (residual solvent peak for MeOH) 3.2-2.8 (R‘-CH2-NH-Lys and ε-CH2 of Lys, 4H), 1.8-1.2 (β- 

CH2 γ- CH2 δ- CH2 of Lys and –

CH2-(CH2)14-CH3 of R group, 

34H), 0.8 (the terminal CH3 of alkyl 

chains, 3H). 13C-NMR (100 MHz, 

D2O with drops of DMSO-d6): 168.9, 53.04, 48.92, 38.98, 38.37, 38.16, 37.96, 37.74, 37.54, 31.97, 

30.65, 29.93, 29.81, 29.48, 29.34, 28.70, 26.93, 26.34, 22.62, 21.46, 13.79. FT-IR (cm-1):  2912-

2847 (sp3 C-H str.), 1675 (C=O str. of tertiary amide). HR-MS (m/z): [M+H]+ obsd. = 370.37887 

(calc. = 370.3797) 

 

Lys-N-aminooctadecane (C18-K, 4): 1H NMR (400 MHz, D2O) δ/ppm: 4.0 (t, α-CH of Lys, 1H), 

3.3 (residual solvent peak for 

MeOH) 3.2-2.8 (R‘-CH2-NH-

Lys and ε-CH2 of Lys, 4H), 1.8-

1.2 (β- CH2 γ- CH2 δ- CH2 of 

Lys and –CH2-(CH2)16-CH3 of R group, 38H), 0.8 (the terminal CH3 of alkyl chains, 3H). 13C-

NMR (100 MHz, D2O with drops of DMSO-d6): 168.9, 53.12, 48.94, 38.92, 38.32, 38.11, 37.90, 

37.69, 37.47, 31.99, 30.60, 30.00, 29.93, 29.81, 29.52, 28.83, 28.45, 26.92, 26.29, 22.63, 21.44, 

13.79. HR-MS (m/z): [M+H]+ obsd. = 398.4139 (calc. = 398.4110) 

 

Lys-N-aminoicosane (C20-K, 5): 1H NMR (400 MHz, D2O) δ/ppm: 4.0 (t, α-CH of Lys, 1H), 3.3 

(residual solvent peak for 

MeOH) 3.2-2.8 (R‘-CH2-

NH-Lys and ε-CH2 of Lys, 

4H), 1.8-1.2 (β- CH2 γ- CH2 

δ- CH2 of Lys and –CH2-(CH2)18-CH3 of R group, 42H), 0.8 (the terminal CH3 of alkyl chains, 

3H). 13C-NMR (100 MHz, D2O with drops of DMSO-d6): 53.12, 48.94, 38.92, 38.34, 38.14, 37.93, 

37.72, 37.51, 31.99, 30.60, 30.10, 30.00, 29.93, 29.81, 29.52, 28.83, 28.45, 26.92, 26.29, 22.63, 

21.44, 13.79. HR-MS (m/z): [M+H]+ obsd. = 426.44359 (calc. = 426.4423) 
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Lys-N,N-aminodihexane (C6-K-C6, 6): 1H-NMR (400 MHz, D2O) δ/ppm: 4.3 (α-CH2 of Lys, 

1H), 3.7-2.8 (δ-CH2 of Lys and R‘-CH2-N(-CH2-R)Lys, 6H), 1.9-

1.2 β-CH2 of Lys, γ-CH2 of Lys, δ-CH2 of Lys and –CH2-(CH2)4-

CH3 of R group and –CH2-(CH2)4-CH3, of R‘ group, 22H), 0.8 (the 

terminal CH3 of alkyl chains, 6H). FT-IR (cm-1):  2912-2847 (sp3 

C-H str.), 1675 (C=O str. of tertiary amide). 13C-NMR (100 MHz, 

CD3OD): 168.58, 163, 162.7, 53.58, 52.63, 50.46, 47.87, 46.36, 39, 30.85, 30.22, 28.09, 26.61, 

26.5 25.93, 25.64, 22.0, 21.9 21.15 13.37. HR-MS (m/z): [M+H]+ obsd. = 314.3190 (calc. = 

314.3171) 

 

Lys-N,N-octylaminohexane (C6-K-C8, 7): 1H-NMR (400 MHz, D2O) δ/ppm: 4.3 (α-CH2 of Lys, 

1H), 3.7-2.8 (δ-CH2 of Lys and R‘-CH2-N(-CH2-R)Lys, 6H), 

1.9-1.2 β-CH2 of Lys, γ-CH2 of Lys, δ-CH2 of Lys and –CH2-

(CH2)6-CH3 of R group and –CH2-(CH2)4-CH3, of R‘ group, 

26H), 0.8 (the terminal CH3 of alkyl chains, 6H). 13C-NMR 

(100 MHz, D2O with drops of DMSO-d6): 50.48, 48.94, 

47.88, 38.15, 37.95, 37.73, 30.97, 30.26, 28.72, 28.24, 26.52, 

26.03, 22.28, 22.04, 21.23, 13.60. FT-IR (cm-1): 2912-2847 (sp3 C-H str.), 1676 (C=O str. of 

tertiary amide). HR-MS (m/z): [M+H]+ obsd. = 342.34797 (calc. = 342.3484) 

 

Lys-N,N-aminodioctane (C8-K-C8, 8): 1H-NMR (400 MHz, D2O) δ/ppm: 4.3 (α-CH2 of Lys, 

1H), 3.7-2.8 (δ-CH2 of Lys and R‘-CH2-N(-CH2-R)Lys, 6H), 

1.9-1.2 β-CH2 of Lys, γ-CH2 of Lys, δ-CH2 of Lys and –CH2-

(CH2)6-CH3 of R group and –CH2-(CH2)6-CH3, of R‘ group, 

30H), 0.8 (the terminal CH3 of alkyl chains, 6H). 13C-NMR 

(100 MHz, D2O with drops of DMSO-d6): 48.93, 47.77, 

37.93, 37.71, 31.73, 31.68, 30.31, 29.03, 28.86, 28.76, 28.23, 

26.83, 26.67, 26.49, 26.13, 22.48, 22.43, 21.22, 13.68. FT-

IR (cm-1):  2912-2847 (sp3 C-H str.), 1675 (C=O str. of tertiary amide). HR-MS (m/z): [M+H]+ 

obsd. = 370.3787 (calc. = 370.3797) 
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Lys-N,N-octylaminodecane (C8-K-C10, 9): 1H-NMR (400 MHz, CD3OD) δ/ppm: 4.3 (α-CH2 of 

Lys, 1H), 3.7-2.8 (δ-CH2 of Lys and R‘-CH2-N(-CH2-

R)Lys, 6H), 1.9-1.2 β-CH2 of Lys, γ-CH2 of Lys, δ-CH2 

of Lys and –CH2-(CH2)6-CH3 of R group and –CH2-

(CH2)8-CH3, of R‘ group, 34H), 0.8 (the terminal CH3 of 

alkyl chains, 6H). FT-IR (cm-1): 3350 (carbamate N-H 

str.),  2912-2847 (sp3 C-H str.), 1675 (C=O str. of tertiary 

amide). 13C-NMR (100 MHz, CD3OD): 169.51, 163, 

162.7, 53.65, 47.57, 40.25, 33.05, 32.96, 31.91, 30.99, 30.674, 30.50, 30.43, 30.35, 30.16, 28.47, 

28.23, 27.99, 27.75, 23.74, 23.07, 22.68, 13.79. HR-MS (m/z): [M+H]+ obsd. = 398.4089 (calc. = 

398.4110) 

 

Lys-N,N-aminodidecane (C10-K-C10, 10): 1H-NMR: (400 MHz, D2O) δ/ppm: 4.3 (α-CH2 of Lys, 

1H), 3.7-2.8 (δ-CH2 of Lys and R’-CH2-N(-CH2-R)Lys, 6H), 1.9-1.2 β-CH2 of Lys, γ-CH2 of Lys, 

δ-CH2 of Lys and –CH2-(CH2)8-CH3 of R group and –

CH2-(CH2)8-CH3, of R’ group, 38H), 0.8 (the terminal 

CH3 of alkyl chains, 6H). FT-IR (cm-1): 3350 

(carbamate N-H str.),  2912-2847 (sp3 C-H str.), 1675 

(C=O str. of tertiary amide). 13C-NMR (100 MHz, 

CD3OD): 169.51, 163, 162.7, 51.65, 47.57, 40.27, 

33.03, 31.91, 30.66, 30.64, 30.46, 30.41, 30.38, 30.11, 28.45, 28.23, 27.97, 27.75, 22.63, 21.44, 

13.79. HR-MS (m/z): [M+H]+ obsd. = 426.44036 (calc. = 426.4423).  

 

2.4.3 In vitro biological assays 

2.4.3.1 In vitro susceptibility studies: The MIC of the compounds against different bacterial 

strains were determined using a standardized protocol.15 Briefly, 50 μL of serially diluted 

compounds (starting concentrations were 50 μg mL-1) were added to wells of 96 well plates 

containing 150 μL of media containing bacteria (105 CFU mL-1). The plate was then incubated at 

37 C for 24 h and then the O. D. value was measured at 600 nm using TECAN (Infinite series, 

M200 pro) Plate Reader. Each concentration had triplicate values and the whole experiment was 

done at least twice and the MIC value was determined by taking the average of triplicate O. D. 
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values for each concentration and plotting it against concentration. The minimum concentration at 

which no bacterial growth was observed was considered to be the MIC of the compound. The 

value was converted to µM and presented in Table 2.1.   

 

2.4.3.2 Hemolytic Activity: Hemolytic experiments were performed using a standardized 

protocol.174 Erythrocytes were isolated from freshly drawn, heparinized blood and re-suspended 

to 5 vol% in PBS (pH 7.4). In a 96-well microtiter plate, 150 μL of erythrocyte suspension was 

added to 50 μL of serially diluted compound. 50 μL of 1 vol% solution of Triton X-100 served as 

positive control while in negative control 50 μL of water was used. After incubation for 1 h at 

37°C, the plate was centrifuged at 3,500 rpm for 5 min. Subsequently, 100 μL of the supernatant 

from each well was carefully transferred to a fresh microtiter 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, A0 the absorbance of the negative controls (without compound) and 

Atotal the absorbance of wells with 100% hemolysis (with Triton X-100) all at 540 nm. The HC50 

values are reported as averages of at least two independent experiments (each experiment was 

performed in triplicates) respectively. The error of the experiments is less than 10%. 

 

2.4.3.3 Bactericidal time-kill kinetics: Kinetics of bactericidal activity of 9 was performed 

according to a standardized protocol.92 The experiment was performed against both S. aureus and 

E. coli cells using the same protocol. The procedure for conducting the study against E. coli is 

described. Briefly, E. coli (MTCC) was grown in nutrient broth at 37 °C for 6 h. Test compounds 

were inoculated with the aliquots of bacteria resuspended in fresh media at ~105 CFU mL-1. After 

specified time intervals (0 min, 15 min, 30 min, 60 min, 120 min, 180 min and 360 min), 20 µL 

aliquots were serially diluted 10 fold in 0.9 % saline, plated on sterile MacConkey’s agar plates 

and incubated at 37 °C overnight. The viable colonies were counted the next day and represented 

as log10 (CFU mL-1). Experiment against S. aureus was also done using the same protocol. 

 

2.4.3.4 Propensity to induce resistance development in bacteria: This was performed following 

a standardized protocol.92 For this experiment, we had chosen norfloxacin as a comparator drug 

for S. aureus and colistin as a comparator drug for E. coli. MIC values of the compounds (9 and 

antibiotics) were determined against S. aureus (MTCC 737) and E. coli (MTCC 443) as described 
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above. Subsequently, bacterial cells growing at the highest concentration of the compound were 

harvested and inoculated into fresh media (Luria Bertani broth in case of E. coli and nutrient broth 

in case of S. aureus) to a concentration of 105 CFU mL-1. This inoculum was subjected to another 

MIC assay. After 24 h incubation period, cells growing in the highest concentration of the 

compound from the previous passage were once again harvested and assayed for the MIC. The 

process was repeated for 14 passages. The MIC value of the compound was plotted against the 

number of passages, and the fold increase in MIC was determined. The results indicate the fold of 

increase in MIC every two days. 

 

2.4.3.5 Antibacterial activity in different physiological conditions: The experiment was 

performed exactly as reported earlier. First the pH and salinity of the culture medium was brought 

to the desired pH by adding NaOH (1N) or HCl (1N) or to the desired salt concentration by adding 

NaCl to the medium. The different pH conditions considered were 5.5, 6.5, 7.4, and 8.5. The 

different percentages of NaCl considered were 1%, 2% and 3%. Then the antibacterial activity of 

the compounds was determined in this medium by the same assay as described above. 

 

2.4.4 Mechanism of action: The assays for determining the mechanism of action of the 

compounds were performed according to a standardized protocol.92 Brief description of the assays 

are provided below. 

 

2.4.4.1 Cytoplasmic membrane depolarization assay: The assay was performed in a solution 

containing 5 mM glucose, 5 mM HEPES buffer and 100 mM KCl solution in 1:1:1 ratio. Mid-log 

phase E. coli cells were harvested, washed with and resuspended in the solution at concentrations 

of 108 CFU mL-1. DiSC3 (5) dye was added to this solution to a final concentration of 2 µM. After 

preincubation for 40 mins in a well of a black 96-well plate with transparent bottom for dye uptake, 

and resultant self-quenching, the fluorescence of the bacterial suspension was measured (excitation 

wavelength: 622 nm; emission wavelength: 670 nm) and allowed to stabilize for 5 min at room 

temperature before the addition of 2 µL of compound 9 (3×MIC). After addition fluorescence 

intensity was measured every minute or two for 20 min. The resultant plot was obtained by joining 

the data points. 
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2.4.4.2 Outer membrane permeabilization assay: Mid-log phase E. coli cells were harvested, 

washed with 5 mM HEPES and 5 mM glucose (108 CFU mL-1) and resuspended in a 1:1 solution 

of the same. To this solution N-phenylnaphthylamine dye was added to the bacterial suspension 

containing the dye (200 µL) to give a final concentration of 10 µM in the bacterial suspension. 

The suspension containing the dye (200 µL) was then added to the well of a 96-well plate (black 

plate, clear bottom with lid) and stabilized for 5 minutes. Then 2 µL of compound 9 was added to 

the solution at 10 µg mL-1. After addition fluorescence intensity (excitation wavelength: 350 nm; 

emission wavelength: 420 nm) was measured every minute or two for 20 min. The resultant plot 

was obtained by joining the data points. 

 

2.4.4.3 Inner membrane permeabilization assay: Mid-log phase E. coli cells were harvested 

washed, and resuspended in 5 mM HEPES and 5 mM glucose pH 7.2. To this solution propidium 

iodide (PI) dye was added to a final concentration of 15 µM. The suspension containing the dye 

(200 µL) was then added to the well of a 96-well plate (black plate, clear bottom with lid) and then 

2 µL of compound 9 was added to the solution to a final at concentrations of 10 µg mL-1. 

Fluorescence intensity was measured at excitation wavelength of 535 nm (slit width: 10 nm) and 

emission wavelength of 617 nm (slit width: 5 nm). The uptake of PI was measured by the increase 

in fluorescence of PI for 10 min as a measure of inner membrane permeabilization. 

Persister cells were isolated as described above and diluted to 108 cells in respective media. 

Mechanistic studies were performed with them using the same protocol the only difference being 

freshly isolated persister cells were used instead of mid-log phase cells.  

2.4.5 In vivo studies 

The mice were housed in individually ventilated cages (IVC) maintained with controlled 

environment as per the standards. They are housing—pathogen free conventional caging system, 

bedding material (Corn Cob). The husbandry conditions:-Light: dark cycle- 12:12 hours, Animal 

Room Temp: 22 ± 2°C, Relative humidity: 30–40%, Access to feed and water: ad libitum and 

Water: RO Water. Animals were randomly selected, marked to permit individual identification 

and kept in their cages for at least 5 days before the experiment to allow for acclimatization to the 

experimental conditions. Animal handling and experimentation protocols were followed according 
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to OECD Guidelines for the Testing of Chemicals (OECD 425). All care was taken to cause no 

pain to the animals. Humane endpoints were used to avoid unnecessary distress and suffering in 

animals following an experimental intervention that would lead to death. The animal experiments 

were approved by the Institutional Animal Ethics Committee (IAEC) and carried out as per the 

guidelines of Committee for the purpose of Supervision and Experiments on Animals (CPCSEA), 

Ministry of Environment and Forests, New Delhi.  

 

2.4.5.1 Acute dermal toxicity: This study was performed following a standardized protocol. The 

acute dermal toxicity was performed on five 6 to 8 weeks-old male BALB/c mice (18-22 g) 

following the OECD guidelines. Approximately 24h before the experiment, fur was removed from 

the back of the mice, first by clipping and then shaving. Care was taken to avoid abrasion of the 

skin. The area of the shaved portion was roughly 2 cm2. Compound 9 was dissolved in saline at 

concentrations of 100 mg mL-1 to make working stocks. From this stock, 40 µL was added to the 

shaved area of the skin to give a concentration of 200 mg kg-1 per animal. Following the application 

of the compound, the animals were observed carefully and then observed carefully once every day 

for 14 days. Particular attention was paid to the changes in fur, eyes and mucous membranes, and 

observations of tremors, convulsions, salivation, diarrhea, lethargy, sleep and coma. 

 

2.4.5.2 A. baumannii burn infection: This experiment was performed using a standardized 

protocol.  Female Balb/c mice (6-8 weeks, 22-25 g) were anesthetized with ketamine-xylazine 

cocktail, their dorsal surface shaved and cleansed. Around 6 mm burn wounds were created by 

applying a 120 s heated brass bar for 10s. Immediately after injury, burn wounds were infected 

with a mid-log phase bacterial inoculum of 107 CFU of Acinetobacter baumannii (MTCC 1425) 

prepared in PBS. Treatment was started 4 h post infection. Burn wounds were treated every 24 h 

for 7 days. Compound 9 and colistin were dissolved in saline. Burn wounds were treated with 40 

µL of solutions containing compound 9 (40 mg kg-1) or colistin (5 mg kg-1) whereas only saline 

was used as untreated control. Mice were euthanized 7 days post-injury; the wounded muscle tissue 

was excised, weighed, and homogenized in 10 mL of PBS. Serial homogenate dilutions were 

plated on MacConkey agar (Himedia, India) and the results were stated as log (CFU g-1) of tissue. 

P value was calculated using unpaired Student’s t test (2 tailed 2 samples assuming equal 
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variances) between the control group and the treatment group and a value of P < 0.05 was 

considered significant. 
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Chapter 3 

 

Aryl-alkyl-lysines: Broad-spectrum antibacterial 

agents 
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Abstract 

 

The emergence of multi-drug resistant bacteria compounded by depleting arsenal of antibiotics 

has accelerated efforts towards development of antibiotics with novel mechanism of action. In 

chapter 2, simple lipidated lysines were designed which possessed broad-spectrum antibacterial 

activity. Due to the preponderance of aromatic moieties in several successful membrane-active 

agents, in this chapter a new series of small molecules is presented, wherein, an aromatic moiety 

is introduced into the design. These compounds exhibit high in vitro potency against a variety of 

Gram-positive and Gram-negative bacteria, including drug-resistant species. Highlight of this 

class of compounds is their superior activity against the major nosocomial pathogen Pseudomonas 

aeruginosa and anaerobic bacteria Clostridium difficile. Non-toxic towards mammalian cells, 

these rapidly bactericidal compounds primarily act by permeabilization and depolarization of 

bacterial membrane. Unlike the previous class of compounds (Chapter 2), the optimal compound 

of this series was non-toxic to mice skin at till 200 mg kg-1. In addition to having activity against 

A. baumannii burn infection, the compound was effective in bringing bacterial burden down in a 

MRSA model of skin infection. Synthetically simple, selectively antibacterial, these compounds can 

be developed into a newer class of therapeutic agents against multi-drug resistant bacterial 

species.  
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3.1 Introduction 

In an effort towards solving the problem of antimicrobial resistance, simple small molecules based 

on L-lysine had been introduced in the previous chapter. These compounds were designed on the 

premise that they would be mimicking the properties of natural antimicrobial peptides in terms of 

activity and not retain the demerits of AMPs. Although the compounds were found to possess 

broad-spectrum bactericidal activity, they were toxic to mice skin at 200 mg kg-1 and were not 

active against methicillin-resistant S. aureus in a murine model of skin infection. Thus there was 

scope for improvement in both of these aspects. 

Several synthetic membrane-active agents reported in the literature have used aromatic 

moieties in their designs. The cationic antibacterial tripeptides reported by Svendsen et al. have 

aromatic moieties in their designs.76, 78, 79 All of the antibacterial small molecules reported from 

the groups of DeGrado and Tew are based on aryl scaffolds.64-68, 72-74, 126, 158, 165, 175 Aromatic 

moieties have also been used by Barron et al. in their design of antibacterial peptoids.57, 167 In 

Chapter 1 several other designs have been presented which have used aromatic moieties in their 

designs. Thus, we surmised that introduction of aromatic moieties might lead to compounds with 

different properties. 

In this chapter, the design and development of aryl-alkyl-lysines have been reported in 

which, the two positive charges were again contributed by an L-lysine moiety; hydrophobicity was 

brought about by an aromatic core (methyl anthracene, methyl naphthalene or methyl benzene) 

and an alkyl chain. The hydrophobicity of the lipophilic alkyl chain and the bulky aromatic core 

was varied systematically to understand the role of these parameters towards selective antibacterial 

activity. The efficacy of the compounds were conducted against different clinical isolates of 

pathogenic bacteria including the notorious anaerobic bacteria Clostridium difficile. Their 

mechanism of action was then studied using fluorescence spectroscopy, fluorescence microscopy 

as well as FESEM. Additionally, their efficacy against MRSA model of skin-infection as well as 

against that of A. baumannii model of burn infection have been presented. 
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3.2 Results and discussion 

3.2.1 Design and Synthesis  

As mentioned earlier, in this chapter an aromatic moiety was introduced in place of one of the 

lipophilic tails of the compounds reported in the previous chapter. Herein, we thought an effective 

way to introduce hydrophobicity was to attach an aromatic moiety with a lipid chain first. To 

synthesize the compounds, first aromatic aldehydes (10-Chloro-9-Anthracenaldehyde, 

naphthyldehyde and benzaldehyde) were reacted with alkylamines to form Schiff’s bases, 

followed by reduction with sodium borohydride, to give secondary amines (Scheme 3.1). Then 

secondary amines were coupled to Boc-Lys(Boc)-OH using HBTU coupling and finally the Boc 

groups were deprotected using trifluoroacetic acid to obtain the required compounds.  The final 

compounds were purified by HPLC to more than 95% purity and characterized by 1H-NMR, 13C-

NMR, IR and HR-MS. Two significant features of these compounds are that there is no imposed 

structural rigidity in their design and that they include an N-disubstituted or tertiary amide bond.  

 

 

3.2.2 Antibacterial activity and selectivity 

The antibacterial efficacy (Table 3.1) of these compounds was evaluated against different Gram-

positive (S. aureus and E. faecium) and Gram-negative (E. coli, K. pneumoniae and P. aeruginosa) 

 

 

Scheme 3.1: General scheme for the synthesis of the compounds  
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bacteria including MRSA and VRE by determination of their minimum inhibitory concentrations 

(MICs; the concentration of compounds required to completely inhibit the growth of bacteria).  

The shortest alkyl chain derivative ACK-2 was found to be moderately active against both 

Gram-positive and Gram-negative bacteria with MICs of 18 μM and 40 μM against S. aureus and 

E. coli respectively. Increasing the long chain to butyl improves antibacterial activity as was 

observed in ACK-4. Further increase in alkyl chain yielded ACK-6 (hexyl) which displayed 

improved MICs of 3.5 μM and 5.1 μM against S. aureus and E. coli respectively. The antibacterial 

activity was found to increase even further on increasing the long chain to octyl chain; ACK-8 

displayed MICs of 3 μM and 4.1 μM against S. aureus and E. coli respectively. However, further 

increase in alkyl chain compromised the activity of the compounds as was observed for ACK-10 

(decyl). ACK-8 emerged as the most potent compound in the series. In comparison, vancomycin 

displayed MIC of 0.6 μM against S. aureus while colistin exhibited MIC of 0.4 μM against E. coli.  

The Structure-activity-relationship study indicates that if the anthracene core was kept constant, 

the optimum chain length lied between butyl to octyl.  

All the compounds were active against E. faecium, in fact ACK-2, the least effective 

compound of the series also displayed moderate activity (MIC of 22 μM) against the bacterium. 

ACK-8 with MIC of 3.5 μM was again the most potent compound while vancomycin had MIC of 

0.6 μM. 

The highlight of these set of compounds, however, is their superior activity towards 

opportunistic human pathogen P. aeruginosa which, is a leading cause of hospital-acquired 

infections and is known to show resistance to almost all clinically approved antibiotics. All the 

compounds of ACK series are extremely active against P. aeruginosa. Against this bacterium, the 

minimum MIC value was displayed by ACK-6 (MIC = 2.3 μM). ACK-4 also showed excellent 

activity towards P. aeruginosa with MIC of 3 μM. 

In order to elucidate the role of the hydrophobic core towards antibacterial activity we 

synthesized methyl naphthalene (NCK series) analogues of the molecules with varying chain 

lengths.  It was hypothesized that decreasing the bulkiness from anthracene to naphthalene might 

yield a more selective antibacterial agent. Unlike in the case of ACK series, the small chain 

analogues of NCK series, e.g. NCK-4, were devoid of any activity. NCK-6, the hexyl analogue, 

was moderately active and showed potency against all the drug sensitive bacteria, especially P. 

aeruginosa (MIC = 18 µM). NCK-8 exhibited potent activity against all pathogens comparable to 
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its anthracenyl counterpart (ACK-8), for example MICs against S. aureus and E. coli were 10 μM 

and 8 μM respectively. Its activity towards P. aeruginosa was also commendable (MIC = 8.6 μM). 

NCK-10 and NCK-12 were the most active compounds in the series (Table 3.1) with superior 

activity against all the drug sensitive bacteria (MIC ranged from 2.3 to 9 µM). The compound 

NCK-10 was one of the most active compounds in the entire study.  

In order to see the effect of a further decrease of aromatic core, methyl benzene series of 

compounds (BCK series) was prepared. In the BCK series of compounds, however, no significant 

activity was observed till BCK-8. The decyl analogue, BCK-10 showed potent activity against all 

the pathogens. With MICs of 9.4 µM and 11 µM against S. aureus and E. coli, its activity was 

comparable to NCK-8. BCK-12 and BCK-14 had comparable antibacterial activity against all the 

tested pathogens (Table 3.1). Against S. aureus, BCK-12 was the most potent compound in the 

series with MIC of 4.3 µM. The activity of BCK-14 was slightly better against all other pathogens. 

Toxicity of these compounds towards mammalian cells was evaluated by their ability to 

lyse human erythrocytes and represented as their HC50 values (i.e. the concentration at which 50% 

of the red blood cells are lysed). HC50 of the compounds ranged from 72 µM to >1000 µM. 

Hemolytic toxicity studies reveal that these compounds are selectively toxic towards bacterial 

cells. Although some of the compounds reported in this chapter were more selective than the 

optimum compound reported in the previous chapter, the difference was not very significant. In 

vitro selectivity does not always correlate to in vivo toxicity. Thus, it was imperative to check the 

in vivo toxicity of a representative compound, which has been furnished below. 

It was observed that most of the ACK series compounds had a tendency to aggregate in 

water and media at very high concentrations, which deemed them unsuitable for clinical use. As a 

proof of concept, we did use ACK-6 in some of the further studies, but for in vivo applications 

NCK series of compounds were chosen. Activity against clinical isolates of pathogenic bacteria 

were tested with both NCK-series and BCK-series of compounds. But it is known in the field, that 

use of very long chains are also toxic to erythrocytes, which limited further use of BCK series of 

compounds. This is evident in the HC50 values given in Table 3.1. Albeit none of the compounds 

were toxic at their minimum inhibitory concentrations. 
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To emphasize on the efficacy of the active compounds, their activity was tested against 

drug resistant superbugs such as VRE, MRSA and β-lactam resistant K. pneumoniae. Most of these 

compounds possessed remarkable activity against VRE (Table 3.1). ACK-8, NCK-10 and BCK-

14 were the most potent compounds with MIC values of 4.2 µM, 2.4 µM and 3.8 µM respectively 

while vancomycin remained inactive till a concentration of 100 µM. ACK-8, NCK-10 and BCK-

14 were also potent against MRSA with MICs around 3-4 µM for all. Other compounds of ACK 

series were also active against MRSA but to a lower extent. ACK-8 was also potent against β-

lactam resistant K. pneumoniae (MIC = 6.1 µM).  NCK-12 and BCK-14 were the most active 

compounds in their respective series with MICs of 6 µM each whereas colistin showed MIC of 1 

µM. 

Table 3.1: Antibacterial and haemolytic activity of the compounds.       

 Values are the averages of at least two experiments, each done in triplicate (error <5%) 
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In Table 3.2 we have listed the activity of four of the compounds (NCK-8, NCK-10, BCK-

10 and BCK-12) against some clinical isolates of pathogenic bacteria. Against MRSA R3889 and 

MRSA R3890, which were isolated from two different patients at NIMHANS Bangalore. NCK-

10 displayed MICs of 5.7 µM and 4.8 µM respectively. BCK-12 was as active as NCK-10 against 

these strains with MICs of 5.5 µM and 4.3 µM respectively. Vancomycin was active at 0.6 µM 

and 0.7 µM respectively. NCK-8 and BCK-10 too were equally active against both the strains, but 

their MICs were around two-fold higher than their long chain homologues. The compounds 

displayed potency against clinical isolates of Gram-negative pathogens as well (Table 3.2). 

Against the clinical isolate of K. pneumoniae R3421, both NCK-10 and BCK-12 were equally 

potent with MIC of 4.5 µM. NCK-8 and BCK-10 were less active against K. pneumoniae R3421. 

The activity of NCK-10 and BCK-12 against A. baumannii was a highlight of these compounds. 

Against, a clinical isolate R674, both the compounds displayed a superior MIC of 1.5 µM. Again, 

both NCK-8 and BCK-10 was much less active than their higher long chain homologues. Since 

Table 3.2: Activity of the compounds against clinical isolates of drug-resistant 

bacteria.  

     

 Values are the averages of at least two experiments, each done in triplicate (error <5%) 

Bacterial Strains

Minimum Inhibitory Concentration (μM)

NCK-8 NCK-10 BCK-10 BCK-12

MRSA R3889

MRSA R3890

10.8

7.9

5.7

4.8

10.9

10.2

5.5

4.3

K. pneumoniae ATCC 700603

K. pneumoniae R3421

21

24

9

4.5

9.6

48

9

4.5

A. baumannii R674

A. baumannii R676

11

10

1.5

2.3

23

10.7

1.5

1.5

P. aeruginosa MTCC 424

P. aeruginosa R590

P. aeruginosa R3324

8.5

48

24

4.5

10.5

10.5

6.6

25

23

6.3

10.7

10.7

E. coli MTCC 443

E. coli R250

E. coli colistin resistant

8

4.8

10

5

1.5

4.7

10.7

10

4.6

10.7

7.6

1.6
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the activity of these set of compounds toward a laboratory strain of P. aeruginosa (MTCC 424) 

was very good (MIC ranged from 4.5 µM to 9 µM), two clinical isolates were selected for the 

study. Both the strains of P. aeruginosa were MDR strains and the compounds displayed very 

good activity against them. Again, NCK-10 and BCK-12 turned out to be the most potent 

compounds. P. aeruginosa R590, was a little less susceptible to the compounds; NCK-10 and 

BCK-12 were active at 10.5 µM and 6 µM. Although BCK-10 displayed MIC of 25 µM against 

R590, NCK-8 was active only at 48 µM. The activity of the compounds varied from 6 µM to 11 

µM against the laboratory strain of E. coli (MTCC). However against the clinical isolate E. coli 

R250, both NCK-10 and BCK-12 displayed a superior activity of 1.5 µM. The compounds 

displayed good potency against a colistin-resistant strain of E. coli as well (MIC ranged from 1.6 

µM to 10 µM). Due to the excellent efficiency displayed by these compounds toward inhibiting 

the growth MDR clinical isolates, we were motivated to study their activity against New Delhi-

metallo-β-lactamase 1 producing Gram-negative bacteria. 

The activity of these compounds was evaluated against carbapenem-resistant blaNDM-1 

containing Gram-negative pathogens (Table 3.3). All the compounds studied were active against 

this group of bacteria at low concentrations. Against E. coli R3336, NCK-8 and BCK-10 were 

active at 20 µM and both NCK-10 and BCK-12 were four-fold more active with MICs of 4.5 µM 

each. Similar activity profile was observed against K. pneumoniae, NCK-10 and BCK-12 were 

around four-fold more active than NCK-8 and BCK-10. The compounds were found to be very 

Table 3.3: Activity of the compounds against NDM-1 producing Gram-negative 

bacteria. 

     

 Values are the averages of at least two experiments, each done in triplicate (error <5%) 

Compounds

Minimum Inhibitory Concentration (μM)

E.coli

R3336

K. pneumoniae

R3934

P. aeruginosa

R596

E. cloacae

R2928

NCK-8 20 20 20 9.5

NCK-10 4.5 4.5 4.5 4.5

BCK-10 20 20 10 10

BCK-12 4.5 4.5 4.5 4.5

Meropenem >50 >50 N.D. >50

Tetracycline >50 >50 N.D. >50
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active against P. aeruginosa R596 with NCK-10 and BCK-12 displaying comparable activity 

(MIC 4.5 µM). Against E. cloacae too NCK-10 and BCK-12 were equally active (MICs of around 

4.5 µM), whereas the activity of the other two compounds were two-fold less (MIC of 10 µM).  

 

3.2.3 Kinetics of antibacterial activity 

In order to obtain a deeper understanding of the nature of the activity of these compounds against 

blaNDM-1 containing pathogens, the kinetics of bactericidal activity of NCK-10, one of the most 

active compounds, was studied (Figure 3.1). In order to do the experiment, we chose to treat the 

bacteria with three different concentration of the compounds: at MIC/2, MIC and at 2 times its  

 

MIC. As expected at MIC/2, no activity was observed. However, more than 3 log reduction in 

CFU was observed within the first thirty minutes upon treatment of compound even at its MIC. 

Even ACK-6 was found to be rapidly bactericidal against MRSA. 

 

                         

Figure 3.1: Time kill-kinetics of NCK-10 against E. coli. * indicate no bacteria observed. 

Detection limit is 50 CFU mL-1. MIC considered is 5 µM. 
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3.2.4 Activity in different physiological conditions 

The antibacterial activity of NCK-10 towards S. aureus was then studied in varying physiological 

conditions. This study was expected to provide an idea of the efficacy of the compound for 

different clinical applications. Pathogens such as Mycobacterium tuberculosis, Helicobacter pylori 

and even S. aureus can survive at very low pH after colonizing macrophages and gastric lining of 

the stomach.176 Moreover, change in vaginal pH also leads to infection.177 In cystic fibrosis too it 

is believed that low pH reduces the antimicrobial activity of airway surface liquid.178 More 

importantly, the pH of the human skin is acidic (around pH 5.5).179, 180The study was carried out 

in varying pH and varying salinity. It is well known that different regions of the body have different 

pH. Thus, in order to gauge the potential of the compounds to treat infections in different regions 

of the body, it was important to understand its antimicrobial activity in different pH conditions. 

The antibacterial effect of NCK-10 was first determined in pH ranging from 3.5 to 8.5. At pH 3.5 

and 4.5, almost no growth of S. aureus was observed. At pH 5.5 NCK-10 showed an activity of 

9.4 µM against S. aureus. At pH 6.5, 7.4 and 8.5, the MIC remained the same at around 5 µM. 

Likewise, NCK-8, BCK-10 and BCK-12 displayed MICs of 10.8 µM, 10.9 µM and 5.5 µM against 

S. aureus at all pH tested (5.5 to 8.5). No bacterial growth was observed at pH 3.5, thus the activity 

of the compound at that pH could not be determined. However, at pH 4.5 and 5.5 the MIC of the 

compound against E. coli was 10 µM, while, at pH 6.5 two-fold more potency was observed 

against E. coli. At alkaline pH of 8.5, the compound retained its activity against E. coli (MIC of 5 

µM). 

Many natural membrane active agents have been reported to lose activity in physiological 

NaCl concentration of 140 mM.181, 182 Thus, the efficacy of the compound in presence of varying 

salinity (percentage of NaCl) was subsequently studied. The concentrations of NaCl (85 mM, 170 

mM, 260 mM and 1030 mM) in the growth media was varied first and the efficacy of the 

compound in the modified growth media was studied. Against S. aureus the compound retained 

its antibacterial activity at all concentrations. Not only NCK-10, the other compounds also retained 

their activity in these concentrations of NaCl. Against E. coli the activity of the compound was 

reduced by two-fold at the highest concentration of 3% NaCl. 

     On varying the concentration of MgCl2 from 20 mM to 80 mM, it was observed that at higher 

concentrations of the metal, the compound loses activity significantly but no loss of antibacterial 

activity was observed at 20 mM. Since, the serum concentration of divalent cations like Mg2+ are 
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around 3 mM, the compound is expected to work in presence of serum. Antimicrobial peptides are 

known to lose their activity in presence of divalent cations such as Ca2+ and Mg2+. Thus we studied 

the antibacterial effect of the NCK-10 in different concentrations of MgCl2. The concentration of 

MgCl2 was varied from 20 mM to 80 mM. As expected the effect against E. coli was much more 

pronounced. Even at 20 mM, the activity of the compound dropped to 19 µM in case of E. coli 

while at higher concentrations the compound was not active till 50 µM. 

 

3.2.5 Propensity to induce resistance development 

As mentioned earlier, the current crisis in antibiotic drug development is the rapid rate at which 

bacteria develop resistance toward drugs. Since in this report we have explored the possibility of 

these compounds as antibacterial agents towards treatment against MDR clinical isolates of 

pathogens, it was imperative to study if the compounds themselves possess any propensity to 

induce bacterial resistance. Thus, in order to evaluate the potential of these compounds as long-

lasting antibacterial agents, the ability of E. coli to develop resistance against these compounds 

were studied (Figure 3.2). NCK-10 was chosen as a model compound for this study. As a positive 

control for E. coli colistin was used. The MIC of colistin increased on the fourth day of the 

experiment. The MIC of NCK-10 toward E. coli did not change even after 20 passages 

respectively, whereas the MIC of colistin increased by 250 fold. As a positive control for S. aureus, 

 

Figure 3.2: Ability of the compound to halt resistance development in bacteria. A) S. aureus 

(norfloxacin is used as a comparator) and B) E. coli (colistin is used as a comparator).  
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norfloxacin was used. The MIC of NCK-10 toward S. aureus (MTCC strain) remained unchanged 

even after 20 passages, whereas the MIC of norfloxacin increased by 800 fold. This proved that 

bacteria found it more difficult to develop resistance against NCK-10 in comparison to a clinically 

used antibiotic norfloxacin 

 

3.2.6 Mechanism of antibacterial action  

Investigation into the mechanism of action of the most selective compounds ACK-6 and NCK-10 

(model compounds) using various spectroscopic techniques revealed that these compounds 

primarily act by targeting the bacterial cell membrane.  

 

3.2.6.1 Cytoplasmic membrane depolarization 

Experiments with the membrane-potential sensitive dye DiSC3(5) showed that ACK-6 (Figure 

3.3A) rapidly depolarize the membrane of S. aureus cells. In fact, the membranes of Gram-negative 

species P. aeruginosa and E. coli were also depolarized by ACK-6. 

 

3.2.6.2 Inner membrane permeabilization 

Bacterial cytoplasmic membrane permeabilization was studied using the fluorescent probe 

propidium iodide. Although both ACK-6 and NCK-10 were able to permeabilize the S. aureus 

 

Figure 3.3: Ability of the compounds to act on bacterial membrane. A) Depolarization of S. 

aureus membrane by ACK-6. B) Inner membrane permeabilization of S. aureus by ACK-6. 

MIC of ACK-6 considered is 3.5 µM. C) Outer membrane permeabilization of E. coli by 

NCK-10 at 15 µM. 
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membrane, similar effect was not observed against Gram-negative cells. In Figure 3.3B the effect 

of ACK-6 on cytoplasmic membrane of S. aureus has been furnished.  

 

3.2.6.3 Outer membrane permeabilization 

Experiments using fluorescent probe N-phenylnaphthylamine, with NCK-10 showed that it could 

cause permeabilization of Gram-negative outer membrane at 3×MIC (Figure 3.3C). The same 

experiment could not be performed with ACK-6 as it absorbs at the same wavelength as the dye.  

 

3.2.6.4 Live/dead assay 

To shed further light on the mechanism of action of the compounds, fluorescence microscopic 

studies were carried out using the so called “live-dead stain”. To carry out microscopic studies, 

the bacteria were incubated with a mixture of two dyes, SYTO-9 (green fluorescence) and 

Propidium iodide (red fluorescence). Both the dyes act on the nucleic acids of the cells. However, 

while SYTO-9 can pass through the membranes of both live and dead cells, PI can pass through 

only the membrane-compromised cells and compete with SYTO-9. As a result when viewed under 

different filters, the live cells appear green while the dead cells appear red. It was observed that in 

the control (untreated bacteria), the colour of the overlapped image was green, proving that the 

 

Figure 3.4: Ability of the ACK-6 (10×MIC) to permeabilize the membrane of S. aureus to 

allow the influx of Propidium iodide (red) in comparison to untreated control wherein the 

cells are stained by SYTO-9 (green) instead of PI. MIC considered is 3.5 µM. 

Untreated Treated

Green (SYTO-9) and Red (PI)
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membranes were intact (Figure 3.4). Whereas, in case of ACK-6 treated bacteria, the observed 

colour was red, proving that bacterial cell membranes were indeed compromised (Figure 3.4).  

 

3.2.6.5 Visualization of the effect on membranes of bacteria  

To visualize the effect of the compounds on bacterial cells, E. coli and S. aureus cells were 

incubated with ACK-6 (10 × MIC) and observed under Scanning electron microscope (Figure 3.5). 

As can be observed from Figure 3.5A, in the control the E. coli cells were intact, however E. coli 

cells treated with ACK-6 were deformed. Their membranes were disrupted as a result more than 

one bacteria merge with each other and cannot be distinguished. Similarly, intact S. aureus cells 

 

Figure 3.5: FESEM studies to visualize the effect of the compounds on bacteria A) 

Membranes of E. coli cells are damaged upon treatment with ACK-6 in comparison to 

untreated control. B) S. aureus are intact in untreated control but holes are observed when 

treated with ACK-6 at 10×MIC. MIC considered is 3.5 µM. 

(E. coli) (E. coli)

Untreated  (S. aureus) Treated  (S. aureus)

A

B
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were observed in the control and in the treated sample, formation of holes on the surface of S. 

aureus was observed (Figure 3.5 B). These images are a visual proof of the membrane damaging 

properties of the compounds. 

 

3.2.7 Activity against anaerobic bacteria 

3.2.7.1 Activity against different strains of Clostridium difficile 

Colitis or inflammatory bowel disease caused by Clostridium difficile is a growing health problem 

in all parts of the world. CDC reports 29,000 deaths in USA alone for C. difficile infections. It is 

also responsible for a burden of around $4.8 billion to the economy of US health care.183 The major 

problem associated with C. difficile is relapse of disease condition once antibiotics are taken off. 

Moreover, spores of C. difficile are recalcitrant to heat and sanitizers, which make them ideal 

transmissible agents. In this respect developing new antibacterial agents to treat C. difficile 

infections represents an urgent need.184 Given, the ability of these compounds to infiltrate the 

membrane of bacteria and the fact that they retain activity in acidic pH, we tested the antibacterial 

activity of the NCK series of compounds against different strains of C. difficile. Vancomycin and 

metronidazole, which are clinically used to treat C. difficile infections were used as comparator 

drugs. NCK-6 was not active against these strains till 50 µM, while the MIC of NCK-8 ranged 

from 3 µM to 13 µM. Both NCK-10 and NCK-12 were quite active against these strains with MIC 

ranging from 1 µM to 6 µM. The strains were susceptible to vancomycin and metronidazole on an 

average at MIC of 0.5 µM and 1.2 µM respectively. This study showed that the activity of NCK-

10 was comparable to that of vancomycin and metronidazole. However, as mentioned earlier, one 

of the major problems associated with these infections is their recurrence after antibiotic treatment 

is taken off. Spores of these bacteria were responsible for recurrence of the infection. Hence, we 

proceeded to check the activity of the compounds against C. difficile spores. Only NCK-10 were 

active against the spores at MIC of 6 µM.  

 

3.2.7.2 Activity against human gut normal flora 

We next checked whether the commensal bacteria were susceptible to NCK-10 at the same 

concentrations. We carried out the activity of the compounds against commensals such as 

Lactobacillus casei, Lactobacillus acidophilus, Bifidobacterium bifidium and Bifidobacterium 
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breve. Again, vancomycin and metronidazole were used as comparator antibiotics. Metronidazole 

was inactive against Lactobacillus sp. even till 46 µM. Vancomycin was also inactive till 5.5 µM 

against L. casei but active against L. acidophilus at 0.7 µM. Although NCK-8 and NCK-12 were 

active only at 12 µM and 23 µM, NCK-10 was active at 2 µM itself.  In case of the bacteria as 

well, a similar trend was observed. Bifidobacterium sp. was susceptible to NCK-10 at 1.5 µM. It 

could thus be concluded that NCK series of compounds, especially NCK-10 was not selectively 

active against pathogenic cells, leaving a scope for further improvement. 

 

Table 3.2: Activity against C. difficile strains       

 

Values are the averages of at least two experiments, each done in triplicate (error <5%) 

C. difficile (strain)

Minimum inhibitory concentration (µM )

NCK-6 NCK-8 NCK-10 NCK-12 Vancomycin Metronidazole

P8 (32888) 107 13 1.5 6 0.25 0.29

P13 (32891) 107 13 3.1 3 0.25 0.56

Isolate 1 (13427) 107 13 3.1 6 2.00 0.56

Isolate 10 (13436) 107 13 1.5 3 0.25 2.94

Isolate 4 (13430) 107 13 3.1 3 0.13 0.13

Isolate 5 (13431) 54 3 <0.7 1 0.25 0.56

Isolate 9 (13435) 54 6 1.5 3 0.34 0.20

P 21 (32897) 54 6 1.5 3 0.17 0.41

P 29 (32903) 54 13 1.5 3 0.17 0.20

P 20 (32896) 107 13 1.5 3 >0.7 0.82

P 2 (32883) 107 6 1.5 1 0.17 0.20

P 15 (32892) 107 13 1.5 3 0.34 0.20

Isolate 6 (13432) 107 13 1.5 3 0.34 0.41

P 15 (32892) 54 6 <0.7 1 0.17 0.10

Isolate 2 (13428) 107 13 1.5 3 0.67 0.20

P 4 (32889) 107 13 3.1 6 1.35 0.41

Spores >200 51 6.1 47 <0.7 <3
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3.2.8 In vivo activity 

3.2.8.1 Acute Dermal toxicity in mice 

The acute dermal toxicity was performed in accordance with the OECD guidelines. To do the study 

we used 200 mg kg-1 of NCK-10 (5 times the concentration used in the subsequent infection study). 

Careful visual observation of the animals showed that application of the compound caused no 

irritation, tremors, convulsions, salivation or diarrhea. In fact, steady growth of fur was observed 

on the mice even after the application of the compound. By the end of seven days, almost complete 

regeneration fur was observed in all the test animals. No morbidity was observed among the test 

animals and it was concluded that the compound caused no toxicity to the skin even at 

concentrations as high as 200 mg kg-1. 

 

 3.2.8.2 In vivo murine model of skin-infection caused by MRSA  

In vitro activity of the compounds against MRSA was translated into mice model of skin infection. 

To do the experiment, a wound was first induced while shaving the back of each mouse until skin 

tissue was red and glistening. The wounds were then inoculated with approximately 107 CFU of 

multi drug-resistant methicillin-resistant Staphylococcus aureus (MRSA, ATCC 33592). In this 

model treatment of the compounds was initiated four hours after infection was set. NCK-10 or 

fusidic acid, was dosed at 40 mg kg-1 (once a day) for seven days by adding a 40 µL droplet 

(concentration 20 mg mL-1) on the infected site. The droplet was gently spread on the entire surface 

of the wound to avoid any drop from rolling down the sides. The compound was able to bring 

down bacterial burden significantly (p value 0.00014) in a course of seven days (Figure 3.6A). In 

fact the effect of the compound was better than that of the approved drug fusidic acid at the same 

concentration.  

 

3.2.8.3 In vivo murine model of Acinetobacter baumannii burn-infection  

This experiment was performed as reported in Chapter 2. The wound was treated with NCK-10 at 

a concentration of 40 mg kg-1 and colistin was used as a positive control (concentration used was 

5 mg kg-1). After treating with the compound for 7 days (once daily), the bacterial burden was 

brought down significantly in comparison to control (Figure 3.6B). Colistin, on the other hand, 

was extremely effective; no colony was observed within the detection limit. However, colistin, as 

mentioned previously, is prone to triggering resistance development unlike NCK-10. 
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 Overall, it is quite clear that in this series of molecules, more selective compounds were 

obtained which could act against both MRSA model of skin-infection as well A. baumannii model 

of burn-infection. 

 

3.3 Conclusions 

A significant improvement in broad-spectrum activity was noticed upon introduction of the 

aromatic moiety. This is best reflected in the in vivo activity studies. Unlike C10-K-C8, NCK-10 

was not at all toxic to the skin of mice emphasizing on the selective efficacy of this set of 

compounds. Membrane-activity remained the primary mechanism of action and thus no resistance 

development was triggered in either S. aureus or E. coli. Excellent activity was obtained against 

C. difficile related infections although the compound was also toxic to commensal bacteria. 

 

Figure 3.6: In vivo activity A) Against MRSA models of skin-infection, NCK-10 (at 40 mg 

kg-1) is more active in comparison to fusidic acid (40 mg kg-1). B) Against A. baumannii burn 

infection. Concentration of NCK-10 was 40 mg kg-1 and that of colistin was 5 mg kg-1. 

Statistical analysis was performed using Student’s t-test. Differences are considered 

statistically significant from the untreated group with a value of P<0.05 with 95% confidence 

intervals (*** indicate P<0.001).  

*

***

***

ns

**

nsA B
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Although NCK-10 was quite effective in murine models of infection, there is still scope for 

improvement. 

 

3.4 Experimental Section 

3.4.1 Materials and Instrumentation:  

All the solvents were of reagent grade and were distilled and dried prior to use wherever required. 

Chloroform and methanol were supplied by Merck-India. Dimethylformamide, 

Dicholoromethane, Diethyl ether and other solvents were supplied either by SDFCL (India) or 

Spectrochem (India). L-Lysine, Di-tert-butyl carbonate, Diisopropylethylamine, HBTU, 

Butylamine, Hexylamine, Octylamine, Benzaldehyde, Trifluoroacetic acid were purchased from 

Spectrochem (India). 10-choloro-9-anthraldehyde, 1-Naphthaldehyde, Ethylamine, Decylamine, 

Dodecylamine and Tetradecylamine were purchased from Sigma-Aldrich. All the chemicals were 

used as supplied. Analytical thin layer chromatography (TLC) was performed on E. Merck TLC 

plates pre-coated with silica gel 60 F254 (250 μm thickness). Visualization was accomplished using 

UV light and Iodine. Column chromatography was performed on silica gel (60-120 Å pore size). 

HPLC analysis was performed on a Shimadzu-LC 8A Liquid Chromatograph instrument (C18 

column, 10 mm diameter, 250 mm length) with UV detector monitoring at 254 nm. Nuclear 

magnetic resonance spectra were recorded on Bruker (AV-400) 400 MHz spectrometer in 

deuterated solvents. Infrared (IR) spectra of the solid compounds were recorded on Bruker IFS66 

V/s spectrometer using KBr pellets. IR spectra of the compounds soluble in low-boiling solvents 

were recorded with the same instrument using NaCl crystal. High-resolution Mass Spectrometry 

was recorded on Agilent 6538 Q-TOF LC-MS system and Shimadzu LC-MS 2020 spectrometer. 

Optical density was measured by TecanInfinitePro series M200 Microplate Reader. Bacterial 

strains, Staphylococcus aureus (MTCC 737), Pseudomonas aeruginosa (MTCC 424) and 

Escherichia coli (MTCC 443) were obtained from MTCC (Chandigarh, India). Enterococcus 

faecium (ATCC 19634), methicillin resistant S. aureus (ATCC 33591), β-lactamase producing and 

drug-resistant Klebsiella pneumonia (ATCC700603) and vancomycin resistant Enterococcus 

faecium (ATCC 51559) were obtained from ATCC. 

Animals: 6-8-week old Balb/c mice weighing 20 to 25 g were used for all studies. The animal 

experiments were approved by the Institutional Animal Ethics Committee (IAEC) and carried out 
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as per the guidelines of Committee for the purpose of Supervision and Experiments on Animals 

(CPCSEA), Ministry of Environment and Forests, New Delhi. 

 

3.4.2 Synthetic procedure and characterization of compounds  

3.4.2.1 General procedure for synthesis of N-alkylaminomethylarene hydrochlorides (1a-

16a): In a typical reaction aromatic aldehydes (2.08 mmol) and alkyl amines (2.08 mmol) were 

dissolved in a 1:1 mixture of dry chloroform and methanol (20 ml) and stirred at room-temperature 

(under Nitrogen atmosphere) for 6 h. The resulting clear solution was then cooled to 0C, and to it 

Sodium borohydride (3.75 mmol) was added. This was allowed to come to room temperature and 

stirred overnight. Then the solvents were evaporated under reduced pressure (not to dryness) and 

diluted with diethyl ether. To this 2N NaOH (20 ml) was added and stirred for 15 minutes. After 

separation from the NaOH layer, the organic layer was subsequently washed with water twice, 

brine and dried over MgSO4. The organic layer was then evaporated under reduced pressure and 

the residue was dissolved minimum volume of methanol. To this 4N HCl (3 ml) was added and 

instantaneous formation of precipitate was observed. The solvent was completely removed and the 

precipitate was dissolved in minimum volume of ethyl acetate (a few drops of methanol was added 

to dissolve completely). To this hexane was added to obtain pure crystals of the target compound 

(Yield: 65-90%). These crystals were filtered, dried and subsequently characterized using 1H 

NMR, and Mass spectrometry. 

 

N-ethyl-10-aminomethyl-9-chloroanthracene hydrochloride (1a): Yield-80%. 1H-NMR 

(CDCl3) δ/ppm: 10.0 (s, Ar-CH2-NH2-C2H5, 2H), 8.52 (d, ArH, 2H), 8.35 (d, ArH, 2H), 7.70 (t, 

ArH, 2H), 7.61 (t, ArH, 2H), 4.9 (s, Ar-CH2-NH2-, 2H), 2.75 (d,-NH2-CH2-CH3, 2H), 1.24 (t, -

NH2-CH2-CH3, 3H); HRMS (m/z): [M+H]+ obsd. = 270.1052 (calc. = 270.1050). 

 

N-butyl-10-aminomethyl-9-chloroanthracene hydrochloride (2a): Yield-100%. 1H-NMR 

(CDCl3) δ/ppm: 9.9 (s, Ar-CH2-NH2-C4H9, 2H), 8.52 (d, ArH, 2H), 8.38 (d, ArH, 2H), 7.72 (t, ArH 

2H), 7.62 (t, ArH, 2H), 4.97 (s, Ar-CH2-NH2-, 2H), 2.65 (d, -NH2-CH2-C3H7, 2H), 1.73 (m, -NH2-

CH2-CH2-C2H5, 2H), 1.18 (q, -NH2-C2H4-CH2-CH3, 2H), 0.74 (t, -NH2-C3H6-CH3, 3H); HR-MS 

(m/z): [M+H]+ obsd. = 298.1337 (calc. = 298.1357). 
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N-hexyl-10-aminomethyl-9-chloroanthracene hydrochloride (3a): Yield- 75%. 1H-NMR 

(CDCl3) δ/ppm: 9.9 (s, Ar-CH2-NH2-C6H13, 2H), 8.52 (d, ArH, 2H), 8.38 (d, ArH, 2H), 7.72 (t, 

ArH, 2H), 7.62 (t, ArH, 2H), 4.97 (s, Ar-CH2-NH2-, 2H), 2.64 (d, -NH2-CH2-C5H11, 2H), 1.74 (t,-

NH2-CH2-CH2-C4H9, 2H), 1.18-1.0 (m, -NH2-C2H5-(CH2)3-CH3, 6H), 0.74 (t, -NH2-C5H10-CH3, 

3H); HR-MS (m/z): [M+H]+ obsd. = 326.1670 (calc. = 326.1676). 

 

N-octyl-10-aminomethyl-9-chloroanthracene hydrochloride (4a): Yield-75%. 1H-NMR 

(CDCl3) δ/ppm: 9.9 (s, Ar-CH2-NH2-C8H17, 2H), 8.52 (d, ArH, 2H), 8.38 (d, ArH, 2H), 7.72 (t, 

ArH, 2H), 7.62 (t, ArH, 2H), 4.97 (s, Ar-CH2-NH2-, 2H), 2.64 (d,-NH2-CH2-C7H14, 2H), 1.74 (t,-

NH2-CH2-CH2-C6H13, 2H), 1.2-1.0 (m, -NH2-C2H5-(CH2)5-CH3, 10H), 0.79 (t, -NH2-C7H14-CH3, 

3H); HR-MS (m/z): [M+H]+ obsd. = 354.1960 (calc. = 354.1983). 

 

N-decyl-10-aminomethyl-9-chloroanthracene hydrochloride (5a): Yield-80%. 1H-NMR 

(CDCl3) δ/ppm: 9.9 (s, Ar-CH2-NH2-C10H21, 2H), 8.52 (d, ArH, 2H), 8.38 (d, ArH, 2H), 7.72 (t, 

ArH, 2H), 7.62 (t, ArH, 2H), 4.97 (s, Ar-CH2-NH2-, 2H), 2.64 (d, -NH2-CH2-C9H19, 2H), 1.74 (t, 

-NH2-CH2-CH2-C8H17, 2H), 1.18-1.0 (m, -NH2-C2H5-(CH2)7-CH3, 14H), 0.82 (t, -NH2-C9H18-

CH3, 3H); HR-MS (m/z): [M+H]+ obsd. = 382.2273 (calc. = 382.2296). 

 

N-butyl-1-aminomethylnaphthalene hydrochloride (6a): Yield-78%. 1H NMR (CDCl3) δ/ppm: 

9.9 (s, Ar-CH2-NH2-C4H9, 2H), 8.12 (d, ArH, 1H), 7.85 (m, ArH, 3H), 7.64 (t, ArH, 1H), 7.52 (q, 

ArH, 2H), 4.5 (s, Ar-CH2-NH2-, 2H), 2.77 (m, -NH2-CH2-C3H7, 2H), 1.83 (m, -NH2-CH2-CH2-

C2H5, 2H), 1.29 (m, -NH2-C2H4-CH2-CH3, 2H), 0.82 (t, -NH2-C3H6-CH3, 3H). HR-MS (m/z): 

[M+H]+ obsd. = 214.1567 (calc. = 214.159). 

 

N-hexyl-1-aminomethylnaphthalene hydrochloride (7a): Yield-80%. 1H NMR (CDCl3) δ/ppm: 

9.9 (s, Ar-CH2-NH2-C6H13, 2H), 8.12 (d, ArH, 1H), 7.85 (m, ArH, 3H), 7.64 (t, ArH, 1H), 7.51 (q, 

ArH, 2H), 4.5 (s, Ar-CH2-NH2-,  2H), 2.75 (t, -NH2-CH2-C5H11, 2H), 1.85 (q, -NH2-CH2-CH2-

C4H9, 2H), 1.2 (m, -NH2-C2H5-(CH2)3-CH3, 6H), 0.82 (t, -NH2-C5H12-CH3, 3H). HR-MS (m/z): 

[M+H]+ obsd. = 242.1889 (calc. = 242.1903). 
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N-octyl-1-aminomethylnaphthalene hydrochloride (8a): Yield-78%. 1H NMR (CDCl3) δ/ppm: 

9.9 (s, Ar-CH2-NH2-C8H17, 2H), 8.12 (d, ArH, 1H), 7.85 (m, ArH, 3H), 7.64 (t, ArH, 1H), 7.51 (q, 

ArH, 2H), 4.5 (s, Ar-CH2-NH2-, 2H), 2.75 (t, -NH2-CH2-C5H11, 2H), 1.85 (q, -NH2-CH2-CH2-

C6H13, 2H), 1.3-1.1 (-NH2-C2H5-(CH2)5-CH3,10H), 0.82 (t, -NH2-C7H14-CH3, 3H). HR-MS (m/z): 

[M+H]+ obsd. = 270.252 (calc. = 270.2216). 

 

N-decyl-1-aminomethylnaphthalene hydrochloride (9a): Yield-65%. 1H NMR (CDCl3) δ/ppm: 

10 (s, Ar-CH2-NH2-C8H17, 2H), 8.12 (d, ArH, 1H), 7.85 (m, ArH, 3H), 7.64 (t, ArH, 1H), 7.51 (q, 

ArH, 2H), 4.5 (s, Ar-CH2-NH2-, 2H), 2.75 (t, -NH2-CH2-C5H11, 2H), 1.85 (q, -NH2-CH2-CH2-

C6H13, 2H), 1.3-1.1 (-NH2-C2H5-(CH2)5-CH3,14H), 0.82 (t, -NH2-C7H14-CH3, 3H). HR-MS (m/z): 

[M+H]+ obsd. = 298.2541 (calc. = 298.2535). 

 

N-dodecyl-1-aminomethylnaphthalene hydrochloride (10a): Yield-65%.1H NMR (CDCl3) 

δ/ppm: 10 (s, Ar-CH2-NH2-C8H17, 2H), 8.12 (d, ArH, 1H), 7.85 (m, ArH, 3H), 7.64 (t, ArH, 1H), 

7.51 (q, ArH, 2H), 4.5 (s, Ar-CH2-NH2-, 2H), 2.75 (t, -NH2-CH2-C5H11, 2H), 1.85 (q, -NH2-CH2-

CH2-C6H13, 2H), 1.3-1.1 (-NH2-C2H5-(CH2)5-CH3,18H), 0.82 (t, -NH2-C7H14-CH3, 3H). HR-MS 

(m/z): [M+H]+ obsd. = 326.2839 (calc. = 326.2848). 

 

N-butyl-1-aminomethylbenzene hydrochloride (11a): Yield-78%. 1H NMR (CDCl3) δ/ppm:  

9.87 (s, Ar-CH2-NH2-C4H9, 2H), 7.6 (d, ArH, 2H), 7.39 (m, ArH, 3H), 4.02 (s, Ar-CH2-NH2-, 2H), 

2.79 (t, -NH2-CH2-C3H7, 2H), 1.82 (m, -NH2-CH2-CH2-C2H5, 2H), 1.4 (-NH2-C2H4-CH2-CH3, 

2H), 0.82 (t, -NH2-C3H6-CH3, 3H). HR-MS (m/z): [M+H]+ obsd. = 164.1430 (calc. = 164.1439). 

 

N-hexyl-1-aminomethylbenzene hydrochloride (12a): Yield-80%. 1H NMR (CDCl3) δ/ppm:  

9.85 (s, Ar-CH2-NH2-C6H13, 2H), 7.6 (d, ArH, 2H), 7.39 (m, ArH, 3H), 4.02 (s, Ar-CH2-NH2-, 

2H), 2.77 (t,-NH2-CH2-C5H11, 2H), 1.84 (m, -NH2-CH2-CH2-C4H9, 2H), 1.25 (m, -NH2-C2H4-

(CH2)3-CH3, 6H), 0.84 (t, -NH2-C5H10-CH3, 3H). HR-MS (m/z): [M+H]+ obsd. = 192.1777 (calc. 

= 192.1747). 

 

N-octyl-1-aminomethylbenzene hydrochloride (13a): Yield-78%. 1H NMR (CDCl3) δ/ppm: 

9.87 (s, Ar-CH2-NH2-C8H13, 2H), 7.6 (d, ArH, 2H), 7.39 (m, ArH, 3H), 4.02 (s, Ar-CH2-NH2-, 
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2H), 2.77 (m, -NH2-CH2-C7H15, 2H), 1.84 (m, -NH2-CH2-CH2-C6H13, 2H), 1.25 (m, -NH2-C2H5-

(CH2)5-CH3, 10H), 0.84 (t, -NH2-C7H14-CH3, 3H). HR-MS (m/z): [M+H]+ obsd. = 220.2122 (calc. 

= 220.206). 

 

N-decyl-1-aminomethylbenzene hydrochloride (14a): Yield-65%. 1H NMR (CDCl3) δ/ppm: 

9.87 (s, Ar-CH2-NH2-C8H13, 2H), 7.6 (d, ArH, 2H), 7.39 (m, ArH, 3H), 4.02 (s, Ar-CH2-NH2-, 

2H), 2.77 (m, -NH2-CH2-C7H15, 2H), 1.84 (m, -NH2-CH2-CH2-C6H13, 2H), 1.25 (m, -NH2-C2H5-

(CH2)5-CH3, 14H), 0.84 (t, -NH2-C7H14-CH3, 3H). HR-MS (m/z): [M+H]+ obsd. = 247.2122 (calc. 

= 247.23). 

 

N-dodecyl-1-aminomethylbenzene hydrochloride (15a): Yield-65%.1H NMR (CDCl3) δ/ppm: 

9.87 (s, Ar-CH2-NH2-C8H13, 2H), 7.6 (d, ArH, 2H), 7.39 (m, ArH, 3H), 4.02 (s, Ar-CH2-NH2-, 

2H), 2.77 (m, -NH2-CH2-C7H15, 2H), 1.84 (m, -NH2-CH2-CH2-C6H13, 2H), 1.25 (m, -NH2-C2H5-

(CH2)5-CH3, 18H), 0.84 (t, -NH2-C7H14-CH3, 3H). HR-MS (m/z): [M+H]+ obsd. = 276.2693 (calc. 

= 276.2691). 

N-tetradecyl-1-aminomethylbenzene hydrochloride (16a): Yield-65%. 1H NMR (CDCl3) 

δ/ppm: 9.87 (s, Ar-CH2-NH2-C8H13, 2H), 7.6 (d, ArH, 2H), 7.39 (m, ArH, 3H), 4.02 (s, Ar-CH2-

NH2-, 2H), 2.77 (m, -NH2-CH2-C7H15, 2H), 1.84 (m, -NH2-CH2-CH2-C6H13, 2H), 1.25 (m, -NH2-

C2H5-(CH2)5-CH3, 22H), 0.84 (t, -NH2-C7H14-CH3, 3H). HR-MS (m/z): [M+H]+ obsd. = 304.3006 

(calc. = 304.3004). 

 

3.4.2.2 General synthetic procedure for amide coupling reactions: In a typical amide coupling 

reaction, to a stirred solution of Boc-Lys(Boc)-OH ( 0.2 g, 0.58 mmol) in 5:2 DMF/CHCl3(7 ml), 

was added N,N-Diisopropylethylamine (DIPEA, 250 μL, 1.44  mmol) at 0C. To this solution was 

then added HBTU (0.22 g, 0.58 mmol). This mixture was stirred for 5 minutes at 0C and 

subsequently the secondary amines (1a-16a, 0.48 mmol) were added to it. The mixture was stirred 

at 0C for 30 minutes and subsequently at RT for 24 h typically. At the end, CHCl3wasevaporated 

under reduced pressure and the resulting solution was diluted to 2 times its original volume by 

addition of ethyl acetate. This mixture was subsequently washed with 0.5 M KHSO4, H2O (thrice) 

and brine. After passage through anhydrous Na2SO4, the organic layer was evaporated under 

reduced pressure and the residue was purified using column chromatography (only CHCl3) to 
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obtain the product in 65%-90% yield. The purified compound was subsequently characterized 

using 1H NMR, IR and Mass spectrometry. 

 

Boc-Lys(Boc)-N-ethyl-10-Aminomethyl-9-chloroanthracene (1b): Yield-81%. 1H-NMR 

(CDCl3) δ/ppm: 8.61 (d, ArH, 2H), 8.29 (d, ArH, 2H), 7.60 (m, ArH, 4H), 6.05 (d, Ar-CH1H2-

N(R)Lys(boc)2, 1H), 5.42 (d, α-NH-Boc of Lys(boc)2, 1H), 5.34 (d, Ar-CH1H2-N(R)Lys(boc)2, 

1H), 4.56 (m, Lys (ε-NH-Boc)-α-NH-boc and α-CH of Lys(boc)2, 2H) 3.1-2.81 (δ-CH2 of 

Lys(boc)2 and Ar-CH2-N(-CH2-CH3)Lys(boc)2, 4H), 1.5-1.3 (-CO-[CH-CH2-CH2-CH2-CH2-NH-

COO-C(CH3)3]-NH-COO-C(CH3)3Lys(boc)2, 24H), 1.03 (t,-CH2-CH3 of R group, 3H). FT-IR 

(cm-1): 3354 (carbamate N-H str.), 3085 (sp2 C-H str.), 2967-2867 (sp3 C-H str.), 1704 (C=O str. 

of carbamate), 1643 (C=O str. of tertiary amide), 1517-1450 (aromatic C=C str.). HRMS (m/z): 

[M+H]+ obsd. = 598.3043 (calc. = 598.2969). 

 

Boc-Lys(Boc)-N-butyl-10-Aminomethyl-9-chloroanthracene (2b): Yield-83%. 1H-NMR 

(CDCl3) δ/ppm: 8.61 (d, ArH, 2H), 8.29 (d, ArH, 2H), 7.60 (m, ArH, 4H), 6.08 (d, Ar-CH1H2-

N(R)Lys(boc)2, 1H), 5.42 (d, α-NH-Boc of Lys(boc)2, 1H), 5.29 (d, Ar-CH1H2-N(R)Lys(boc)2, 

1H), 4.56 (m, Lys(ε-NH-Boc)-α-NH-boc and α-CH of Lys(boc)2, 2H) 3.1-2.81 (δ-CH2 of Lys(boc)2 

and Ar-CH2-N(-CH2-CH3)Lys(boc)2, 4H), 1.62-1.3 (-CO-[CH-CH2-CH2-CH2-CH2-NH-COO-

C(CH3)3]-NH-COO-C(CH3)3Lys(boc)2 and –CH2-CH2-C2H5 of R group, 26H), 1.0 (m,–C2H4-

CH2-CH3 of R group 2H), 0.63 (t,-C3H6-CH3 of R group, 3H). FT-IR (cm-1): 3354 (carbamate N-

H str.), 3083 (sp2 C-H str.), 2967-2867 (sp3 C-H str.), 1711 (C=O str. of carbamate), 1631 (C=O 

str. of tertiary amide), 1517-1450 (aromatic C=C str.). HR-MS (m/z): [M+K]+ obsd. = 664.4545 

(calc. = 664.292). 

 

Boc-Lys(Boc)-N-hexyl-10-Aminomethyl-9-chloroanthracene (3b): Yield-90%. 1H-NMR 

(CDCl3) δ/ppm: 8.61 (d, ArH, 2H), 8.29 (d, ArH, 2H), 7.60 (m, ArH, 4H), 6.08 (d, Ar-CH1H2-

N(R)Lys(boc)2, 1H), 5.42 (d, α-NH-Boc of Lys(boc)2, 1H), 5.29 (d, Ar-CH1H2-N(R)Lys(boc)2, 

1H), 4.56 (m, Lys(ε-NH-Boc)-α-NH-boc and α-CH of Lys(boc)2, 2H) 3.1-2.81 (δ-CH2 of 

Lys(boc)2 and Ar-CH2-N(-CH2-CH3)Lys(boc)2, 4H), 1.63-1.3 (-CO-[CH-CH2-CH2-CH2-CH2-

NH-COO-C(CH3)3]-NH-COO-C(CH3)3 of Lys(boc)2 and –CH2-CH2-C4H9 of R group, 26H), 1.05 

(m,–C2H4-CH2-C3H7 of R group 2H), 0.94 (m,–C2H4-(CH2)3-CH3 of R group, 4H) 0.73 (t,-C5H10-
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CH3 of R group, 3H). FT-IR (cm-1): 3354 (carbamate N-H str.), 3085 (sp2 C-H str.), 2967-2867 

(sp3 C-H str.), 1705 (C=O str. of carbamate), 1634 (C=O str. of tertiary amide), 1517-1450 

(aromatic C=C str.). HR-MS (m/z): [M+H]+ obsd. = 654.3619 (calc. = 654.3668). 

 

Boc-Lys(Boc)-N-octyl-10-Aminomethyl-9-chloroanthracene (4b): Yield-75%. 1H-NMR 

(CDCl3) δ/ppm: 8.61 (d, ArH, 2H), 8.29 (d, ArH, 2H), 7.60 (m, ArH, 4H), 6.08 (d, Ar-CH1H2-

N(R) Lys(boc)2, 1H), 5.42 (d, α-NH-Boc of Lys(boc)2, 1H), 5.29 (d, Ar-CH1H2-N(R)Lys(boc)2, 

1H), 4.56 (m, Lys(ε-NH-Boc)-α-NH-boc and α-CH of Lys(boc)2, 2H) 3.1-2.81 (δ-CH2 of 

Lys(boc)2 and Ar-CH2-N(-CH2-CH3)Lys(boc)2, 4H), 1.63-1.28 (-CO-[CH-CH2-CH2-CH2-CH2-

NH-COO-C(CH3)3]-NH-COO-C(CH3)3 of Lys(boc)2 and –CH2-CH2-C6H13 of R group, 26H), 1.18 

(m, –C2H4-CH2-C5H11 of R group, 2H), 1.12-0.87 (–C3H7-(CH2)4-CH3 of R group, 8H) 0.73 (t, -

C7H14-CH3of R group, 3H). FT-IR (cm-1): 3354 (carbamate N-H str.), 3085 (sp2 C-H str.), 2967-

2867 (sp3 C-H str.), 1696 (C=O str. of carbamate), 1643 (C=O str. of tertiary amide), 1517-1450 

(aromatic C=C str.). HRMS (m/z): [M+H]+ obsd. = 682.3897 (calc. = 682.3981). 

 

Boc-Lys(Boc)-N-decyl-10-Aminomethyl-9-chloroanthracene (5b): Yield-80%. 1H-NMR 

(CDCl3) δ/ppm: 8.61 (d, ArH, 2H), 8.29 (d, ArH, 2H), 7.60 (m, ArH, 4H), 6.08 (d, Ar-CH1H2-

N(R)Lys(boc)2, 1H), 5.42 (d, α-NH-Boc of Lys(boc)2, 1H), 5.29 (d, Ar-CH1H2-N(R)Lys(boc)2, 

1H), 4.56 (m, Lys (ε-NH-Boc)-α-NH-boc and α-CH of Lys(boc)2, 2H) 3.1-2.81 (δ-CH2 of 

Lys(boc)2 and Ar-CH2-N(-CH2-CH3)Lys(boc)2, 4H), 1.62-1.28 (-CO-[CH-CH2-CH2-CH2-CH2-

NH-COO-C(CH3)3]-NH-COO-C(CH3)3 of Lys(boc)2 and –CH2-CH2-C8H17 of R group, 26H), 

1.31-0.8 (–CH2-CH2-C8H17 of R group, 17H). FT-IR (cm-1): 3334 (carbamate N-H str.), 3085 (sp2 

C-H str.), 2967-2867 (sp3 C-H str.), 1704 (C=O str. of carbamate), 1643 (C=O str. of tertiary 

amide), 1517-1450 (aromatic C=C str.). HRMS (m/z): [M+H]+ obsd. = 710.4220 (calc. = 

710.4294). 

 

Boc-Lys(Boc)-N-butyl-1-Aminomethylnaphthalene (6b): Yield-87%. 1H NMR (CDCl3) δ/ppm: 

8.0-7.74 (ArH, 3H), 7.60-7.34 (ArH, 3H), 7.31-7.14 (ArH, 1H), 5.5-5.0 ( Ar-CH1H2-

N(R)Lys(boc)2 and α-NH-Boc of Lys(boc)2, 2H), 4.75-4.40 (Ar-CH1H2-N(R)Lys(boc)2, Lys (ε-

NH-Boc)-α-NH-boc and α-CH of Lys(boc)2, 3H), 3.40-3.0 (δ-CH2 of Lys(boc)2 and Ar-CH2-N(-

CH2-C3H7)Lys(boc)2, 4H), 1.72-1.12 (-CO-[CH-CH2-CH2-CH2-CH2-NH-COO-C(CH3)3]-NH-
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COO-C(CH3)3 of Lys(boc)2 and –CH2-(CH2)2-CH3 of R group, 28H), 0.84 (m, Ar-CH2-N(-C3H6-

CH3)Lys(boc)2, 3H). FT-IR (cm-1): 3331 (carbamate N-H str.), 3085 (sp2 C-H str.), 2975-2865 (sp3 

C-H str.), 1709 (C=O str. of carbamate), 1643 (C=O str. of tertiary amide), 1517-1450 (aromatic 

C=C str.). HR-MS (m/z): [M+H]+ obsd. = 542.3641 (calc. = 542.3594). 

 

Boc-Lys(Boc)-N-hexyl-1-Aminomethylnaphthalene (7b): Yield-81%. 1H NMR (CDCl3) 

δ/ppm: 8.0-7.74 (ArH, 3H), 7.60-7.34 (ArH, 3H), 7.31-7.14 (ArH, 1H), 5.5-5.0 ( Ar-CH1H2-

N(R)Lys(boc)2 and α-NH-Boc of Lys(boc)2, 2H), 4.75-4.40 (Ar-CH1H2-N(R)Lys(boc)2,Lys (ε-

NH-Boc)-α-NH-boc and α-CH of Lys(boc)2, 3H), 3.40-3.0 (δ-CH2 of Lys(boc)2 and Ar-CH2-N(-

CH2-C5H11)Lys(boc)2, 3H), 1.72-1.12 (-CO-[CH-CH2-CH2-CH2-CH2-NH-COO-C(CH3)3]-NH-

COO-C(CH3)3 of Lys(boc)2 and –CH2-(CH2)4-CH3 of R group, 32H), 0.84 (m, Ar-CH2-N(-C5H10-

CH3)Lys(boc)2, 3H). FT-IR (cm-1): 3331 (carbamate N-H str.), 3085 (sp2 C-H str.), 2967-2867 (sp3 

C-H str.), 1709 (C=O str. of carbamate), 1643 (C=O str. of tertiary amide), 1517-1450 (aromatic 

C=C str.). HR-MS (m/z): [M+H]+ obsd. = 570.3954 (calc. = 570.3907). 

 

Boc-Lys(Boc)-N-octyl-1-Aminomethylnaphthalene (8b): Yield-85%. 1H NMR (CDCl3) δ/ppm: 

8.0-7.74 (ArH, 3H), 7.60-7.34 (ArH, 3H), 7.31-7.14 (ArH, 1H), 5.5-5.0 (Ar-CH1H2-

N(R)Lys(boc)2 and α-NH-Boc of Lys(boc)2, 2H), 4.75-4.40 (Ar-CH1H2-N(R)Lys(boc)2, Lys (ε-

NH-Boc)-α-NH-boc and α-CH of Lys(boc)2, 3H), 3.40-3.0 (δ-CH2 of Lys(boc)2 and Ar-CH2-N(-

CH2-C5H11)Lys(boc)2, 4H), 1.72-1.12 (-CO-[CH-CH2-CH2-CH2-CH2-NH-COO-C(CH3)3]-NH-

COO-C(CH3)3 of Lys(boc)2 and –CH2-(CH2)6-CH3 of R group, 36H), 0.84 (m, Ar-CH2-N(-C7H14-

CH3)Lys(boc)2, 3H). FT-IR (cm-1): 3331 (carbamate N-H str.), 3085 (sp2 C-H str.), 2967-2867 (sp3 

C-H str.), 1709 (C=O str. of carbamate), 1640 (C=O str. of tertiary amide), 1517-1450 (aromatic 

C=C str.). HR-MS (m/z): [M+H]+ obsd. = 598.4246 (calc. = 598.422). 

 

Boc-Lys(Boc)-N-decyl-1-Aminomethylnaphthalene (9b): Yield-98%. 1H NMR (CDCl3) δ/ppm: 

8.0-7.74 (ArH, 3H), 7.60-7.34 (ArH, 3H), 7.31-7.14 (ArH, 1H), 5.5-5.0 (Ar-CH1H2-

N(R)Lys(boc)2 and α-NH-Boc of Lys(boc)2, 2H), 4.75-4.40 (Ar-CH1H2-N(R)Lys(boc)2, Lys (ε-

NH-Boc)-α-NH-boc and α-CH of Lys(boc)2, 3H), 3.40-3.0 (δ-CH2 of Lys(boc)2 and Ar-CH2-N(-

CH2-C5H11)Lys(boc)2, 4H), 1.72-1.12 (-CO-[CH-CH2-CH2-CH2-CH2-NH-COO-C(CH3)3]-NH-

COO-C(CH3)3 of Lys(boc)2 and –CH2-(CH2)6-CH3 of R group, 40H), 0.84 (m, Ar-CH2-N(-C7H14-
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CH3)Lys(boc)2, 3H). FT-IR (cm-1): 3331 (carbamate N-H str.), 3085 (sp2 C-H str.), 2967-2867 (sp3 

C-H str.), 1709 (C=O str. of carbamate), 1640 (C=O str. of tertiary amide), 1517-1450 (aromatic 

C=C str.). HR-MS (m/z): [M+H]+ obsd. = 625.445 (calc. = 625.4455). 

 

Boc-Lys(Boc)-N-dodecyl-1-Aminomethylnaphthalene (10b): Yield-80%. 1H NMR (CDCl3) 

δ/ppm: 8.0-7.74 (ArH, 3H), 7.60-7.34 (ArH, 3H), 7.31-7.14 (ArH, 1H), 5.5-5.0 (Ar-CH1H2-

N(R)Lys(boc)2 and α-NH-Boc of Lys(boc)2, 2H), 4.75-4.40 (Ar-CH1H2-N(R)Lys(boc)2, Lys (ε-

NH-Boc)-α-NH-boc and α-CH of Lys(boc)2, 3H), 3.40-3.0 (δ-CH2 of Lys(boc)2 and Ar-CH2-N(-

CH2-C5H11)Lys(boc)2, 4H), 1.72-1.12 (-CO-[CH-CH2-CH2-CH2-CH2-NH-COO-C(CH3)3]-NH-

COO-C(CH3)3 of Lys(boc)2 and –CH2-(CH2)6-CH3 of R group, 44H), 0.84 (m, Ar-CH2-N(-C7H14-

CH3)Lys(boc)2, 3H). FT-IR (cm-1): 3331 (carbamate N-H str.), 3085 (sp2 C-H str.), 2967-2867 (sp3 

C-H str.), 1709 (C=O str. of carbamate), 1640 (C=O str. of tertiary amide), 1517-1450 (aromatic 

C=C str.). HR-MS (m/z): [M+H]+ obsd. = 654.4842 (calc. = 654.4846). 

 

Boc-Lys(Boc)-N-butyl-1-Aminomethylbenzene (11b): Yield-94%. 1H NMR (CDCl3) δ/ppm: δ 

7.2 (ArH, 3H), 7.15 (d, ArH, 2H), 5.5 (m, Lys (ε-NH-Boc)-α-NH-boc, 1H), 4.97-4.56 (Ar-CH1H2-

N(R)Lys(boc)2, and α-CH of Lys(boc)2, 3H), 4.44 (d, Ar-CH1H2-N(R)Lys(boc)2, 1H) 3.4-2.9 (δ-

CH2 of Lys(boc)2 and Ar-CH2-N(-CH2-C5H11)Lys(boc)2, 4H), 1.8-1.2 (-CO-[CH-CH2-CH2-CH2-

CH2-NH-COO-C(CH3)3]-NH-COO-C(CH3)3 of Lys(boc)2 and –CH2-(CH2)2-CH3 of R group, 

28H), 0.8 (m, Ar-CH2-N(-C3H6-CH3)Lys(boc)2, 3H). FT-IR (cm-1): 3354 (carbamate N-H str.), 

3085 (sp2 C-H str.), 2967-2867 (sp3 C-H str.), 1704 (C=O str. of carbamate), 1643 (C=O str. of 

tertiary amide), 1517-1450 (aromatic C=C str.). HR-MS (m/z): [M+H]+ obsd. = 492.3677 (calc. = 

492.3437). 

 

Boc-Lys(Boc)-N-hexyl-1-Aminomethylbenzene (12b): Yield-97%. 1H NMR (CDCl3) δ/ppm:  

7.2 (ArH, 3H), 7.15 (d, ArH, 2H), 5.5 (m, Lys (ε-NH-Boc)-α-NH-boc, 1H), 4.97-4.56 (Ar-CH1H2-

N(R)Lys(boc)2 and α-CH of Lys(boc)2, 3H), 4.44 (d, Ar-CH1H2-N(R)Lys(boc)2,1H) 3.4-2.9 (δ-

CH2 of Lys(boc)2 and Ar-CH2-N(-CH2-C5H11)Lys(boc)2, 4H), 1.8-1.2 (-CO-[CH-CH2-CH2-CH2-

CH2-NH-COO-C(CH3)3]-NH-COO-C(CH3)3 of Lys(boc)2 and –CH2-(CH2)4-CH3 of R group, 

32H), 0.8 (m, Ar-CH2-N(-C5H10-CH3)Lys(boc)2, 3H). FT-IR (cm-1): 3354 (carbamate N-H str.), 

3085 (sp2 C-H str.), 2967-2867 (sp3 C-H str.), 1711 (C=O str. of carbamate), 1643 (C=O str. of 
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tertiary amide), 1517-1450 (aromatic C=C str.). HR-MS (m/z): [M+H]+ obsd. = 520.387 (calc. = 

520.375). 

 

Boc-Lys(Boc)-N-octyl-1-Aminomethylbenzene (13b): Yield-85%. 1H NMR (CDCl3) δ/ppm: 7.2 

(ArH, 3H), 7.15 (d, ArH, 2H), 5.5 (m, Lys (ε-NH-Boc)-α-NH-boc, 1H), 4.97-4.56 (Ar-CH1H2-

N(R)Lys(boc)2 and α-CH of Lys(boc)2, 3H), 4.44 (d, Ar-CH1H2-N(R)Lys(boc)2, 1H) 3.4-2.9 (δ-

CH2 of Lys(boc)2 and Ar-CH2-N(-CH2-C5H11)Lys(boc)2, 4H), 1.8-1.2 (-CO-[CH-CH2-CH2-CH2-

CH2-NH-COO-C(CH3)3]-NH-COO-C(CH3)3 of Lys(boc)2 and –CH2-(CH2)6-CH3 of R group, 

36H), 0.8 (m, Ar-CH2-N(-C7H14-CH3)Lys(boc)2, 3H). FT-IR (cm-1): 3354 (carbamate N-H str.), 

3085 (sp2 C-H str.), 2967-2867 (sp3 C-H str.), 1704 (C=O str. of carbamate), 1643 (C=O str. of 

tertiary amide), 1517-1450 (aromatic C=C str.). HR-MS (m/z): [M+H]+ obsd. = 548.3842 (calc. = 

548.4063). 

 

Boc-Lys(Boc)-N-decyl-1-Aminomethylbenzene (14b): Yield-71%. 1H NMR (CDCl3) δ/ppm: 

7.2 (ArH, 3H), 7.15 (d, ArH, 2H), 5.5 (m, Lys (ε-NH-Boc)-α-NH-boc, 1H), 4.97-4.56 (Ar-CH1H2-

N(R)Lys(boc)2 and α-CH of Lys(boc)2, 3H), 4.44 (d, Ar-CH1H2-N(R)Lys(boc)2, 1H) 3.4-2.9 (δ-

CH2 of Lys(boc)2 and Ar-CH2-N(-CH2-C5H11)Lys(boc)2, 4H), 1.8-1.2 (-CO-[CH-CH2-CH2-CH2-

CH2-NH-COO-C(CH3)3]-NH-COO-C(CH3)3 of Lys(boc)2 and –CH2-(CH2)6-CH3 of R group, 

40H), 0.8 (m, Ar-CH2-N(-C7H14-CH3)Lys(boc)2, 3H). FT-IR (cm-1): 3354 (carbamate N-H str.), 

3085 (sp2 C-H str.), 2967-2867 (sp3 C-H str.), 1704 (C=O str. of carbamate), 1643 (C=O str. of 

tertiary amide), 1517-1450 (aromatic C=C str.). HR-MS (m/z): [M+H]+ obsd. = 576.4376 (calc. = 

576.4376). 

 

Boc-Lys(Boc)-N-dodecyl-1-Aminomethylbenzene (15b): Yield-68%. 1H NMR (CDCl3) δ/ppm: 

7.2 (ArH, 3H), 7.15 (d, ArH, 2H), 5.5 (m, Lys (ε-NH-Boc)-α-NH-boc, 1H), 4.97-4.56 (Ar-CH1H2-

N(R)Lys(boc)2 and α-CH of Lys(boc)2, 3H), 4.44 (d, Ar-CH1H2-N(R)Lys(boc)2, 1H) 3.4-2.9 (δ-

CH2 of Lys(boc)2 and Ar-CH2-N(-CH2-C5H11)Lys(boc)2, 4H), 1.8-1.2 (-CO-[CH-CH2-CH2-CH2-

CH2-NH-COO-C(CH3)3]-NH-COO-C(CH3)3 of Lys(boc)2 and –CH2-(CH2)6-CH3 of R group, 

44H), 0.8 (m, Ar-CH2-N(-C7H14-CH3)Lys(boc)2, 3H). FT-IR (cm-1): 3354 (carbamate N-H str.), 

3085 (sp2 C-H str.), 2967-2867 (sp3 C-H str.), 1704 (C=O str. of carbamate), 1643 (C=O str. of 



92 
 

tertiary amide), 1517-1450 (aromatic C=C str.). HR-MS (m/z): [M+H]+ obsd. = 604.4678 (calc. = 

604.4689). 

 

Boc-Lys(Boc)-N-tetradecyl-1-Aminomethylbenzene (16b): Yield-67%. 1H NMR (CDCl3) 

δ/ppm: 7.2 (ArH, 3H), 7.15 (d, ArH, 2H), 5.5 (m, Lys (ε-NH-Boc)-α-NH-boc, 1H), 4.97-4.56 (Ar-

CH1H2-N(R)Lys(boc)2 and α-CH of Lys(boc)2, 3H), 4.44 (d, Ar-CH1H2-N(R)Lys(boc)2, 1H) 3.4-

2.9 (δ-CH2 of Lys(boc)2 and Ar-CH2-N(-CH2-C5H11)Lys(boc)2, 4H), 1.8-1.2 (-CO-[CH-CH2-CH2-

CH2-CH2-NH-COO-C(CH3)3]-NH-COO-C(CH3)3 of Lys(boc)2 and –CH2-(CH2)6-CH3 of R group, 

48H), 0.8 (m, Ar-CH2-N(-C7H14-CH3)Lys(boc)2, 3H). FT-IR (cm-1): 3354 (carbamate N-H str.), 

3085 (sp2 C-H str.), 2967-2867 (sp3 C-H str.), 1704 (C=O str. of carbamate), 1643 (C=O str. of 

tertiary amide), 1517-1450 (aromatic C=C str.). HR-MS (m/z): [M+H]+ obsd. = 632.5005 (calc. = 

632.5002). 

 

3.4.2.3. Deprotection of Boc groups  (1-16): Typically, the Boc-Lys(Boc)-N-alkyl-aromatic 

compounds (1b-16b, 0.35 mmol) were dissolved in DCM and subsequently CF3COOH (50% by 

volume) was added and stirred at RT. The reactions were monitored by TLC until complete 

removal of starting material was observed. All the volatile components were removed, and the 

product is purified by reverse phase HPLC using 0.1% Trifluoroacetic acid (TFA) in 

water/acetonitrile (0-100%) as mobile phase to more than 95% purity. C18 column (10mm 

diameter, 250 mm length) and UV detector (at 270 nm wavelength) were used. After drying the 

compounds in freeze drier, the compounds were characterized by 1H NMR, 13C NMR, IR and mass 

spectrometry. Peptoids of naphthalene have been reported to show presence of rotamers in 

solution. These compounds (Series I and Series II) too show existence of rotamers, as is evident 

from their NMR spectra. 
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Lys-N-ethyl-10-Aminomethyl-9-chloroanthracene trifluoroacetate (ACK-2, 1): 1H-NMR 

(D2O) δ/ppm: 8.48 (d, ArH, 2H), 8.13 (d, ArH, 2H), 7.71 (m, ArH, 

4H), 5.82 (d, Ar-CH1H2-N(R)Lys, 1H), 5.16 (d, Ar-CH1H2-N(R)Lys, 

1H), 4.4 (t, α-CH of Lys, 1H), 3.0 (m, ε-CH2 of Lys, 2H), 2.67 (m, Ar-

CH2-N(CH2CH3)Lys, 2H), 1.81 (m, γ-CH2 of Lys, 2H), 1.50 (m, δ-CH2 

of Lys, 2H), 1.28 (m, β-CH1H2 of Lys, 1H), 1.16 (m, β-CH1H2 of Lys, 

1H), 0.92 (t, N-CH2CH3 of R, 1H). 13C-NMR (CD3OD): 168.55, 

134.54, 131.22, 129, 128.54, 127.82, 127.45, 126.92, 126.73, 124.92, 

124.76, 40.41, 40.13, 39.92, 39.71, 39.5, 39.29, 39.08, 38.87, 38.68, 38.37, 38.24, 26.46, 26.37, 

20.76, 19.44, 19.11, 13.16 . FT-IR (cm-1): 3414 (primary amine N-H str.), 3089 (sp2 C-H str.), 

2967-2867 (sp3 C-H str.), 1678 (C=O str. of tertiary amide), 1517-1450 (aromatic C=C str.). HR-

MS (m/z): [M+H]+ obsd. = 398.1976 (calc. = 398.1999). 

 

Lys-N-butyl-10-Aminomethyl-9-chloroanthracene 

trifluoroacetate (ACK-4, 2): 1H-NMR (D2O) δ/ppm: 8.58 (d, ArH, 

2H), 8.24 (d, ArH, 2H), 7.71 (m, ArH, 4H), 5.92 (d, Ar-CH1H2-

N(R)Lys, 1H), 5.28 (d, Ar-CH1H2-N(R)Lys, 1H), 4.4 (t, α-CH of 

Lys, 1H), 3.0 (m, ε-CH2 of Lys, 2H), 2.67 (m, Ar-CH2-

N(CH2(CH2)2H3)Lys, 2H), 1.85 (m, γ-CH2 of Lys, 2H), 1.54 (m, δ-

CH2 of Lys, 2H), 1.47-1.11 (β-CH2 of Lys, 2H) 1-0.7 (m, Ar-CH2-

N(CH2CH2C2H5)Lys, 2H), 0.2 (m, Ar-CH2-N(C2H4CH2CH3)Lys, 2H), 0.1(t, Ar-CH2-

N(C3H6CH3)Lys, 3H). 13C-NMR (CD3OD): 169.78, 135.42, 133.04, 129.83, 128.19, 128.09, 

126.65, 125.65, 51.92, 46.12, 40.64, 40.14, 32.38, 32.02, 28.18, 22.69, 21.09, 20.73, 13.73. FT-IR 

(cm-1): 3414 (primary amine N-H str.), 3089 (sp2 C-H str.), 2962-2867 (sp3 C-H str.), 1678 (C=O 

str. of tertiary amide), 1517-1450 (aromatic C=C str.). HR-MS (m/z): [M+H]+ obsd. = 426.2283 

(calc. = 426.2312). 
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Lys-N-hexyl-10-Aminomethyl-9-chloroanthracene trifluoroacetate (ACK-6, 3): 1H NMR 

(D2O) δ/ppm: 8.23 (d, ArH, 2H), 7.94 (d, ArH, 2H), 7.49 (m, 

ArH, 4H), 5.60 (d, Ar-CH1H2-N(R)Lys, 1H), 5.03 (d, Ar-

CH1H2-N(R)Lys, 1H),4.23 (t, α-CH of Lys, 1H), 2.78 (m, ε-

CH2 of Lys, 2H), 2.7-2.23 (m, Ar-CH2-N(CH2C5H11)Lys, 2H), 

1.72 (m, γ-CH2 of Lys, 2H), 1.52 (m, δ-CH2 of Lys, 2H), 1.41-

1.19 (β-CH2 of Lys, 2H) 1.0-0.7 (Ar-CH2-

N(CH2CH2C4H9)Lys, 2H), 0.67-0.11 (Ar-CH2-N(C2H4-CH2-

CH2-CH2-CH3)Lys, 9H). 13C-NMR (CD3OD): 169.75, 133.08, 131.51, 129.88, 128.81, 128.22, 

128.08, 126.7, 125.63, 51.93, 46.5, 40.85, 40.16, 32.39, 32.13, 29.96, 28.23, 27.11, 23.28, 22.7, 

14.19.  FT-IR (cm-1): 3414 (primary amine N-H str.), 3089 (sp2 C-H str.), 2967-2867 (sp3 C-H 

str.), 1678 (C=O str. of tertiary amide), 1517-1450 (aromatic C=C str.). HR-MS (m/z): [M+H]+ 

obsd. = 454.2595 (calc. = 454.2625). 

 

Lys-N-octyl-10-Aminomethyl-9-chloroanthracene trifluoroacetate (ACK-8, 4): 1H NMR 

(D2O) δ/ppm: 8.04 (d, ArH, 2H), 7.94 (d, ArH, 2H), 7.35 

(m, ArH, 4H), 5.46 (d, Ar-CH1H2-N(R)Lys, 1H), 5.09 (d, 

Ar-CH1H2-N(R)Lys, 1H), 4.17 (t, α-CH of Lys, 1H), 2.82 

(m, ε-CH2 of Lys, 2H), 2.57-2.29 (m, Ar-CH2-

N(CH2C5H11)Lys, 2H), 1.73 (m, γ-CH2 of Lys, 2H), 1.52 

(m, δ-CH2 of Lys, 2H), 1.40-1.15 (β-CH2 of Lys, 2H), 1.0-

0.1 (Ar-CH2-N(CH3-(CH2)6-CH3)Lys, 15H). 13C-NMR 

(CD3OD): 169.8, 133.1, 131.47, 129.9, 128.81, 128.22, 128.08, 126.7, 125.63, 115.32, 114.2, 

53.31, 47, 40.85, 40.2, 32.45, 32.13, 30, 28.3, 27.23, 22.28, 21.7, 14.19. FT-IR (cm-1): 3414 

(primary amine N-H str.), 3089 (sp2 C-H str.), 2967-2867 (sp3 C-H str.), 1678 (C=O str. of tertiary 

amide), 1517-1450 (aromatic C=C str.). HR-MS (m/z): [M+H]+ obsd. = 482.290 (calc. = 482.293). 
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Lys-N-decyl-10-Aminomethyl-9-chloroanthracene trifluoroacetate (ACK-10, 5): 1H NMR 

(CD3OD) δ/ppm: 8.52 (d, ArH, 2H), 8.48 (d, ArH, 2H), 7.8-7.5 (ArH and Lys-ε-NH2, 6H), 6.04 

(d, Ar-CH1H2-N(R)Lys, 1H), 5.54 (d, Ar-CH1H2-

N(R)Lys, 1H), 4.3 (t, α-CH of Lys, 1H), 3.0-2.8 (ε-

CH2 of Lys and Ar-CH2-N(CH2C9H19)Lys, 4H), 

1.9-1.7 (γ-CH2 of Lys, 2H), 1.6-0.8 (β-CH2 of Lys, 

δ-CH2 of Lys and Ar-CH2-N(CH3-(CH2)8-CH3)Lys, 

23H). 169.79, 133.07, 131.5, 129.86, 128.78, 

128.16, 126.68, 125.67, 46.53, 40.14, 32.38, 32.02, 

28.18, 22.69, 21.09, 20.73, 13.73. FT-IR (cm-1): 3414 (primary amine N-H str.), 3089 (sp2 C-H 

str.), 2967-2867 (sp3 C-H str.), 1678 (C=O str. of tertiary amide), 1517-1450 (aromatic C=C str.). 

HR-MS (m/z): [M+H]+ obsd. = 510.3259 (calc. = 510.3251). 

 

Lys-N-butyl-1-Aminomethylnaphthalene trifluoroacetate (NCK-4, 6): 1H NMR (D2O) δ/ppm: 

8.14-7.76 (ArH, 3H) 7.75-7.19 (ArH, 4H), 5.59-5.0 (Ar-CH1H2-N(R)Lys, 2H), 4.5 (m, α-CH of 

Lys, 1H) 3.67-3.0 (Ar-CH2-N(CH2(CH2)2CH3)Lys, 2H), 2.84 (d, ε-

CH2 of Lys, 2H), 2.04-1.10 (β-CH2 of Lys, γ-CH2 of Lys, δ-CH2 of 

Lys and Ar-CH2-N(CH2(CH2)2CH3)Lys, 10H), 0.85 (m, Ar-CH2-

N(C3H6CH3)Lys, 3H). 13C-NMR (CD3OD): 170.49, 169.72, 

162.94, 135.51, 135.37, 133.19, 132.88, 132.68, 132.15, 130.03, 

129.95, 129.64, 128.59, 127.89, 127.51, 127.42, 127.18, 126.47, 

126.37, 124.65, 124.28, 123.49, 52.13, 51.92, 49.66, 49.45, 49.23, 49.02, 48.81, 48.59, 48.38, 

47.18, 47, 40.19, 32.13, 31.6, 31.45, 30.55, 28.21, 28.09, 22.66, 22.58, 21.15, 20.88, 14.12, 14.05 

FT-IR (cm-1): 3414 (primary amine N-H str.), 3089 (sp2 C-H str.), 2967-2867 (sp3 C-H str.), 1678 

(C=O str. of tertiary amide), 1517-1450 (aromatic C=C str.). HR-MS (m/z): [M+H]+ obsd. = 

342.26`29 (calc. = 342.2545). 
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Lys-N-hexyl-1-Aminomethylnaphthalene trifluoroacetate (NCK-6, 7): 1H NMR (D2O) δ/ppm: 

7.87-7.5 (ArH, 2H) 7.5-7.0 (ArH, 5H), 5.14 (d, Ar-CH1H2-N(R)Lys, 1H), 4.48 (d, Ar-CH1H2-

N(R)Lys, 1H) 4.37 (m, α-CH of Lys, 1H), 3.21-2.7 (Ar-CH2-

N(CH2(CH2)2CH3)Lys and ε-CH2 of Lys, 4H), 1.94-1.19 (β-

CH2 of Lys, γ-CH2 of Lys, δ-CH2 of Lys and Ar-CH2-

N(CH2CH2C3H7)Lys, 8H), 0.85 (m, Ar-CH2-

N(C2H4C3H6CH3)Lys, 6H), 0.65 (m, Ar-CH2-

N(C5H10CH3)Lys, 3H). 13C-NMR (CD3OD): 169.94, 163.28, 

135.51, 135.37, 133.22, 132.9, 132.69, 132.18, 130.03, 129.96, 129.65, 128.63, 127.89, 127.52, 

127.41, 127.18, 126.47, 126.38, 124.66, 124.38, 123.5, 52.12, 51.93, 47.27, 40.2, 32.64, 32.56, 

32.25, 31.73, 29.39, 28.37, 28.24, 28.11, 27.65, 27.37, 23.58, 23.54, 22.71, 22.62, 14.34, 14.31 

FT-IR (cm-1): 3414 (primary amine N-H str.), 3089 (sp2 C-H str.), 2967-2867 (sp3 C-H str.), 1678 

(C=O str. of tertiary amide), 1517-1450 (aromatic C=C str.). HR-MS (m/z): [M+H]+ obsd. = 

370.2849 (calc. = 370.2858). 

 

Lys-N-octyl-1-Aminomethylnaphthalene trifluoroacetate (NCK-8, 8): 1H NMR (D2O) δ/ppm: 

7.71-7.5 (ArH, 2H) 7.44-6.91 (ArH, 5H), 5.0 (d, Ar-CH1H2-N(R)Lys, 1H), 4.4 (d, Ar-CH1H2-

N(R)Lys, 1H) 4.29 (m, α-CH of Lys, 1H), 3.18-2.59 (Ar-CH2-N(CH2(CH2)2CH3)Lys and ε-CH2 

of Lys, 4H), 1.87-1.60 (d, γ-CH2 of Lys, 2H), 1.60-1.02 

(β-CH2 of Lys, δ-CH2 of Lys and Ar-CH2-

N(CH2CH2C6H13)Lys, 6H), 0.85 (m, Ar-CH2-

N(C2H5(CH2)5CH3)Lys, 10H), 0.56 (m, Ar-CH2-

N(C7H14CH3)Lys, 3H). 13C-NMR (CD3OD): 169.94, 

163.28, 135.51, 135.37, 133.22, 132.9, 132.69, 132.18, 

130.03, 129.96, 129.65, 128.63, 127.89, 127.52, 127.41, 127.18, 126.47, 126.38, 124.66, 124.38, 

123.5, 52.12, 51.93, 47.27, 40.2, 32.64, 32.56, 32.25, 31.73, 29.39, 28.37, 28.24, 28.11, 27.65, 

27.37, 23.58, 23.54, 22.71, 22.62, 14.34, 14.31. FT-IR (cm-1): 3414 (primary amine N-H str.), 3089 

(sp2 C-H str.), 2967-2867 (sp3 C-H str.), 1678 (C=O str. of tertiary amide), 1517-1450 (aromatic 

C=C str.). HR-MS (m/z): [M+H]+ obsd. = 398.3228 (calc. = 398.3171). 
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Lys-N-decyl-1-Aminomethylnaphthalene trifluoroacetate (NCK-10, 9): 1H NMR (CD3OD) 

δ/ppm: 8.2-7.8 (ArH, 3H) 7.7-7.3 (ArH, 4H), 5.6 (d, Ar-CH1H2-N(R)Lys, 1H), 4.7 (d, Ar-CH1H2-

N(R)Lys, 1H) 4.4 (m, α-CH of Lys, 1H), 3.6-2.59 

(Ar-CH2-N(CH2(CH2)2CH3)Lys and ε-CH2 of Lys, 

4H), 2-1.8 (d, γ-CH2 of Lys, 2H), 1.70-1.4 (β-CH2 of 

Lys, δ-CH2 of Lys and Ar-CH2-

N(CH2CH2C6H13)Lys, 6H), 1.4-1.1 (m, Ar-CH2-

N(C2H5(CH2)5CH3)Lys, 14H), 0.8 (m, Ar-CH2-

N(C7H14CH3)Lys, 3H). 13C-NMR (CD3OD): 

170.46, 169.72, 163.07, 162.72, 35.51, 135.37, 133.22, 132.92, 132.65, 132.2, 130.04, 129.99, 

129.68, 128.67, 127.91, 127.53, 127.42, 127.19, 126.47, 126.37, 124.65, 124.46, 123.5, 119.58, 

116.67, 52.15, 51.94, 49.66, 49.45, 49.31, 49.24, 49.02, 48.81, 48.6, 48.39, 47.31, 40.2, 33.03, 

32.13, 31.6, 30.62, 30.58, 30.55, 30.39, 30.33, 29.42, 28.36, 28.22, 28.09, 27.94, 27.67, 23.72, 

22.67, 22.59, 14.43. FT-IR (cm-1): 3414 (primary amine N-H str.), 3089 (sp2 C-H str.), 2967-2867 

(sp3 C-H str.), 1678 (C=O str. of tertiary amide), 1517-1450 (aromatic C=C str.). HR-MS (m/z): 

[M+H]+ obsd. = 426.3458 (calc. = 426.3484). 

 

Lys-N-dodecyl-1-Aminomethylnaphthalene trifluoroacetate (NCK-12, 10): 1H NMR 

(CD3OD) δ/ppm: 8.2-7.8 (ArH, 3H) 7.7-7.3 (ArH, 4H), 5.6 (d, Ar-CH1H2-N(R)Lys, 1H), 4.7 (d, 

Ar-CH1H2-N(R)Lys, 1H) 4.4 (m, α-CH of Lys, 

1H), 3.6-2.59 (Ar-CH2-N(CH2(CH2)2CH3)Lys 

and ε-CH2 of Lys, 4H), 2-1.8 (d, γ-CH2 of Lys, 

2H), 1.70-1.4 (β-CH2 of Lys, δ-CH2 of Lys and 

Ar-CH2-N(CH2CH2C6H13)Lys, 6H), 1.4-1.1 (m, 

Ar-CH2-N(C2H5(CH2)5CH3)Lys, 18H), 0.8 (m, 

Ar-CH2-N(C7H14CH3)Lys, 3H). 13C-NMR 

(CD3OD): 133.23, 132.93, 130.05, 130, 128.71, 127.52, 127.19, 126.37, 124.66, 51.94, 49.65, 

49.44, 49.23, 49.01, 48.8, 48.59, 48.37, 47.29, 40.21, 33.06, 32.18, 30.72, 30.58, 30.54, 30.46, 

30.34, 29.43, 28.27, 27.68, 23.73, 22.68, 14.43. FT-IR (cm-1): 3414 (primary amine N-H str.), 3089 

(sp2 C-H str.), 2967-2867 (sp3 C-H str.), 1678 (C=O str. of tertiary amide), 1517-1450 (aromatic 

C=C str.). HR-MS (m/z): [M+H]+ obsd. = 454.3793 (calc. = 454.3797). 
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Lys-N-butyl-1-Aminomethylbenzene trifluoroacetate (BCK-4, 11): 1H-NMR (D2O) δ/ppm: 

7.36-7.09 (ArH, 5H) 4.63 (t, 1H), 4.53-4.29 (2H), 3.36-3.08 (Ar-CH2-N(CH2(CH2)2CH3)Lys, 2H), 

2.94-2.87 ((m, ε-CH2 of Lys, 2H), 1.90-1.3 (β-CH2 of Lys, γ-

CH2 of Lys, δ-CH2 of Lys and Ar-CH2-N(CH2CH2C2H5)Lys, 

8H), 1.10 (m, Ar-CH2-N(C2H4CH2CH3)Lys, 2H), 0.72 (t, Ar-

CH2-N(C3H6CH3)Lys, 3H). 13C-NMR (CD3OD): 170.14, 

170.11, 163.6, 163.26, 162.92, 162.57, 138.38, 137.55, 

130.13, 129.76, 129.16, 129.1, 128.75, 128.03, 122.59, 

119.68, 116.77, 113.86, 52.02, 51.87, 51.73, 49.85, 49.69, 

49.48, 49.27, 49.05, 48.84, 48.63, 48.42, 47.93, 40.27, 40.2, 32.62, 31.89, 31.68, 29.65, 28.17, 

28.1, 28.06, 27.62, 27.42, 23.57, 22.65, 22.61, 14.35. FT-IR (cm-1): 3414 (primary amine 

N-H str.), 3089 (sp2 C-H str.), 2967-2867 (sp3 C-H str.), 1678 (C=O str. of tertiary amide), 1517-

1450 (aromatic C=C str.). HR-MS (m/z): [M+H]+ obsd. = 292.2369 (calc. = 292.2389). 

 

Lys-N-hexyl-1-Aminomethylbenzene trifluoroacetate (BCK-6, 12): 1H-NMR (D2O) δ/ppm: 

7.36-7.09 (ArH, 5H) 4.63 (t, 1H), 4.53-4.29 (2H), 3.36-

3.08 (Ar-CH2-N(CH2(CH2)2CH3)Lys, 2H), 2.94-2.87 (m, 

ε-CH2 of Lys, 2H), 1.90-1.3 (β-CH2 of Lys, γ-CH2 of 

Lys, δ-CH2 of Lys and Ar-CH2-N(CH2CH2C4H9)Lys, 

8H), 1.10 (d, Ar-CH2-N(C2H4(CH2)3CH3)Lys, 6H), 0.72 

(t, Ar-CH2-N(C5H10CH3)Lys, 3H). 13C-NMR (CD3OD): 

170.08, 170, 138.38, 137.57, 130.15, 129.75, 129.18, 

129.11, 128.77, 127.93, 52.01, 51.79, 51.69, 49.75, 49.65, 49.43, 49.29, 49.22, 49.01, 48.8, 48.58, 

48.37, 48.09, 47.67, 40.27, 40.21, 31.93, 31.77, 31.71, 30.26, 28.24, 28.18, 22.64, 21.11, 20.92, 

14.08. FT-IR (cm-1): 3414 (primary amine N-H str.), 3089 (sp2 C-H str.), 2967-2867 (sp3 C-H str.), 

1678 (C=O str. of tertiary amide), 1517-1450 (aromatic C=C str.). HR-MS (m/z): [M+H]+ obsd. = 

320.2732 (calc. = 320.2702). 

 



99 
 

Lys-N-octyl-1-Aminomethylbenzene trifluoroacetate (BCK-8, 13): 1H-NMR (D2O) δ/ppm: 

7.36-7.09 (ArH, 5H) 4.8 (d, 1H), 4.6 (d, 1H) 4.53-4.3 (2H), 3.36-3.08 (Ar-CH2-

N(CH2(CH2)2CH3)Lys, 2H), 2.94-2.87 ((m, ε-CH2 of 

Lys, 2H), 2.1-1.3 (β-CH2 of Lys, γ-CH2 of Lys, δ-CH2 

of Lys and Ar-CH2-N(CH2CH2C6H13)Lys, 8H), 1.36-

0.97 (Ar-CH2-N(C2H4(CH2)5CH3)Lys, 10H), 0.84 (t, 

Ar-CH2-N(C7H14CH3)Lys, 3H). 13C-NMR (CD3OD): 

170.11, 170.07, 163.63, 163.29, 162.94, 162.6, 138.4, 

137.56, 130.13, 129.75, 129.18, 129.11, 128.76, 128.01, 

122.6, 119.69, 116.78, 113.87, 52.01, 51.86, 51.71, 49.84, 49.67, 49.46, 49.24, 49.03, 48.82, 48.61, 

48.39, 47.94, 40.26, 40.2, 32.95, 31.9, 31.69, 30.39, 30.34, 30.29, 29.71, 28.21, 28.13, 28.09,  

27.94, 27.74, 23.69, 22.64, 22.62, 14.43. FT-IR (cm-1): 3414 (primary amine N-H str.), 3089 (sp2 

C-H str.), 2967-2867 (sp3 C-H str.), 1678 (C=O str. of tertiary amide), 1517-1450 (aromatic C=C 

str.). HR-MS (m/z): [M+H]+ obsd. = 348.3016 (calc. = 348.3015). 

 

Lys-N-decyl-1-Aminomethylbenzene trifluoroacetate (BCK-10, 14): 1H-NMR (CD3OD) 

δ/ppm: 7.5-7.2 (ArH, 5H) 4.8 (t, Ar-CH1H2-

N(R)Lys, 1H), 4.6 (d, Ar-CH1H2-N(R)Lys, 1H) 

4.4 (m, α-CH of Lys, 1H) 1H), 3.6-3.2 (Ar-CH2-

N(CH2(CH2)2R)Lys, 2H), 2.94-2.87 ((m, ε-CH2 of 

Lys, 2H), 2.0-1.4 (β-CH2 of Lys, γ-CH2 of Lys, δ-

CH2 of Lys and Ar-CH2-N(CH2CH2C6H13)Lys, 

8H), 1.4-1.2 (Ar-CH2-N(C2H4(CH2)5CH3)Lys, 

14H), 0.84 (t, Ar-CH2-N(C7H14CH3)Lys, 3H). 13C-NMR (CD3OD): 170.06, 170.02, 162.97, 

162.62, 138.4, 137.55, 130.14, 129.75, 129.2, 129.11, 128.77, 128, 119.53, 116.63, 52.02, 51.88, 

51.72, 49.86, 49.66, 49.45, 49.31, 49.24, 49.02, 48.81, 48.6, 48.38, 47.99, 40.26, 40.2, 33.03, 31.9, 

31.69, 30.65, 30.61, 30.41, 30.36, 29.72, 28.21, 28.14, 28.09, 27.93, 27.75, 23.72, 22.63, 14.43. 

FT-IR (cm-1): 3414 (primary amine N-H str.), 3089 (sp2 C-H str.), 2967-2867 (sp3 C-H str.), 1678 

(C=O str. of tertiary amide), 1517-1450 (aromatic C=C str.). HR-MS (m/z): [M+H]+ obsd. = 

376.3317 (calc. = 376.3328). 
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Lys-N-dodecyl-1-Aminomethylbenzene trifluoroacetate (BCK-12, 15): 1H-NMR (CD3OD) 

δ/ppm: 7.5-7.2 (ArH, 5H) 4.8 (t, Ar-CH1H2-

N(R)Lys, 1H), 4.6 (d, Ar-CH1H2-N(R)Lys, 

1H) 4.4 (m, α-CH of Lys, 1H) 1H), 3.6-3.2 

(Ar-CH2-N(CH2(CH2)2R)Lys, 2H), 2.94-

2.87 ((m, ε-CH2 of Lys, 2H), 2.0-1.4 (β-CH2 

of Lys, γ-CH2 of Lys, δ-CH2 of Lys and Ar-

CH2-N(CH2CH2C6H13)Lys, 8H), 1.4-1.2 

(Ar-CH2-N(C2H4(CH2)5CH3)Lys, 18H), 

0.84 (t, Ar-CH2-N(C7H14CH3)Lys, 3H). 13C-NMR (CD3OD): 170.08, 170.04, 163.28, 162.93, 

162.58, 138.39, 137.55, 130.14, 129.75, 129.19, 129.11, 128.76, 128.01, 119.5, 116.59, 52.02, 

51.88, 51.72, 49.86, 49.67, 49.46, 49.25, 49.04, 48.82, 48.61, 48.4, 47.99, 40.26, 40.2, 33.07, 

31.89, 31.68, 30.74, 30.69, 30.61, 30.47, 30.43, 30.37, 29.71, 28.2, 28.09, 27.94, 27.75, 23.74, 

22.63, 14.45. FT-IR (cm-1): 3414 (primary amine N-H str.), 3089 (sp2 C-H str.), 2967-2867 (sp3 

C-H str.), 1678 (C=O str. of tertiary amide), 1517-1450 (aromatic C=C str.). HR-MS (m/z): 

[M+H]+ obsd. = 404.3628 (calc. = 404.3641). 

 

Lys-N-tetradecyl-1-Aminomethylbenzene trifluoroacetate (BCK-14, 16): 1H-NMR (CD3OD) 

δ/ppm: 7.36-7.09 (ArH, 5H) 4.6 (t, 1H), 4.53-4.3 (2H), 3.36-3.08 (Ar-CH2-N(CH2(CH2)2CH3)Lys, 

2H), 2.94-2.87 ((m, ε-CH2 of Lys, 2H), 

2.1-1.3 (β-CH2 of Lys, γ-CH2 of Lys, δ-

CH2 of Lys and Ar-CH2-

N(CH2CH2C6H13)Lys, 8H), 1.36-0.97 

(Ar-CH2-N(C2H4(CH2)5CH3)Lys, 22H), 

0.84 (t, Ar-CH2-N(C7H14CH3)Lys, 3H). 

13C-NMR (CD3OD): 170.04, 169.99, 

138.4, 137.55, 130.14, 129.74, 129.21, 129.12, 128.77, 128, 52.03, 51.89, 51.72, 49.44, 49.23, 

49.01, 48.8, 48.59, 40.27, 40.21, 33.06, 31.9, 31.69, 30.77, 30.74, 30.68, 30.59, 30.45, 30.36, 

29.72, 28.23, 28.15, 28.1, 27.93, 27.75, 23.72, 22.62, 14.41. FT-IR (cm-1): 3414 (primary amine 

N-H str.), 3089 (sp2 C-H str.), 2967-2867 (sp3 C-H str.), 1678 (C=O str. of tertiary amide), 1517-

1450 (aromatic C=C str.). HR-MS (m/z): [M+H]+ obsd. = 432.3954 (calc. = 432.3954). 
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3.4.3 In vitro biological assays 

 

3.4.3.1 In vitro susceptibility studies: The MIC of the compounds against different bacterial 

strains were determined using a standardized protocol as described in chapter 2 (Section 2.4.3.1).  

 

3.4.3.2 Hemolytic Activity: Hemolytic experiments were performed using a standardized protocol 

as described in chapter 2 (Section 2.4.3.2).  

 

3.4.3.3 Bactericidal time-kill kinetics: Kinetics of bactericidal activity was performed according 

to the protocol described in chapter 2 (Section 2.4.3.3). 

 

3.4.3.4 Propensity to induce resistance development in bacteria: This was performed following 

the protocol described in chapter 2 (Section 2.4.3.4). 

 

3.4.3.5 Antibacterial activity in different physiological conditions: The experiment was 

performed using the protocol described in Chapter 2 (2.4.3.5) 

 

3.4.3.6 Mechanism of action: The assays for determining the mechanism of action of the 

compounds were performed according to a standardized protocol as described in chapter 2 (Section 

2.4.4). 

 

3.4.3.6.4 Live dead assay: To 1 mL of bacterial suspension containing 109 CFU/mL, 10 times 

MIC of ACK-6 was added to make a final volume of 1 mL of suspension (final concentration 1 × 

109 cells/mL), and another 1 mL was left untreated as a control. The mixture was incubated for 1.5 

h, centrifuged (12,000 rpm for 1 min), and resuspended in 50 μL of PBS. 5μL 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 PI (Sigma-Aldrich, USA). The mixture was incubated in the dark for 15 min, and a 5 μL 

aliquot was placed on a glass slide, which was then covered with a coverslip, sealed, and examined 

under a fluorescence microscope. Excitation was carried out for SYTO 9 at 450−490 nm and for 
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PI at 515−560 nm. 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.  

 

3.4.3.6.5 Visualization of the effect on membranes of bacteria: The bacterial cells were cultured 

for 6 h in suitable media (LB broth for E. coli and yeast dextrose broth for S. aureus) at 37 °C. The 

cells were centrifuged and resuspended in nutrient media at pH 7.4 (106 cells/mL). The suspension 

was divided into two portions. To one portion (1 mL) was added 10 × MIC of compounds 3 and 

7. The other portion was left untreated as a control. The suspension was then incubated at 37°C 

for 2 h (at 250 rpm shaking speed), and the cells from both tubes were harvested by centrifugation 

at 12,000 rpm. After treatment, the cells were dehydrated sequentially with 30, 50, 70, 80, 90, and 

100% ethanol for 15 min. Later, 5 μL of dehydrated cells was dropped on a small piece of silicon 

wafer and dried at room temperature. Before being imaged, the silicon wafer containing S. aureus 

was sputter coated, and E. coli was used directly for imaging without sputtering. Images were 

recorded by using Quanta 3D FEG FEI field-emission scanning electron microscopy at 20 kV for 

S. aureus and 10 kV for E. coli. 

 

3.4.3.7 MICs of the compounds against several strains of Clostridium difficile and its spores: 

The Clostridium difficile strains are deposited at Purdue University and their corresponding strain 

numbers have been mentioned. They were obtained from Purdue University. The strains were 

grown on Anaerobic blood agar plate (Becton Dickinson, BD) and 0.5 McFarland standard 

solution was prepared and diluted 1:300 in brain heart infusion supplemented medium (Brain heart 

infusion medium, BD, supplemented with yeast extract, L-cysteine, Vitamin K1 and Hemin, 

Sigma). Drugs were added at the required concentration in the first row of a 96-well plates, 100 

µL of the bacterial suspension was added to all the wells of the plates and two-fold serial dilution 

was done in each plate. Plates were then incubated at 37° C anaerobically for 48 hours.  MICs 

reported in Figure 3.6 are the Minimum concentrations of the drugs that could inhibit the visual 

growth of the bacteria.  

Spores were prepared by streaking C. difficile HM-88 on BHIS agar plate for 4 days 

followed by scrapping the colonies and suspending them in sterile water and incubation at 4˚C 
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overnight. The suspension is then heat shocked at 70˚ C for 20 minutes and stored at 4˚C till use. 

Before use the spore preparation was serially diluted and counted using BHIS agar plate containing 

0.1% taurocholic acid sodium salt as a germinant. Spore preparation was diluted to about 106 spore 

mL-1 in BHIS broth containing 0.1% taurocholic acid and incubated with drugs at the required 

concentration for 24 hours at 37 ˚C before the outgrowth inhibitory concentration (OIC) was 

recorded for each drug. The OIC is the minimum concentration required to inhibit the visual 

growth of the spores after 24-hour incubation in a medium containing germinant. 

 

3.4.3.8 Effect of the compounds on human gut normal flora: Two types of bacterial species 

were used in this experiment, namely Bifidobacterium and Lactobacillus. Both bacteria were first 

grown for 48 hours at 37˚ C, anaerobically using anaerobic blood agar for Bifidobacterium and in 

5% CO2 using MRS agar plate for Lactobacillus. Each bacterium was suspended in phosphate 

buffered saline (PBS) to form a solution with optical density equal to 0.5 McFarland standard and 

diluted in brain heart infusion supplemented medium for Bifidobacterium or in MRS broth for 

Lactobacillus to achieve bacterial concentration of approximately 1 x 105 CFU mL-1. Bacteria were 

then added to 96-well plates containing serial dilutions of the compounds and incubated as 

mentioned for each species for 48 hours. MICs reported are the Minimum concentrations of the 

drugs that could inhibit the visual growth of the bacteria. 

 

3.4.4 In vivo studies 

3.4.4.1 Acute dermal toxicity: Acute dermal toxicity of NCK-10 was determined as mentioned 

in Chapter 2 (Section 2.4.5.1) 

 

3.4.4.2 MRSA skin infection: The experiment was performed following several previously 

published protocols with modification. 185-188  6 to 8 weeks-old male BALB/c mice (18-22g) were 

used for the experiments. The mice were anesthetized by intraperitoneal injection of xylazine-

ketamine cocktail. The fur on the back of the mice were then shaved using a sterile razor. The fur 

was shaved in a manner to induce a wound, that is, reddening and glistening of the exposed skin 

was observed without bleeding. To this visibly damaged area (~2 cm2) of the skin, a bacterial 

infection was initiated by placing on the skin a 20 μL droplet containing 107 cells of MRSA. This 
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was allowed to dry for 20 minutes and it was ensured that the droplet stayed within the shaved 

area.  In the first experiment one group of mice (n=5) were treated after 4h with 40 μL of NCK-10 

(concentration of 20 mg mL-1) at the site of infection (on the shaved area of the skin where bacteria 

was added). The droplet was gently spread on the entire surface of the wound to avoid any drop 

from rolling down the sides. Another group of mice (n=4) were dosed with Fusidic acid, a 

comparator drug, at exactly the same concentration. The dosage for both the compounds were 

continued for seven days. One group of mice (n=) were left untreated and served as a control. 18h 

after the last dose (to prevent carryover effects) the mice were sacrificed using isofluorane and the 

infected skin (on the back of the mice) was severed aseptically. The severed part was weighed and 

placed into about 10 mL of sterile saline and homogenized. The dilutions of the homogenate were 

plated onto agar plates, which were incubated overnight at about 37°C. The bacterial titer was 

expressed as log10 CFU g-1 of weight of the tissue collected and expressed as mean ± S.E.M 

(standard error of mean). 

 

3.4.4.3 A. baumannii burn infection: Activity of NCK-10 against burn infections caused by A. 

baumannii was determined as mentioned in Chapter 2 (Section 2.4.5.2). 
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Chapter 4 

 

Biphenyl-alkyl-lysines: Selective antibacterial agents 

that also kill intracellular bacteria 
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Abstract 

 

In Chapters 2 and 3, several novel small molecules which possessed potent antibacterial activity 

against aerobic and anaerobic bacteria were introduced. Although, the compound of study in 

Chapter 2 (C10-K-C8) was toxic to mice skin, that of Chapter 3 (NCK-10) was not. However, their 

in vitro selectivity warranted much improvement. In this Chapter, biphenyl based novel cationic 

antibacterial agents that inactivate various Gram-positive and Gram-negative bacteria are 

described. An optimized compound was shown to inhibit cell-wall bio-synthesis of bacteria and 

also perturbed the polarization of cell membranes. Although, the activity against almost all 

microorganisms were retained, there was significant increase in selectivity. An interesting 

property of this class of compounds was their ability to clear intracellular infections of methicillin 

resistant S. aureus (MRSA). This compound too was non-toxic to mice skin till 200 mg kg-1. In 

murine models of infection, this compound was found to outperform NCK-10 against both MRSA 

model of skin infection and A. baumannii model of burn infection.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(1) Ghosh, C. et al. “L-lysine based lipidated biphenyls as agents with anti-biofilm and anti-inflammatory 

properties that also inhibit intracellular bacteria” (Manuscript under revision) 
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4.1 Introduction 

So far, in Chapters 2 and 3 we had introduced several membrane-active small molecules that, 

although extremely effective, warranted improvement in selectivity. Apart from achieving 

selective antibacterial activity several other manifestations of bacteria need to be taken care of. 

Persistent infections caused by bacteria, especially S. aureus, continue to pose a severe hurdle for 

health care personnel all over the world.189 Other than causing mild skin infections and wound 

infections, they are known to cause serious diseases such as endocarditis, pneumonia, 

osteomyelitis and sepsis.190 Further, S. aureus can also evade phagocytosis and cause intracellular 

infections.191 Of more serious concern is the fact that S. aureus has developed resistance against 

frontline antibiotics such as vancomycin, linezolid, daptomycin which has left the antibiotic 

coffers almost empty.192 A bigger cause of worry is that MRSA is not confined to the clinics 

anymore and causes significant problem in community. Moreover, no single drug exists that can 

treat all the manifestations of S. aureus infections. In this regard, there is a continuous need for 

novel antistaphylococcal agents, preferably ones with a novel mechanism of action. Although 

antimicrobial peptides and their mimics represent promising therapeutic candidates, they are yet 

to achieve clinical translation.54, 58, 73, 79, 85, 166, 167, 170, 172, 193-196  

 

4.2 Results and discussion 

4.2.1 Design and Synthesis  

Herein, we report lipidated-biphenyl-lysines which contain four cationic charges, two lipid tails 

and a biphenyl core. It was envisioned that increase in positive charge residues might lead to an 

increase in selectivity, in addition to imparting new properties to the molecule. The compounds 

were prepared in three simple synthetic steps which is depicted in Scheme 4.1. The first step 

involved reaction of 4,4´-Bis(chloromethyl)-1,1´-biphenyl with alkylamines (which were 

butylamine, hexylamine, octylamine, decylamine and dodecylamine). The resultant secondary 

amines were reacted with Boc-Lys(boc)-OH using HBTU coupling chemistry and removal of the 

Boc groups yielded the final compounds:4-BPCK-4 (1), 6-BPCK-6 (2), 8-BPCK-8 (3), 10-BPCK-

10 (4), 12-BPCK-12 (5). The final compounds were then purified (to >95%) using reverse phase 

HPLC and characterized using NMR, IR and HR-MS. The details of synthesis and characterization 
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has been furnished in the experimental section.  The final compounds were purified by HPLC to 

more than 95% purity and characterized by 1H-NMR, 13C-NMR, IR and HR-MS. Two significant 

features of these compounds are that there is no imposed structural rigidity in their design and that 

they include an N-disubstituted or tertiary amide bond.  

 

4.2.2 Antibacterial activity and selectivity 

The antibacterial efficacy of these compounds was evaluated against various Gram-positive (S. 

aureus and E. faecium) and Gram-negative (E. coli, K. pneumoniae and P. aeruginosa) bacteria 

and the results are presented in Table 4.1. The hemolytic activity has also been represented in 

Table 4.1. 4-BPCK-4 (1), which contains a butyl chain was not active against most of the bacteria 

tested. Activity of 6-BPCK-6 (2), which contains hexyl chains, against all the strains of bacteria 

 

 

Scheme 4.1: General scheme for the synthesis of the compounds  
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tested is commendable. It shows MICs of 2.8 µM against S. aureus and 5.7 µM against E. faecium. 

Against the Gram-negative bacteria, E. coli, P. aeruginosa and K. pneumoniae, it displayed MICs 

of 4.1 µM, 4.6 µM and 5.7 µM respectively. 8-BPCK-8, the octyl analogue was quite active against 

most of the bacteria tested. Against S. aureus it was active at 2.7 µM while against both E. coli 

and P. aeruginosa, the activity was 2 µM. Only against K. pneumoniae, there was little loss in 

activity (MIC of 4.6 µM). The decyl analogue, 10-BPCK-10, was not very active against P. 

aeruginosa and K. pneumoniae. But against S. aureus and E. coli, activity ranged from 2.6 µM to 

4.2 µM. On moving to the dodecyl chain analogue, the activity was totally compromised (MIC 

>50 µM).  

None of the compounds were haemolytic at their MICs which was determined by evaluation of 

the HC50 values (the concentration at which 50% of human erythrocytes were lysed). As can be 

seen in Table 4.1, compound 4 (10-BPCK-10) was the most haemolytic compound (HC50 of 65 

μM) while 1 (4-BPCK-4) was the least toxic compound (HC50 of 390 µM). However, among the 

Table 4.1: Activity against Gram-positive and Gram-negative pathogens 

 

Values are the averages of at least two experiments, each done in triplicate (error <5%) 

Compounds

Minimum inhibitory concentration (μM)
HC50

(μM)

S. aureus E. faecium E. coli P. aeruginosa K. pneumoniae

4-BPCK-4 24 50 50 50 >50 390

6-BPCK-6 2.8 5.7 4.1 4.6 5.7 210

8-BPCK-8 2.7 2.7 2.0 2.0 4.6 115

10-BPCK-10 2.6 2.6 4.2 >50 30 65

12-BPCK-12
>50 >50 >50 >50 >50

80
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active compounds, compound 2 (6-BPCK-6) emerged to be the most selective compound (HC50 

of 210 µM).  Due to its superior selectivity, further studies were carried out with this compound.  

Against a vancomycin resistant strain of E. faecium the compound (6-BPCK-6) was active 

at 5 μM. There were a total of three strains of Staphylococcus aureus against which the compound 

was tested. One of them was a laboratory strain obtained from ATCC while the other two were 

MDR clinical isolates. All the strains were susceptible to 0.7 μM of vancomycin. Against 

methicillin-susceptible and methicillin-resistant strains of S. aureus, 6-BPCK-6 exhibited an MIC 

of 3 µM as well. This emphasized on the strong activity of the compound against Gram-positive 

strains. Subsequently, we tested the activity of the compound against the Gram-negative strains of 

ESKAPE groups of pathogens which included K. pneumoniae, A. baumannii, P. aeruginosa and 

 

Table 4.2: Activity against drug-resistant strains of ESKAPE pathogens 

Bacterial Strains MIC of 6-BPCK-6 

(μM) 

E Vancomycin-resistant 

Enterococcus faecium  

3 

S MRSA ATCC  33591 

MRSA R3889 

MRSA R3890 

3 

3 

3 

K K. pneumoniae R3421 

K. pneumoniaeR2146 

>50 

>50 

A A. baumannii R674 

A. baumannii R676 

5.7 

5.7 

P P. aeruginosa R590 5.7 

E E. coli  R250 10 

Values are the averages of at least two experiments, each done in triplicate (error <5%) 
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E. coli. Although the compound was active against the ATCC strain of K. pneumoniae (Table 4.1), 

it was not active against the clinical isolates. The MIC of the compound against both the strains of 

A. baumannii (R674 and R676) was also 5.7 μM. The activity of the compound against P. 

aeruginosa R590 was 5.7 μM. The last representative of the ESKAPE group of pathogens was E. 

coli which belong to the family of Enterobacteriaceae. Against the clinical isolate E. coli R250, 

the compound displayed an activity of 10 μM. Further, activity of the compound against some 

New Delhi-metallo-β-Lactamase producing Gram-negative bacteria was also conducted, however, 

the compound was not very active against most of these strains. 

 

4.2.3 Kinetics of antibacterial activity 

 First we checked, the time kill kinetics of 6-BPCK-6 against S. aureus (Figure 1A). The compound 

showed static effect at MIC. Only at 5×MIC, did it show bactericidal activity in 6h. Aryl-alkyl-

lysines were earlier shown to be rapidly bactericidal; this property was attributed to their 

membrane active nature. The fact that this compounds were not rapidly bactericidal, pointed 

towards a different mechanism of action, other than infiltration of bacterial membrane. 

                          

Figure 4.1: Time kill-kinetics of 6-BPCK-6 against S. aureus. * indicates no bacteria 

observed. Detection limit is 50 CFU mL-1. MIC considered is 3 µM. 
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4.2.4 Propensity to induce resistance development 

We then checked the ability of 6-BPCK-6 to stall resistance development in S. aureus and E. coli. 

Serial passage of bacterial culture (both S. aureus and E. coli) in sub-MIC concentrations of 6-

BPCK-6 did not select resistant mutants. In comparison, resistance against norfloxacin 

(comparator drug for S. aureus) and colistin (comparator drug for E. coli) was developed within 

six passages and in fourteen passages respectively. 

4.2.5 Mechanism of antibacterial action  

Next, investigation into the mechanism of action of the most selective compounds 6-BPCK-6 

against S. aureus was performed.  

 

4.2.5.1 Cytoplasmic membrane depolarization 

Experiments with the membrane-potential sensitive dye DiSC3(5) showed that Compound 2, at its 

bactericidal concentration (10 µM) was able to depolarize the membranes of S. aureus rapidly 

(Figure 4.3 A), but was not able to permeabilize the cell membranes effectively (data not shown). 

This was plausibly the reason for slow antibacterial kinetics of the compound. This also proves 

that other mechanisms of action exist. 

 

 

Figure 4.2: Ability of the compound to halt resistance development in S. aureus (norfloxacin 

is used as a comparator) and E. coli (colistin is used as a comparator).  
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4.2.5.2 Leakage of intracellular K+ 

We further investigated the release of potassium ion caused by 6-BPCK-6 using potassium ion 

sensitive fluorophore, PBFI-AM against S. aureus. There is an increase in the fluorescence of PBFI 

upon binding to released K+. As can be seen from Figure 4.3B, significant release of K+ was 

observed upon addition of 6-BPCK-6.   

 

4.2.5.3 Inhibition of cell-wall biosynthesis 

We then looked into its ability to inhibit biosynthesis of cell wall. The accretion of soluble cell 

wall precursor undecaprenyl-N-acetylmuramic acid-pentapeptide (UDP-MurNAc-pentapeptide) 

indicates that one of the membrane-associated steps in the biosynthesis of peptidoglycan is 

blocked.9, 197Treatment with the compound at 15 µM lead to the accumulation of UDP-MurNAc-

pentapeptide which leads to blockage of biosynthesis of S. aureus cells (Figure 4.3C). On treatment 

with 6-BPCK-6, an intense peak corresponding to UDP-MurNAc-pp was observed at 260 nm. The 

accumulation was also confirmed by mass spectrometry studies. The observed m/z was 1150.357 

(for [M+H]+) whereas the calculated value was 1150.94 [UDPMurNAc-pp 

(C40H64N8O27P2): [M+H]+]. In fact, the compound was as efficient as vancomycin (6 µM) in 

inhibiting the biosynthesis of cell wall of S. aureus cells. 

 

 

Figure 4.3: Mechanism of action.A) Ability of 6-BPCK-6 to depolarize the cell membrane 

of S. aureus B) Ability of 6-BPCK-6 to cause leakage of intracellular K+. C) Intracellular 

accumulation of cell wall biosynthesis precursor UDPMurNAc-pp upon treatment with 

5×MIC of 6-BPCK-6 (MIC is 3 µM) and vancomycin (5 µM) in comparison to control.  
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4.2.6 Activity against anaerobic bacteria 

4.2.6.1 Activity against different strains of Clostridium difficile 

The activity of the most active compounds against clinical isolates of Clostridium difficile was 

then tested. The information about the strains have already been provided in the experimental 

section of Chapter 3. Vancomycin and metronidazole, which are currently used for treating C. 

difficile infections, were used as comparative antibiotics. The most active compounds 6-BPC6-6 

(2), 8-BPCK-8 (3) and 10-BPCK-10 (4) were tested against fourteen clinical isolates of C. difficile. 

Against the toxigenic strain P8, the activity of the compounds ranged from 1.7 µM to 3.7 µM while 

vancomycin and metronidazole were active at 0.2 µM and 0.5 µM respectively. Against strain P13, 

6-BPCK-6 lost two-fold activity while 8-BPCK-8 and 10-CK-10 was active at 3.5 µM. Isolate 1, 

was resistant to vancomycin (MIC of 2 µM ) but susceptible to metronidazole (MIC 1 µM ). 

Against this strain, 6-BPCK-6 was active at 7.4 µM while compounds 8-PCK-8 and 10-BPCK-10 

were active at 1.7 µM respectively. Isolate 10 was susceptible to metronidazole at 5.3 µM, to 6-

BPCK-6 at 7.3 µM, 8-PCK-8 and 10-BPCK-10 at 0.9 µM respectively. Against isolates 4, 5, 6 and 

9, all the compounds were extremely active with MIC values ranging from 0.8 µM to 1.8 µM. The 

susceptibility of these strains to vancomycin varied from 0.1 µM to 0.3 µM. The compounds 

displayed similar efficacy against all the other clinical isolates as well. The MIC of the compounds 

varied from 0.8 µM to 3.7 µM. Particular attention needs to be paid to strain P 20 against which 

vancomycin was inactive till 1 µM and metronidazole at 1.5 µM.  

 

4.2.6.2 Activity against human gut normal flora 

We next checked whether the commensal bacteria were susceptible to the compounds at the same 

concentrations. We carried out the activity of the compounds against commensals such as 

Lactobacillus casei, Lactobacillus acidophilus, Bifidobacterium bifidium and Bifidobacterium 

breve. Again, vancomycin and metronidazole were used as comparator antibiotics. The 

compounds (2-4), were active against L. acidophilus at very low concentrations (highest MIC was 

3.7 µM). Even against L. casei the activity varied from 1 µM to 7.3 µM. A similar trend was 

observed in case of B. bifidum. The MIC of the compounds ranged from 1.7 µM to 7.3 µM. Among 

the compounds, the highest MIC observed against B. breve was 3.5 µM (6-BPCK-6). Vancomycin 

and metronidazole were selectively active towards C. difficile strains over commensal bacteria. 
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4.2.7 Activity against intracellular bacteria 

S. aureus, as mentioned earlier, have been reported to infiltrate mammalian cells and survive 

within. Treatment with current antibiotics does not clear intracellular S. aureus infections 

effectively. The surviving cells might lead to recurrent infections and also spread of the infection 

to other parts of the body. Thus, apart from having extracellular activity, a good clinical candidate 

must also possess activity against intracellular infection. Several peptides have been shown to 

possess intracellular activity.198, 199 

 

4.2.7.1 Toxicity against RAW macrophages 

First, we evaluated the toxicity of compound 6-BPCK-6 against RAW 264.7 cells using MTT 

assay. Our results showed that the EC50 of the compound against RAW cells was 35 μM. At 

concentrations of 5×MIC, no toxicity was observed. 

 

4.2.7.2 Toxicity against intracellular MRSA within RAW macrophages 

Then, we tested the ability of 6-BPCK-6 to act against MRSA cells surviving within RAW 264.7 

macrophages (Figure 2D). RAW 264.7 macrophages were initially allowed to phagocytize the 

MRSA cells (~105 CFU mL-1); compound treatment was initiated after removal of extracellular 

bacteria by gentamicin. The bacterial titre prior to initiation of infection was 4.8 log and in 24 h, 

the infection increased to 8 log in the untreated control. Vancomycin at 100×MIC was used as a 

control. At such a high concentration only could it bring down the bacterial infection to 4.2 log in 

6h and 3.9 log in 24 h. Treatment with 6-BPCK-6 at only 5×MIC was effective in inhibiting the 

growth of bacteria within the mammalian cells. Bacterial population in 6h and 24h were 4.2 log 

and 4.9 log respectively. It must be mentioned that treatment with 6-BPCK-6 caused no harm to 

the RAW macrophages when treated at this con-centration for 24h. This result opens up the 

potential use of the compound in chronic diseases especially osteomyelitis. 
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4.2.8 In vivo activity 

4.2.8.1 Acute Dermal toxicity in mice 

The acute dermal toxicity was performed as described in the previous chapters. Application of 200 

mg kg-1 of 6-BPCK-6 (5 times the concentration used in the subsequent infection study) on mice 

skin caused no irritation, tremors, convulsions, salivation or diarrhea in the animals. Steady growth 

of fur was observed and by the end of seven days, almost complete regeneration fur was observed 

in all the test animals. No morbidity was observed among the test animals and it was concluded 

that the compound caused no toxicity to the skin even at concentrations as high as 200 mg kg-1. 

 

 4.2.8.2 In vivo murine model of skin-infection caused by MRSA  

Activity of the 6-BPCK-6 was determined in a murine model of MRSA skin infection as described 

in Chapter 3. 6-BPCK-6 or fusidic acid, was dosed at 40 mg kg-1 (once a day) for seven days and 

6-BPCK-6 was able to bring down bacterial burden significantly in comparison to fusidic acid. In 

fact 6-BPCK-6 was better than NCK-10 at the same concentration.  

                              

Figure 4.4: Intracellular activity of 6-BPCK-6 (2) against MRSA in presence of RAW 

macrophages. MIC of vancomycin is 0.6 µM and that of 6-BPCK-6 is 3 µM. 
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4.2.8.3 In vivo murine model of Acinetobacter baumannii burn-infection  

This experiment was performed as reported in Chapter 2 and 3 but the strain of A. baumannii was 

a multi-drug resistant clinical isolate R674. Upon dosage of the compound, 6-BPCK-6 (40 mg kg-

1), it was found that it was as effective as colistin. No colony was observed within the detection 

limit (data not shown) for either of the compounds at the end of the experimental time point.  

 

  

4.3 Conclusions 

In summary, a new molecule 6-BPCK-6 was identified with improved selectivity, over the 

compounds reported in previous chapters, against planktonic bacteria. In addition to having effect 

on bacterial membranes, the compound could also inhibit cell wall biosynthesis. An interesting 

 

Figure 4.5: In vivo activity A) Against MRSA models of skin-infection, 6-BPCK-6 (at 40 

mg kg-1) was more effective than fusidic acid (40 mg kg-1). B) Against A. baumannii burn 

infection. 6-BPCK-6 (40 mg kg-1) was as effective as colistin (30 mg kg-1). Statistical 

analysis was performed using Student’s t-test. Differences are considered statistically 

significant from the untreated group with a value of P<0.05 with 95% confidence intervals 

(*** indicate P<0.001).  
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property of the compound was that it could also inhibit growth of intracellular bacteria. In murine 

models too, the compound outperformed the compounds reported in the previous chapters. 

 

4.4 Experimental Section 

4.4.1 Materials and Instrumentation: All the solvents were of reagent grade and were distilled 

and dried prior to use wherever required. Chloroform and methanol were supplied by Merck-India. 

Dimethylformamide, Dicholoromethane, Diethyl ether and other solvents were supplied either by 

SDFCL (India) or Spectrochem (India). L-Lysine, Di-tert-butyl carbonate, Diisopropylethylamine, 

HBTU, Butylamine, Hexylamine, Octylamine, Trifluoroacetic acid were purchased from 

Spectrochem (India). 4,4′-Bis(chloromethyl)-1,1′-biphenyl, Decylamine and Dodecylamine were 

purchased from Sigma-Aldrich. The rest of the materials and instrumentation were used as 

described in the previous chapters. 

 

4.4.2 Synthetic procedure and characterization of compounds  

4.4.2.1 General procedure for synthesizing secondary amines of biphenyls (1a to 5a): In a 

typical reaction, 4,4′-Bis(chloromethyl)-1,1′-biphenyl (4 mmols) and alkylamines (8.8 mmols) 

were dissolved in 20 mL DMF. To that K2CO3 (8.8 mmols) was added and stirred for 48 h at 60°C 

in a pressure tube. Completion of the reaction was confirmed by TLC analysis. After completion 

of the reaction, DMF was removed under reduced pressure and then the mixture was diluted by 

addition of ethyl acetate (30 mL). The organic layer was subsequently washed four times water, 

brine and dried over anhydrous Na2SO4. The organic layer was evaporated under reduced pressure 

to obtain the products in 65-80% yield and characterized by 1H NMR and HRMS. The details of 

characterization are provided below. 

 

N,N'-([1,1'-biphenyl]-4,4'-diylbis(methylene))bis(butan-1-amine), 1a: Yield-78%. 1H NMR 

(CDCl3, 400 MHz) δ/ppm: 1H NMR (CDCl3) δ/ppm: 7.56-7.54 (t, ArH, 4H), 7.45-7.38 (m, ArH, 

4H), 3.82 and 3.61(s, Ar(-CH2-NH-R)2, 4H), 2.65 (m, Ar(-CH2-NH-CH2-C3H7)2, 4H), 2.5 (m, Ar-

(CH2-NH-R)2, 2H), 1.67-1.1 ((-NH2-CH2-(CH2)2-CH3)2, 8H), 0.82 (m, terminal CH3 groups, 6H). 

HR-MS (m/z): [M+H]+ obsd. = 325.2631 (calc. = 325.2644). 
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N,N'-([1,1'-biphenyl]-4,4'-diylbis(methylene))bis(hexan-1-amine), 2a: Yield-80%. 1H NMR 

(CDCl3, 400 MHz) δ/ppm: 1H NMR (CDCl3) δ/ppm: 7.56-7.54 (t, ArH, 4H), 7.45-7.38 (m, ArH, 

4H), 3.82 and 3.61(s, Ar(-CH2-NH-R)2, 4H), 2.65 (m, Ar(-CH2-NH-CH2-C5H11)2, 4H), 2.5 (m, Ar-

(CH2-NH-R)2, 2H), 1.67-1.1 ((-NH2-CH2-(CH2)4-CH3)2, 16H), 0.82 (m, terminal CH3 groups, 6H). 

HR-MS (m/z): [M+H]+ obsd. = 381.3264 (calc. = 381.3270). 

 

N,N'-([1,1'-biphenyl]-4,4'-diylbis(methylene))bis(octan-1-amine), 3a): Yield-78%. 1H NMR 

(CDCl3, 400 MHz) δ/ppm: 1H NMR (CDCl3) δ/ppm: 7.56-7.54 (t, ArH, 4H), 7.45-7.38 (m, ArH, 

4H), 3.82 and 3.61(s, Ar(-CH2-NH-R)2, 4H), 2.65 (m, Ar(-CH2-NH-CH2-C7H15)2, 4H), 2.5 (t, Ar-

(CH2-NH-R)2, 2H), 1.67-1.1 ((-NH2-CH2-(CH2)6-CH3)2, 24H), 0.82 (m, terminal CH3 groups, 6H). 

HR-MS (m/z): [M+H]+ obsd. = 437.3883 (calc. = 437.3896). 

 

N,N'-([1,1'-biphenyl]-4,4'-diylbis(methylene))bis(decan-1-amine), 4a): Yield-65%. 1H NMR 

(CDCl3, 400 MHz) δ/ppm: 1H NMR (CDCl3) δ/ppm: 7.56-7.54 (t, ArH, 4H), 7.45-7.38 (m, ArH, 

4H), 3.82 and 3.61(s, Ar(-CH2-NH-R)2, 4H), 2.65 (m, Ar(-CH2-NH-CH2-C9H19)2, 4H), 2.5 (t, Ar-

(CH2-NH-R)2, 2H), 1.67-1.1 ((-NH2-CH2-(CH2)8-CH3)2, 32H), 0.82 (m, terminal CH3 groups, 6H). 

HR-MS (m/z) ): 493.4511 [M+H]+ obsd. = (calc. = 493.4522). 

 

N,N'-([1,1'-biphenyl]-4,4'-diylbis(methylene))bis(dodecan-1-amine), 5a: Yield-65%.1H NMR 

(CDCl3, 400 MHz) δ/ppm: 1H NMR (CDCl3) δ/ppm: 7.56-7.54 (t, ArH, 4H), 7.45-7.38 (m, ArH, 

4H), 3.82 and 3.61(s, Ar(-CH2-NH-R)2, 4H), 2.65 (m, Ar(-CH2-NH-CH2-C11H25)2, 4H), 2.5 (t, Ar-

(CH2-NH-R)2, 2H), 1.67-1.1 ((-NH2-CH2-(CH2)10-CH3)2, 40H), 0.82 (m, terminal CH3 groups, 

6H). HR-MS (m/z): [M+H]+ obsd. = 549.5115 (calc. = 549.5148). 

 

4.4.2.4 General synthetic procedure for amide coupling reactions: In a typical amide coupling 

reaction, to a stirred solution of Boc-Lys(Boc)-OH (4.4 mmols) in 20 mL DMF and 10 mL of 

CHCl3, N,N-Diisopropylethylamine (DIPEA, 5.49 mmols) was added at 0°C. To the solution 

HBTU (4.4 mmols) was added to the mixture and stirred for five minutes before the addition of 

secondary amines of biphenyl (1a-5a, 1.83 mmols). The mixture was stirred at 0 °C for 30 min and 

subsequently at RT for 24 h typically. At the end, CHCl3 was evaporated under reduced pressure 
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and the resulting solution was diluted to 2 times its original volume by addition of ethyl acetate. 

This mixture was subsequently washed with 0.5 M KHSO4, H2O (thrice), and brine. After passage 

through anhydrous Na2SO4, the organic layer was evaporated under reduced pressure and the 

residue was purified using column chromatography (5% MeOH/CHCl3 mixture) to obtain the 

product in 50%-68% yield. The purified compound was subsequently characterized using 1H 

NMR and mass spectrometry. 

 

(N,N'-([1,1'-biphenyl]-4,4'-diylbis(methylene))bis(Boc-Lys(Boc)-N-butylamide), 1b: Yield-

60 %. 1H NMR (CDCl3, 400 MHz) δ/ppm: 7.56-7.50 (t, ArH, 4H), 7.27-7.24 (m, ArH, 4H), 5.5-

5.3 (m, NH of Boc-Lys(Boc), 4H), 4.9-4.3 (Ar(-CH2-NH-R)2 and α-H of Boc-Lys(Boc), 6H) 3.4-

3.0 (ε-H of Boc-Lys(Boc) and Ar-(CH2-N(Boc2Lys)- CH2-R)2, 8H), 1.9-1.1 (-CO-[CH-CH2-CH2-

CH2-CH2-NH-COO-C(CH3)3]-NH-COO-C(CH3)3 of Lys(boc)2 and-[-(CH2)2-]2 of R groups, 56H) 

and 0.88 (m, terminal CH3 groups, 6H). FT-IR (cm-1): 3330 (carbamate N-H str.), 2984-2863 (sp3 

C-H str.), 1710 (C=O str. of carbamate), 1680 (C=O str. of tertiary amide). HR-MS (m/z): [M+H]+ 

obsd. = 981.6589 (calc. =981.6640).  

 

(N,N'-([1,1'-biphenyl]-4,4'-diylbis(methylene))bis(Boc-Lys(Boc)-N-hexylamide), 2b): Yield-

61 %. 1H NMR (CDCl3, 400 MHz) δ/ppm: 7.56-7.50 (t, ArH, 4H), 7.27-7.24 (m, ArH, 4H), 5.5-

5.3 (m, NH of Boc-Lys(Boc), 4H), 4.9-4.3 (Ar(-CH2-NH-R)2 and α-H of Boc-Lys(Boc), 6H) 3.4-

3.0 (ε-H of Boc-Lys(Boc) and Ar-(CH2-N(Boc2Lys)CH2-R)2, 8H), 1.9-1.1 (-CO-[CH-CH2-CH2-

CH2-CH2-NH-COO-C(CH3)3]-NH-COO-C(CH3)3 of Lys(boc)2 and-[-(CH2)4-]2 of R groups, 64 H) 

and 0.88 (m, terminal CH3 groups, 6H). FT-IR (cm-1): 3330 (carbamate N-H str.), 2984-2863 (sp3 

C-H str.), 1710 (C=O str. of carbamate), 1680 (C=O str. of tertiary amide). HR-MS (m/z): [M+H]+ 

obsd. = 1059.7058 (calc. = 1059.7086).  

 

(N,N'-([1,1'-biphenyl]-4,4'-diylbis(methylene))bis(Boc-Lys(Boc)-N-octylamide), 3b): Yield-

61 %. 1H NMR (CDCl3, 400 MHz) δ/ppm: 7.56-7.50 (t, ArH, 4H), 7.27-7.24 (m, ArH, 4H), 5.5-

5.3 (m, NH of Boc-Lys(Boc), 4H), 4.9-4.3 (Ar(-CH2-NH-R)2 and α-H of Boc-Lys(Boc), 6H) 3.4-

3.0 (ε-H of Boc-Lys(Boc) and Ar-(CH2-N(Boc2Lys)CH2-R)2, 8H), 1.9-1.1 (-CO-[CH-CH2-CH2-

CH2-CH2-NH-COO-C(CH3)3]-NH-COO-C(CH3)3 of Lys(boc)2 and-[-(CH2)6-]2 of R groups, 72H) 

and 0.88 (m, terminal CH3 groups, 6H). FT-IR (cm-1): 3330 (carbamate N-H str.), 2984-2863 (sp3 
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C-H str.), 1710 (C=O str. of carbamate), 1680 (C=O str. of tertiary amide). HR-MS (m/z): [M+H]+ 

obsd. = 1093.7881 (calc. = 1093.7892). 

 

(N,N'-([1,1'-biphenyl]-4,4'-diylbis(methylene))bis(Boc-Lys(Boc)-N-decylamide), 4b): Yield-

50 %.1H NMR (CDCl3, 400 MHz) δ/ppm: 7.56-7.50 (t, ArH, 4H), 7.27-7.24 (m, ArH, 4H), 5.5-

5.3 (m, NH of Boc-Lys(Boc), 4H), 4.9-4.3 (Ar(-CH2-NH-R)2 and α-H of Boc-Lys(Boc), 6H) 3.4-

3.0 (ε-H of Boc-Lys (Boc) and Ar-(CH2-N(Boc2Lys)CH2-R)2, 8H), 1.9-1.1 (-CO-[CH-CH2-CH2-

CH2-CH2-NH-COO-C(CH3)3]-NH-COO-C(CH3)3 of Lys(boc)2 and-[-(CH2)8-]2 of R groups, 80H) 

and 0.88 (m, terminal CH3 groups, 6H). FT-IR (cm-1): 3330 (carbamate N-H str.), 2984-2863 (sp3 

C-H str.), 1710 (C=O str. of carbamate), 1680 (C=O str. of tertiary amide). HR-MS (m/z): [M+H]+ 

obsd. = 1149.8481 (calc. = 1149.8518).  

 

(N,N'-([1,1'-biphenyl]-4,4'-diylbis(methylene))bis(Boc-Lys(Boc)-N-dodecylamide), 5b: 

Yield-68%.1H NMR (CDCl3, 400 MHz) δ/ppm: 1H NMR (CDCl3) δ/ppm: 7.56-7.50 (t, ArH, 4H), 

7.27-7.24 (m, ArH, 4H), 5.5-5.3 (m, NH of Boc-Lys(Boc), 4H), 4.9-4.3 (Ar(-CH2-NH-R)2 and α-

H of Boc-Lys(Boc), 6H) 3.4-3.0 (ε-H of Boc-Lys (Boc) and Ar-(CH2-N(Boc2Lys)CH2-R)2, 8H), 

1.9-1.1 (-CO-[CH-CH2-CH2-CH2-CH2-NH-COO-C(CH3)3]-NH-COO-C(CH3)3 of Lys(boc)2 and-

[-(CH2)10-]2 of R groups, 88H) and 0.88 (m, terminal CH3 groups, 6H). FT-IR (cm-1): 3330 

(carbamate N-H str.), 2984-2863 (sp3 C-H str.), 1710 (C=O str. of carbamate), 1680 (C=O str. of 

tertiary amide). HR-MS (m/z): [M+Na]+ obsd. = 1227.8914 (calc. = 1227.8964). 

 

4.4.2.5. Deprotection of Boc groups  (1-5): Typically, the compounds (1b−5b, 0.76 mmol) were 

dissolved in DCM (2 mL) and subsequently CF3COOH (2 mL) was added and stirred at RT. The 

reactions were monitored by TLC until complete removal of starting material was observed. All 

the volatile components were removed and the product was purified by reverse phase HPLC using 

0.1% trifluoroacetic acid (TFA) in water/acetonitrile (0−100%) as mobile phase to more than 95% 

purity. A C18 column (10 mm diameter, 250 mm length) and a UV detector (at 256 nm 

wavelength) were used. After drying the compounds in a freeze dryer, the compounds were 

characterized by 1H NMR, 13C NMR, IR and mass spectrometry. The 13C NMR have not been 

assigned and the spectra are furnished directly. 
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N,N'-([1,1'-biphenyl]-4,4'-diylbis(methylene))bis(Lys-N-butylamide) (4-BPCK-4, 1): 1H 

NMR (D2O, 400 MHz) δ/ppm: 7.7-7.2 (t, ArH, 8H), 

4.6-4.3 (Ar(-CH2-NH-R)2 and α-H of Lys, 4H) 3.6-

3.3 (Ar-(CH2-N(Lys)CH2-R)2, 2H), 3-2.8 (ε of CH2 of 

Lys) 2.1-1 (-CO-[CH-CH2-CH2-CH2-CH2-NH2 of 

Lys and-[-(CH2)2-]2 of R groups, 20H) and 0.88 (m, 

terminal CH3 groups, 6H). 4Hs have merged with the 

residual solvent peak of CD3OD. 13C (DMSO-d6): 

168.71, 168.51, 158.96, 158.62, 158.28, 138.66, 

128.14, 127.75, 126. 78, 126.62, 126.56, 49.72,49.48, 

47.64, 46.54, 44.76, 40.02, 39.81, 39.60, 39.39, 

39.18, 38.97, 38.76, 38.42, 30.60, 30.31, 30.20, 

28.45, 27.34, 26.54, 20.98, 20.78, 19.41, 19.25, 

13.57, 13.56, 13.39. FT-IR (cm-1):  2963-2853 (sp3 C-H str.), 1679 (C=O str. of tertiary amide). 

HR-MS (m/z): [M+H]+ obsd. = 581.4513 (calc. = 581.4543).  

 

N,N'-([1,1'-biphenyl]-4,4'-diylbis(methylene))bis(Lys-N-hexylamide), (6-BPCK-6, 2): 1H 

NMR (CD3OD, 400 MHz) δ/ppm: 7.7-7.2 (t, ArH, 8H), 4.6-4.3 (Ar(-CH2-NH-R)2 and α-H of 

Lys, 4H) 3.6-3.3 (Ar-(CH2-N(Lys)CH2-R)2, 2H), 3-

2.8 (ε of CH2 of Lys) 2.1-1 (-CO-[CH-CH2-CH2-

CH2-CH2-NH2 of Lys and-[-(CH2)4-]2 of R groups, 

28H) and 0.88 (m, terminal CH3 groups, 6H). 4Hs 

have merged with the residual solvent peak of 

CD3OD. 13C (DMSO-d6): 

168.76,168.48,158.63,158.29, 139.11, 138.68, 

138.52, 136.70, 136.57, 135.72, 128.17, 127.80, 

126.76, 126.60, 126.55, 49.74, 49.50, 47.71, 46.84, 

39.97. FT-IR (cm-1):  2963-2853 (sp3 C-H str.), 1679 

(C=O str. of tertiary amide). HR-MS (m/z): [M+H]+ 

obsd. = 637.5145 (calc. = 637.5169). 
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 N,N'-([1,1'-biphenyl]-4,4'-diylbis(methylene))bis(Lys-N-octylamide), (8-BPCK-8, 3): 1H 

NMR (CD3OD, 400 MHz) δ/ppm: 7.7-7.2 (t, ArH, 8H), 4.6-4.3 (Ar(-CH2-NH-R)2 and α-H of Lys, 

4H) 3.6-3.3 (Ar-(CH2-N(Lys)CH2-R)2, 2H), 3-2.8 (ε 

of CH2 of Lys) 2.1-1 (-CO-[CH-CH2-CH2-CH2-CH2-

NH2 of Lys and-[-(CH2)6-]2 of R groups, 36H) and 

0.88 (m, terminal CH3 groups, 6H). 4Hs have merged 

with the residual solvent peak of CD3OD. 13C-NMR 

(DMSO-d6):  170.21, 170.12, 162.65, 162.3, 129.84, 

129.74, 128.71, 128.53, 128.2, 40.77, 40.26, 32.92, 

32.87, 31.9, 31.74, 31, 30.35, 30.3, 30.25, 30.15, 

30.01, 29.73, 28.55, 28.16, 28.06, 27.93, 27.74, 

27.44, 23.66, 22.72, 22.62, 14.41FT-IR (cm-1):  

2963-2853 (sp3 C-H str.), 1679 (C=O str. of tertiary 

amide). HR-MS (m/z): [M+H]+ obsd. = 693.5787 

(calc. = 693.5795). 

 

N,N'-([1,1'-biphenyl]-4,4'-diylbis(methylene))bis(Lys-N-decylamide), (10-BPCK-10, 4) : 1H 

NMR (CD3OD, 400 MHz) δ/ppm: 7.7-7.2 (t, ArH, 

8H), 4.6-4.3 (Ar(-CH2-NH-R)2 and α-H of Lys, 4H) 

3.6-3.3 (Ar-(CH2-N(Lys)CH2-R)2, 2H), 3-2.8 (ε of 

CH2 of Lys) 2.1-1 (-CO-[CH-CH2-CH2-CH2-CH2-

NH2 of Lys and-[-(CH2)8-]2 of R groups, 44H) and 

0.88 (m, terminal CH3 groups, 6H). 4Hs have merged 

with the residual solvent peak of CD3OD. 13C 

(DMSO-d6): 170.17, 170.06, 163.3, 162.96, 141.7, 

141.32, 137.65, 129.78, 128.71, 128.56, 128.21, 

119.7, 116.79, 79.6, 79.28, 78.96, 52.03, 51.79, 

51.59, 49.68, 49.47, 49.25, 49.04, 48.83, 48.61, 48.4, 

47.78, 40.28, 40.24, 33.03, 31.94, 31.78, 30.65, 

30.59, 30.41, 30.34, 29.74, 28.22, 28.06, 27.93, 27.75, 23.72, 22.74, 22.63, 14.45 FT-IR (cm-
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1):  2963-2853 (sp3 C-H str.), 1679 (C=O str. of tertiary amide). HR-MS (m/z): [M+H]+ obsd. = 

749.6419 (calc. = 749.6421).  

 

N,N'-([1,1'-biphenyl]-4,4'-diylbis(methylene))bis(Lys-N-dodecylamide), (12-BPCK-12, 5): 

1H NMR (CD3OD, 400 MHz) δ/ppm: 7.7-7.2 (t, ArH, 8H), 4.6-4.3 (Ar(-CH2-NH-R)2 and α-H of 

Lys, 4H) 3.6-3.3 (Ar-(CH2-N(Lys)CH2-R)2, 2H), 3-

2.8 (ε of CH2 of Lys, 4H), 2.1-1 (-CO-[CH-CH2-

CH2-CH2-CH2-NH2 of Lys and-[-(CH2)10-]2 of R 

groups, 52H) and 0.88 (m, terminal CH3 groups, 

6H). 4Hs have merged with the residual solvent 

peaks of CD3OD. 13C (DMSO-d6): 158.56, 158.22, 

128.19, 126.58, 49.50, 46.84, 40.04, 39.83, 39.62, 

39.41, 39.20, 38.99, 38.79, 38.42, 31.23, 30.32, 

28.93, 28.83, 28.63, 28.56, 28.13, 26.57, 26.15, 

25.95, 22.03, 20.97, 20.78, 13.88 FT-IR (cm-1):  

2963-2853 (sp3 C-H str.), 1679 (C=O str. of tertiary 

amide). HR-MS (m/z): [M+H]+ obsd. = 805.7035 

(calc. = 805.7047). 

 

4.4.3 In vitro biological assays 

4.4.3.1 In vitro susceptibility studies: The MIC of the compounds against different bacterial 

strains were determined using a standardized protocol as described in chapter 2 (Section 2.4.3.1).  

 

4.4.3.2 Hemolytic Activity: Hemolytic experiments were performed using a standardized protocol 

as described in chapter 2 (Section 2.4.3.2).  

 

4.4.3.3 Bactericidal time-kill kinetics: Kinetics of bactericidal activity with 6-BPCK-6 was 

performed according to the protocol described in chapter 2 (Section 2.4.3.3). 
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4.4.3.4 Propensity to induce resistance development in bacteria: This was performed with 6-

BPCK-6 following the protocol described in chapter 2 (Section 2.4.3.4). 

 

4.4.3.5 Mechanism of action: The assays for determining the mechanism of action of 6-BPCK-6  

were performed according to a standardized protocol as described in chapter 2 (Section 2.4.4) 

except for leakage of K+ and inhibition of cell wall biosynthesis which are described below. 

 

4.4.3.5.1 Intracellular potassium ion leakage assay: This was performed using a standardized 

protocol of the lab.92 Mid-log phase (grown for 6 h) S. aureus cells were harvested, washed twice 

with 10mM HEPES (pH 7.2) and 0.5% glucose and were resuspended in the same amount of 10 

mM HEPES (pH 7.2) and 0.5% glucose (108 CFU mL-1). The bacterial suspension (0.2 mL) was 

placed in a 96 well plate. The fluorescence of the bacterial suspension was measured and allowed 

to stabilize for 2 min at room temperature before the addition of PBFI-AM dye (2 µM). Data was 

collected for an additional 2 min to establish a baseline signal before the addition of test compound 

(6-BPCK-6). The fluorescence signals were collected for each sample over 10 min. The 

fluorescence of the dye was monitored at excitation wavelength of 346 nm and emission 

wavelength of 505 nm. 

 

4.4.3.5.2 Intracellular accumulation of UDP-N-acetyl-muramyl-pentadepsipeptide: The 

experiment was performed as reported earlier.197 Analysis of the cytoplasmic peptidoglycan 

nucleotide precursor pool was examined using S. aureus grown in 25 mL MHB. First, cells grown 

to an OD600 of 0.6 were incubated with 130 µg mL-1 of chloramphenicol for 15 min. Then, test 

compounds vancomycin (5 µM), compound 2 (15 µM) were added and incubated for another 60 

min. Subsequently, bacterial cells were centrifuged and washed with sterile water to remove the 

antimicrobial agents before being subjected to boiling water treatment for about 30 min. Following 

the boiling water treatment the cell extract was centrifuged and the supernatant was lyophilized. 

The lyophilized powder obtained was subsequently dissolved in 2 mL of water and pH was 

adjusted to 2.0 with 20% phosphoric acid. The UDP-linked cell wall precursors in the solution 

were then analyzed by RP-HPLC monitoring the UV absorbance peak at 260 nm. The presence of 

the precursor was confirmed by HR-MS mass spectrometry. 
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4.4.3.6 MICs of the compounds against several strains of Clostridium difficile and its spores: 

These experiments were performed as described in Chapter 3 (Section 3.4.3.7) 

 

4.4.3.7 Effect of the compounds on human gut normal flora: These experiments were 

performed as described in Chapter 3 (Section 3.4.3.8) 

 

4.4.3.8 Toxicity against RAW macrophages: Cytotoxicity of the compound 2 was assessed 

against RAW 264.7 cell line. Briefly, the cells were grown in a 96-well plate in DMEM media 

(supplemented with 10% fetal bovine serum and 5% penicillin-streptomycin) until they reached 

around 70-80% confluency. The cells were then treated with 50 μL of serially diluted compound. 

Two controls were made; one containing no compound (non-treated cells) and the other one was 

treated with 10 vol % Triton-X 100 solution. The plate was incubated for 1 h at 37 °C under 5% 

CO2 atmosphere. After 24 h, the medium was carefully removed and 100 μL of MTT solution (5 

mg mL-1 concentration) was then added to each well. The plate was incubated for 4 h at 37 °C 

under 5% CO2 atmosphere. Then it was centrifuged at 1100 rpm for 5 min and the supernatant was 

removed. After that 100 μL of DMSO was added to solubilize formazan crystals. The O. D. of the 

plate was then recorded at 570 nm. Percentage of cell survival was calculated using the following 

equation: Cell viability (%) = (Atreated-AtritonX-treated)/(Anon-treated-AtritonX-treated)×100. 

Each concentration had triplicate values and the average of triplicate O. D. values were plotted 

against concentration followed by fitted with sigmoidal plot. From the curve the values were 

determined corresponding to 50% cell viability. For bright-field microscopic images, a 40x 

objective was used and images were captured using a Leica DM2500 microscope. 

 

4.4.3.9 Toxicity against intracellular MRSA within RAW macrophages: The intracellular 

activity of the test compounds (compound 2 and vancomycin) was determined by modification of 

a previously published protocol.3 Briefly, 500 μL complete growth medium (1X DMEM, 10% 

FBS and 1% Penicillin-Streptomycin) containing ~105 RAW 264.7 cells were seeded in 24-well 

tissue-culture plates at 37 ºC with 5% CO2 for 12 h to ensure cell adherence. Next, MRSA cells 

(4×105 CFU mL-1) were suspended in complete growth medium during 1 h for opsonization. Then, 

the growth media of aforesaid 24-well tissue-culture plates containing RAW 264.7 cells was 

replaced with 500 μL of opsonized bacterial suspension and incubated further for 1 h at 37 ºC in 
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humidified air containing 5% CO2 to allow phagocytosis. After incubation, macrophages were 

washed with 1X PBS (pH ~7.2) twice and treated with gentamicin (50 µg mL-1) for 1 h in complete 

growth medium to remove any extracellular or non-phagocytic bacteria. Gentamicin was removed 

by washing the cells with PBS twice. Then compound 2 (15 μg mL-1) and vancomycin (60 μM) in 

growth medium (500 μL) were added and incubated for 6 h and 24 h at 37 ºC with 5% CO2. At the 

end of 6h or 24 h, the supernatant was withdrawn carefully and the adhered cells were lysed with 

1 mL of ice cold water for 1 h. Dilutions of lysates in saline were plated on nutrient agar plates. 

The plates were then incubated at 37 ºC for 24 h, and viable bacterial colonies were counted on 

the next day. The results furnished are averaged values of two independent experiments. 

4.4.4 In vivo studies 

The mice were housed in individually ventilated cages (IVC) maintained with controlled 

environment as per the standards. They are housing—pathogen free conventional caging system, 

bedding material (Corn Cob). The husbandry conditions:-Light: dark cycle- 12:12 hours, Animal 

Room Temp: 22 ± 2°C, Relative humidity: 30–40%, Access to feed and water: ad libitum and 

Water: RO Water. Animals were randomly selected, marked to permit individual identification 

and kept in their cages for at least 5 days before the experiment to allow for acclimatization to the 

experimental conditions. Animal handling and experimentation protocols were followed according 

to OECD Guidelines for the Testing of Chemicals (OECD 425). All care was taken to cause no 

pain to the animals. Humane endpoints were used to avoid unnecessary distress and suffering in 

animals following an experimental intervention that would lead to death. The animal experiments 

were approved by the Institutional Animal Ethics Committee (IAEC) and carried out as per the 

guidelines of Committee for the purpose of Supervision and Experiments on Animals (CPCSEA), 

Ministry of Environment and Forests, New Delhi.  

 

4.4.4.1 Acute dermal toxicity: This experiment was performed with 6-BPCK-6 using the exact 

protocol mentioned earlier in Chapter 2 (Section 2.4.5.1). 

 

4.4.4.2 MRSA skin infection: The experiment with 6-BPCK-6 was performed exactly as 

described in Chapter 3 (Section 3.4.5.2).  
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4.4.4.3 A. baumannii burn infection: The experiment with 6-BPCK-6 was performed using the 

protocol described in Chapter 2 (Section 2.4.5.2) with slight modifications. The strain of A. 

baumannii used was a clinical isolate A. baumannii R674 and the concentration of colistin used 

was 30 mg kg-1. 
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Chapter 5 

Studies against metabolically inactive cells, biofilms 

and sepsis 
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Abstract 

 

 

In the Chapters 2-4, the development of small molecular membrane-active agents with activity 

against planktonic bacteria were described. However, infections are of a more complex nature 

and also consist of bacteria in metabolically inactive or less active states. Further, bacteria also 

survive in stable communities known as biofilms. Biofilms, which are responsible for 65-80% of 

all infections, are recalcitrant to antibiotic treatment. Another problem associated with bacterial 

infections, is that of sepsis. Bacteria, when treated with antibiotics, release endotoxins such 

lipopolysaccharides (LPS), which upon aggregation are recognized by the immune system of the 

host. This, when overproduced, sometimes leads to multi-organ failure and in severe cases, death. 

This disease condition, called sepsis, needs urgent attention as no dedicated treatment exists. In 

this chapter, ability of the previously developed small molecules to tackle the problems of chronic 

infection and sepsis are presented. The activity of NCK-10 and 6-BPCK-6 against metabolically 

inactive cells of S. aureus and E. coli have been described, followed by their ability to act on 

biofilms of drug-resistant bacteria. Then, we probed if NCK-10 was able to inhibit, LPS induced 

sepsis. Finally, the efficacies of the compounds were validated in murine models of biofilm 

infection against MRSA and P. aeruginosa. 
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5.1 Introduction 

Chronic infections caused by bacteria are recalcitrant to antibiotic treatment.200 Such infections are 

associated with stable communities of bacteria called biofilms. Other complications associated 

with bacterial infection involve the presence of dormant non-dividing cells.137 Most of the 

antibiotics require bacteria to be in a metabolically active state to carry out their functions and 

consequently require a higher concentration to clear chronic infections.170 During antibiotic 

treatment, some of the cells can down-regulate their metabolic processes in order to escape 

antibiotic treatment; these cells can also revert back to being normal after antibiotic stress is 

removed. These cells, called persister cells, are responsible for severe chronic infections which are 

very difficult to cure.139 Thus, it is extremely important to find compounds which are active against 

such persister cells. Membrane-active agents have been reported to be a solution to stationary 

phase bacteria and persister cells.201 Although some studies have been performed with synthetic 

membrane-active agents, this is one area which is often underexplored.  

Bacterial biofilms, established as one of the most stable life forms known, are an eclectic 

mixture of extracellular polymeric substances (EPS) such as polysaccharides, proteins and 

extracellular DNA (eDNA). Bacteria can form biofilms on a variety of surfaces including walls, 

ship hulls and biomedical impants.131, 132, 202 Biofilms have implications in a variety of chronic 

diseases such as cystic fibrosis, urinary tract infections, catheter infections, middle-ear infections, 

formation of dental plaques, gingivitis, skin infections, burn wound infections and so on.133, 202 

Although the matrix of the biofilm and the mechanism of biofilm formation have been studied in 

detail, treatment against biofilm related infections continues to be difficult. 

Several strategies have been used to eradicate biofilms which include quorum sensing 

inhibitors,203 metal nanoparticles,204, 205 combination approaches,206-208 and so on to inhibit or 

disrupt biofilm formation. Some small molecules have also been used to target biofilms. The 

biofilm matrix has several components which are negatively charged and have hydrophobic 

domains. It was surmised that due to such properties membrane-active compounds can disrupt 

biofilms. Some designs of membrane-active agents have indeed shown antibiofilm properties but 

the number is few.  

Sepsis is a global problem causing around 8 million deaths per year. New born children are 

the worst hit, with around 1,90,000 deaths due to sepsis in India. The primary cause of sepsis is 

release of endotoxins by bacteria (often in response to antibiotic treatment). Ironically, there is no 
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dedicated treatment for sepsis and antibiotics remain the drugs of choice for treatment. In disease 

condition, bacteria release endotoxins such as lipopolysachharides (Gram-negative bacteria) or 

lipoteichoic acid (Gram-positive bacteria) which are recognized by the immune systems and 

prompts them to overreact. This often results in uncontrolled inflammation leading to multi-organ 

failure or death. This uncontrolled inflammation is due to an increased production of pro-

inflammatory cytokines such as TNF-α (tumor necrosis factor- α), IL-6 (Interleukin-6) from 

macrophages/monocytes that can cause septic shock. An effective way to treat sepsis would be to 

develop molecules with anti-endotoxin or anti-inflammatory properties. Certain natural AMPs 

such as LL-37, Indolicidin, human lactoferrin-derived peptide and Buforin II have been found 

possess such properties .209-213 Upon binding to pathogen associated molecular patterns (PAMPs) 

such as lipopolysaccharide (LPS), these compounds prevent stimulation of the immune system. It 

is imperative to understand the mechanism of the processes which lead to sepsis in order to design 

molecules which might prevent it. The mechanism by which LPS leads to sepsis is briefly 

described below.  

LPS form aggregates in aqueous solution and these aggregates bind to with LPS binding 

protein (LBP), and then to CD14 (primary receptor of LPS). This LPS-CD14 interacts with 

transmembrane protein Toll-like receptor-4 (TLR-4) which leads to induction of intracellular 

signaling and subsequent activation of the NF-κB transcription factor resulting in the secretion of 

pro-inflammatory cytokines such as TNF-α and IL-6. 148, 149 

Some of the reported AMPs and their synthetic mimics are known disintegrate LPS 

aggregates thereby preventing recognition by LBP.213-217  Some other molecules such as 

Polymyxin B (PMB), rBPI21 and ultrashort AMPs have been reported to promote further LPS 

aggregation.218-220 As mentioned in Chapter 1, certain small molecules have been shown to possess 

immunomodulatory and anti-inflammatory properties.  

From Chapters 3 and 4 we have identified NCK-10 and 6-BPCK-6 (Figure 5.1) as the 

most promising compounds. In this chapter, we have first looked at the ability of these two 

compounds to act on stationary phase and persister cells of S. aureus and E. coli. Further, we 

probed if membrane-activity indeed was retained as the primary mechanism of action. Then, the 

antibiofilm activity of NCK-10 and 6-BPCK-6 have been presented. As model systems, activity 

against biofilms of MRSA and P. aeruginosa have been performed in vitro before validation in 
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murine models of infection. Further, we look at the ability of NCK-10 to interact with aggregates 

of LPS and prevent LPS-induced stimulation of pro-inflammatory cytokines TNF-α and IL-6.  

5.2 Results and discussion 

5.2.1 Activity against stationary phase and persister cells of S. aureus  

Antibiotics are required in very high concentrations to treat stationary phase S. aureus cells. 

Remarkably, NCK-10 when treated against S. aureus cells in stationary phase (105CFU mL-1 in 

control), showed complete killing at 5 × MIC while, ampicillin, which is active at 0.1 µM against 

planktonic cells of this strain of S. aureus (MTCC 737), was shown to be inactive at even 50 μM 

Figure 5.2. Likewise, 6-BPCK-6 also lysed the cells at 5× MIC in 2h.  

      Persister cells of S. aureus are often encountered in biofilm conditions and are known to evade 

treatment with antibiotics. This is an important problem and there is a requirement for compounds 

which lyse such cells. As expected ampicillin was not able to inactivate the cells. But NCK-10 at 

5×MIC was sufficient to completely lyse persister cells of S. aureus in comparison to control, 

where the bacterial count was around 105 CFU mL-1. When treated with 6-BPCK-6 too, no 

 

Figure 5.1: Structures of compounds used in the study.  
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bacterial cells were visible at the end of 2h demonstrating that this class of compounds was 

effective in treating dormant or non-dividing cells of S. aureus. 

5.2.2 Activity against stationary phase and persister cells of E. coli 

NCK-10 when treated against E. coli cells in stationary phase, showed complete killing even at its 

MIC. While in the control, the bacterial cell count was maintained at 6 log CFU, no colonies were 

observed in NCK-10 (5 µM) treated cultures (the limit of detection in this experiment is 50 CFU 

mL-1). As can be seen from the Figure 5.2, kanamycin was not effective in eradicating stationary 

phase cells of E. coli. In fact, 6-BPCK-6 was did not lyse the cells even at 5× MIC (20 µM). This 

shows that 6-BPCK-6 needs E. coli to be metabolically active state to carry out its function. 

Another inference that can be drawn is that membrane-activity is probably not the only mechanism 

by which 6-BPCK-6 acts against Gram-negative bacteria. 

                         

 

Figure 5.2: Ability of NCK-10 (5 µM) and 6-BPCK-6 (20 µM) to act on stationary phase 

bacteria and persister cells of S. aureus and E. coli in comparison to Ampicillin and 

Kanamycin * indicate no bacteria observed. Detection limit is 50 CFU mL-1.  
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Persister cells of E. coli are also notorious in evading antibiotics in case of chronic 

infections. Thus, there is a huge demand for compounds which act against such cells. NCK-10, at 

its MIC was sufficient to completely lyse persister cells of E. coli in 2 h unlike kanamycin or 6-

BPCK-6 (Figure 5.2). Again, while the untreated control maintained a steady count of cells, no 

visible colony was observed in persister cells treated with the compound. 

It could be concluded that NCK-10 was the more effective agent to treat dormant and 

slowly-dividing cells of bacteria. Thus, we chose to study the mechanism of action of NCK-10 

against persister cells of S. aureus and E. coli. 

 

5.2.3 Mechanism of action against persister cells of E. coli 

Membrane active agents are hypothesized to retain similar mechanism of action against persister 

cells. Herein, we studied the ability of NCK-10 to depolarize and permeabilize the membranes of 

E. coli persister cells. The concentration that was chosen to do the experiment were at MIC (5 

µM), 2 × MIC and 5 × MIC. The compound was able to rapidly depolarize the membranes of E. 

coli persister cells (Figure 5.3A). The compound was able to infiltrate the outer-membrane of E. 

coli as well as the inner membrane (Figure 5.3B and 5.3C respectively). However, the ability to 

permeabilize the inner membrane was greatly diminished at lower concentrations. A similar 

observation was made when the experiments were done with S. aureus persister cells as well. 

 Although there have been quite a few reports of small molecules which exhibit activity 

against persister cells, hardly any have probed into their mechanism of action.221-226 Investigations 

into the mechanism of action of the compound against the persister cells revealed some interesting 

results. The ability of the compounds to depolarize the E. coli persister cells and act on its outer 

membrane was as expected. Previous investigations into inner membrane permeabilization of 

metabolically active E. coli always yielded negative results for such compounds. This underscores 

the difference between metabolically active cells and persister cells; additionally the importance 

of such membrane active agents against persister cells is also established. 
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5.2.4 Ability to lyse cells embedded within biofilms formed by MRSA 

S. aureus biofilms are considered to be serious impediments to healthcare officials all over the 

world. Agents that can disrupt pre-formed biofilms and kill the bacteria dispersed from biofilms 

are elusive and still represent an unmet need in healthcare. As mentioned earlier, underneath the 

polymeric matrix of biofilms there is a community of bacterial cells. The ability of NCK-10 and 

6-BPCK-6 to disrupt the biofilm matrix and kill the embedded cells were tested. As can be seen 

from Figure 5.4A, NCK-10 and 6-BPCK-6 were effective in reducing the number of viable cells 

of 24h pre-formed MRSA (ATCC 33591) biofilms in a concentration dependent manner. At 

10×MIC, NCK-10 was effective in reducing the number of bacteria embedded within the biofilm 

 

Figure 5.3: Mechanism of action against persister cells. A) Depolarization of the membranes 

of E. coli persister cells. B) Outer membrane permeabilization of E. coli persister cells and 

C) Inner membrane permeabilization of E. coli persister cells caused by NCK-10. (MIC is 5 

µM).  
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by 6.5 logs, while 6-BPCK-6 at the same concentration could reduce viability by 2.8 logs only. 

NCK-10 was also effective at lower concentrations unlike 6-BPCK-6. Thus, NCK-10 was much 

more effective compound in comparison to 6-BPCK-6. We then looked at the extent of disruption 

caused by NCK-10 using confocal microscopy. 

5.2.5 Disruption of MRSA biofilms 

Confocal images bear a further proof of the anti-biofilm property of the compound. In this 

experiment, preformed biofilms of MRSA were treated with NCK-10 at 10×MIC and the resultant 

biofilms were stained with SYTO-9 and observed under a confocal microscope. As can be seen 

from Figure 5.4B, in the untreated case, there was a dense biofilm which was 23 μm in thickness, 

while in the treated case (Figure 5.4C), the thickness of the dispersed biofilm was only 2 μm. A 

huge reduction in the thickness of the biofilm can also be observed in the images. 

 

                         

 

Figure 5.4: A) Ability of NCK-10 and 6-BPCK-6 to act on cells embedded within biofilms 

of MRSA. Confocal images of biofilms B) Untreated and C) Treated with NCK-10 

(10×MIC). MIC considered is 4 µM. 
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5.2.6 Ability to lyse cells embedded within P. aeruginosa biofilms  

P. aeruginosa is notorious for forming bacterial biofilms. The biofilm matrix of Pseudomonas sp. 

has been studied.227 It is well accepted that several negatively charged components make up the 

biofilm matrix such as alginates, LPS, DNA etc. Outer membrane vesicles also contribute to the 

biofilm matrix.227-229 Earlier it was shown that these compounds infiltrate the outer membrane of 

                        

 

Figure 5.5: A) Ability of NCK-10 and 6-BPCK-6 to act on bacteria embedded within 

biofilms of P. aeruginosa at 50 µM each. Confocal images of biofilms B) Untreated C) 

Treated with NCK-10 and D) Treated with 6-BPCK-6.  
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Gram-negative bacteria. Hence, we surmised that NCK-10 and 6-BPCK-6 would be able to disrupt 

the biofilm matrix of P. aeruginosa. In order to do so, we treated 72 h pre-formed biofilms of P. 

aeruginosa with the compounds at 10×MIC and counted the bacterial cells that remained after 

treatment. As can be seen from the Figure 5.5A, while the bacterial count was 7.3 logs in the 

untreated case, it was reduced to 3.6 logs upon treatment with 10×MIC of NCK-10, when treated 

with 6-BPCK-6, the bacterial count was reduced to 4 logs, emphasizing on the efficacy of the 

compounds in treating biofilms of P. aeruginosa. 

5.2.7 Disruption of P. aeruginosa biofilms 

In order to visualize the effect of the compound on the biofilms of P. aeruginosa, we treated 72h 

old biofilm (grown on a glass cover slip) of a clinical isolate of P. aeruginosa R590 (described 

earlier) at concentrations of 50 µM for 24h and subsequently stained the biofilm with SYTO-9. As 

can be seen from the Figure 5.5(B-D), in the untreated case, the biofilm was thick and uniform 

whereas, upon treatment with both the compounds, a monolayer of cells remained and were 

sparsely distributed. This proved, that the compound could indeed demonstrate antibiofilm activity 

against P. aeruginosa. 

 

5.2.8 Ability to interact with LPS 

From the experiments and theoretical studies described above, it is clear that NCK-10 interacts 

strongly with the membranes of bacteria. Since the compound contained two positive charges and 

one decyl chain, we reasoned that it might interact with other negatively charged hydrophobic 

molecules such as LPS. As mentioned earlier LPS is a component of Gram-negative bacteria and 

form aggregates in aqueous solution. These aggregates are recognized by host-cells and a cascade 

of reactions are initiated upon recognition, which ultimately leads to sepsis. We surmised that if 

NCK-10 interacts with LPS, it would also prevent inflammatory response and ultimately sepsis.  

 At first we checked the ability of NCK-10 to interact with BODIPY dye conjugate of LPS. 

Due to aggregation, the fluorescence of BODIPY-LPS is quenched. However, upon interaction 

with an amphiphilic molecule, dissociation of the aggregates occur and subsequent increase in 

fluorescence is observed. As can be seen from Figure 5.6, Sodium dodecyl sulphate (2%) was able 

to increase the intensity of fluorescence by several orders of magnitude in comparison to control 
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(blank). NCK-10, was able to interact with LPS at concentrations of 15 µM (3×MIC) and above 

(Figure 5.6A). With increasing concentration, the response was enhanced at max 510 nm (Figure 

5.6B). It could, thus be concluded, that like SDS, NCK-10 was able to dissociate the LPS 

aggregates.  

5.2.9 Ability to prevent LPS induced stimulation of pro-inflammatory cytokines TNF-α and 

IL-6  

We surmised that if the compound can dissociate the aggregates of LPS, it can prevent pro-

inflammatory response that ultimately leads to sepsis. Thus, we proceeded to check the response 

of LPS, on immune cells in presence and absence of NCK-10. The experiment was performed with 

human peripheral blood mononuclear cells (hPBMCs), which are known to circulate in blood and 

produce inflammatory response upon interacting with bacterial endotoxins such as LPS. hPBMCs 

were isolates from fresh human blood using Ficoll-Hypaque density centrifugation technique. 

Then, the hPBMCs were stimulated with LPS (concentration used was 20 ng mL-1) in presence 

and absence of NCK-10 (3×MIC). The secretion of pro-inflammatory cytokines, TNF-α and IL-6 

was quantified using ELISA. As can be seen from Figure 5.7, NCK-10 on its own did not elicit 

                        

 

Figure 5.6: A) Ability of NCK-10 to interact with LPS-BODIPY. B) A dose-dependent 

response can be observed. SDS (2%) was used as a positive control. max is 510 nm and the 

MIC considered is 5 µM. 
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any response. On the other hand, LPS successfully stimulated the production of both TNF-α and 

IL-6. However, in presence of NCK-10, the pro-inflammatory response of LPS was suppressed. 

This experiment proved that, NCK-10 could not only treat bacterial infection but also prevent 

sepsis. 

5.2.10 Efficacy studies in murine models of biofilm infection 

 

5.2.10.1 Murine model of skin infection caused by biofilms of MRSA 

The activity of NCK-10 was then tested in murine model of MRSA biofilm infection. The 

experiment was performed like that described in Chapter 2 except that treatment was initiated 

twenty four hours after infection was set. It has been previously reported that within 24 h of 

infection bacteria form biofilms. To establish the biofilms in our model, we had separately set 

infection on three mice, sacrificed them after 24h and analyzed their skin sections under FESEM. 

It could be observed from Figure 5.8, large portions of the tissue surface were covered by dense 

                        

 

Figure 5.7: Ability of NCK-10 to suppress LPS induced stimulation of A) TNF-α and B) IL-

6. 
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MRSA biofilms. It can be seen that MRSA have already infected the tissues and in certain regions 

multiple layers could be seen. This clearly indicated that within 24h, biofilms are formed by MRSA 

on mice skin. 

      In the MRSA biofilm-infection experiment, fusidic acid was used as a comparator drug. Both 

NCK-10 and fusidic acid was dosed at 40 mg kg-1 (in saline) for 7 days as described above. At the 

end of seven days, the mice were sacrificed and their wounded skin sections were analyzed. The 

skin at the region of infection was excised and a count of bacterial colonies were obtained from 

their homogenates. The results showed that while fusidic acid was not effective in reducing 

bacterial burden (p value 0.45), the compound was able to bring about significant reduction (p 

value 0.0013) in bacterial burden (Fig 5.9A). This result indicated that in vivo the compound was 

able to act on planktonic cells as well was biofilms of MRSA. The fact that it was much more 

effective in comparison to the approved drug fusidic acid emphasizes on the clinical potential of 

the compound. 

                         

Figure 5.8: Scanning electron micrographs of the wound tissue surface 24 h post inoculation. 

A carpet of bacteria can be seen on the surface of the skin, indicating biofilm formation. 
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5.2.10.2 Murine model of burn infection caused by biofilms of P. aeruginosa 

The efficacy of both NCK-10 and 6-BPCK-6 was tested in P. aeruginosa-biofilm model of burn 

infection. Herein, burn wounds were first created in mice and then the wounds were infected with 

107 CFU mL-1 of P. aeruginosa R590. In order to facilitate biofilm formation, the wounds were 

left untreated for 24 h. At the end of 24 h, the wounds were subsequently treated for 6 days with 

NCK-10 and 6-BPCK-6 at 40 mg kg-1 respectively once a day. As a positive control, colistin was 

used at 30 mg kg-1. As can be seen from Figure 5.9B, in the untreated control, the bacterial count 

was 8.1 logs while in case of NCK-10 treated mice, the bacterial count was 5.8 logs. 6-BPCK-6 

wass more effective and it brought the bacterial burden down to 3.9 log. Although colistin was 

more efficacious, it has to be kept in mind that colistin is quick to trigger resistance development 

unlike NCK-10 and 6-BPCK-6. The fact that 6-BPCK-6 significantly outperformed NCK-10 in 

murine model emphasized that in vitro activity is not always reflected in vivo conditions. 

                        

 

Figure 5.9: A) Ability of NCK-10 to act against biofilms of MRSA in a murine model of 

skin infection caused by MRSA. Fusidic acid was used as a comparator. B) Activity of NCK-

10 and 6-BPCK-6 to act on biofilms of P. aeruginosa in a murine model of burn infection. 

Colistin was used as control.  
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5.3 Conclusions 

From Chapter 5, it can be concluded that membrane-active small molecules (especially NCK-10) 

can also be used to treat dormant cells of both Gram-positive and Gram-negative bacteria. Indeed, 

activity on membranes of these cells imparts such potency. In fact, the compounds were also active 

against biofilms of MRSA and P. aeruginosa. NCK-10 could also suppress LPS induced 

production of TNF-α and IL-6. NCK-10 was active against skin-infection model of MRSA 

biofilms in mice. Against P. aeruginosa model of biofilm infection in mice, 6-BPCK-6 was more 

efficacious than NCK-10. Overall, the compounds could be used for treatment of chronic bacterial 

infections.  

5.4 Experimental section  

 

5.4.1 Activity against Stationary-phase bacteria (S. aureus): This experiment was performed 

by following a published protocol with little modification. S. aureus was grown for 6 h in nutrient 

broth and contained ~109 CFU mL-1 (determined through dilution plate technique by spread plate 

method). This was then diluted to 1000 fold and incubated 37 ºC for 16 h to obtain stationary-

phase cultures. At the end of 16h, the cells were centrifuged down, washed twice with Minimum 

Essential Media (MEM) and resuspended in MEM media at concentration of 106 CFUmL-1. 50 µL 

of the test compound, NCK-10 or Ampicillin was then added to 150 µL of the stationary-phase 

bacteria (in wells of a 96 well plate) with the working concentrations of 15 µg mL-1 and 20 µgmL-

1 respectively. In the negative control the well contained 200 µL of MEM. The 96 well plate was 

then incubated at 37 ºC with shaking at 150 rpm. At the end of 2h, 20 µL of aliquots from that 

solution were serially diluted 10-fold in MEM (GIBCO) media. Then from the dilutions, 20 µL 

was plated on nutrient agar plates and incubated at 37 ºC. After 24 h the bacterial colonies were 

counted and results represented in logarithmic scale, i.e. log (CFU mL-1). The results furnished are 

averages of two independent experiments. 

 

5.4.2 Isolation of Persister cells of S. aureus and activity against them: Persister cells of S. 

aureus were isolated following a previously published protocol. After growing the respective 

bacteria to their stationary phases using the protocol mentioned above, S. aureus cells were then 

treated with 100 μg mL-1 ampicillin for 3h. Then they were centrifuged down, and washed with 
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MEM twice and resuspended again in the same media. These cells were then diluted to 105 cells 

and treated with the compound (at concentrations of 5×MIC, 2×MIC and MIC) and also with 

another round of Ampicillin (20 µg mL-1) for 2h or left untreated in wells of a 96 well plate as 

mentioned above. It was then incubated at 37ºC with shaking at 150 rpm. At the end of 2h, 20 µL 

of aliquots from that solution were serially diluted 10-fold in corresponding media. Then from the 

dilutions, 20 µL was plated on nutrient agar plates and incubated at 37 ºC. After 24 h the bacterial 

colonies were counted and results represented in logarithmic scale, i.e. log (CFU mL-1). The results 

furnished are averages of two independent experiments. 

 

5.4.3 Activity against Stationary-phase bacteria (E. coli):  E. coli (MTCC 443), was grown for 

6 h in Luria-Bertani broth and contained ~109 CFU mL-1 (determined through dilution plate 

technique by spread plate method). This was then diluted 1000 fold and incubated at 37 ºC for 18 

h to obtain stationary-phase cultures. At the end of 18h, the cells were centrifuged down, washed 

twice with M9 media, resuspended in M9 media and diluted to a concentration of 105 CFU mL-1. 

The test compound, NCK-10 was then added to the stationary-phase bacteria with the working 

concentrations of 15 µg mL-1. It was then incubated at 37 ºC with shaking at 150 rpm. At the end 

of 2h, 20 µL of aliquots from that solution were serially diluted 10-fold in saline. Then from the 

dilutions, 20 µL was plated on nutrient agar plates and incubated at 37 ºC. After 24 h the bacterial 

colonies were counted and results represented in logarithmic scale, i.e. log (CFU mL-1).  

 

5.4.4 Isolation of persister cells of E. coli and activity against them:  After growing E. coli to 

their stationary phases using the protocol mentioned above, they were treated with ampicillin (300 

μg mL-1) for 3h. Then they were centrifuged down, and washed with M9 media for twice and 

resuspended again in the same media. These cells were then diluted to 105 cells and treated with 

the compound (at concentrations of MIC, 2×MIC and 5×MIC) for 2h or left untreated. It was then 

incubated at 37 ºC with shaking at 150 rpm. At the end of 2h, 20 µL of aliquots from that solution 

were serially diluted 10-fold in corresponding media. Then from the dilutions, 20 µL was plated 

on agar plates and incubated at 37 ºC. After 24 h the bacterial colonies were counted and results 

represented in logarithmic scale, i.e. log (CFU mL-1).  
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5.4.5 Mechanism of action: Persister cells were isolated as described above and diluted to 108 

cells in respective media. Membrane depolarization studies using DiSC3 (5) dye, membrane 

permeabilization studies using PI and outer membrane permeabilization studies were all conducted 

in the same procedure as described in 2.4.4; the only difference being isolated persister cells were 

used instead of mid-log phase bacteria. The concentrations used in this study were MIC, 2 × MIC, 

5 × MIC.  

5.4.6 Biofilm disruption assays 

5.4.6.1. Ability to lyse cells embedded within biofilms: Sterilized cover slips were placed in 

wells of a 6-well plate. 2 mL of Midlog phase (6 h grown) culture of MRSA or P. aeruginosa 

(R590), diluted to approximately 105 CFU mL-1 in a nutrient broth supplemented with 0.1% NaCl 

and 0.1% glucose acid, was added to wells containing the cover slips. The plate was incubated 

under stationary conditions at 33 ºC for 24h (MRSA) or 72 h (P. aeruginosa). After 24h (MRSA) 

or 72 h (P. aeruginosa), media was removed and planktonic bacteria were carefully washed with 

1X PBS (pH = 7.4) and removed. Biofilm containing cover slips were then placed into another 6-

well plate and 2 mL of media containing NCK-10 (5×MIC and 10×MIC) was added to it and 

allowed to incubate for 24 h. In case of control, 2 mL of complete medium was added without 

compound. At the end of 24 h, medium was then removed and planktonic cells were removed by 

washing with 1X PBS. . The disrupted biofilms were then scraped with pipette tip following 5 

min-exposure to 100 µL trypsin-EDTA (0.25%) (GIBCO). Cell suspension was then vortexed at 

high speed for 1 min to break up the clumps. The bacterial counts were assessed by plating serial 

10-fold dilutions of biofilm cell suspensions on nutrient agar plates. After 24 h of incubation the 

plates were counted and cell viability was expressed as log (CFU mL-1) and compared with non-

treated control. The experiment was performed twice.  

 

5.4.6.2. Confocal laser scanning microscopy (CLSM): As Cover slips were first sterilized by 

soaking them in ethanol followed by drying in flame, and then placing in well of a 6-well plate. 

Midlog phase (6 h grown) culture of S. aureus or P. aeruginosa was then diluted to approximately 

105 CFU mL-1 in a nutrient broth supplemented with 1% glucose and 1% NaCl and 2 mL of this 

stock was added to cover slips containing wells. The plate was then incubated under stationary 

conditions at 37 ºC. After 24 h (MRSA) or 72 h (P. aeruginosa), media was removed and 



151 
 

planktonic bacteria were carefully washed out with 1X PBS (pH = 7.4). Biofilm containing cover 

slips were then placed into another 6-well plates and 2 mL of test compound NCK-10 (10×MIC) 

was added to it and allowed to incubate for 24 h. In case of control, 2 mL of complete medium 

was added instead of compound. At the end of 24 h, medium were then removed and planktonic 

cells were removed by washing with 1X PBS. Coverslips containing biofilm were carefully 

removed from the well and stained with SYTO-9 (3 µM) and imaged it using a Zeiss 510 Meta 

confocal laser-scanning microscope. 

5.4.7 Ability to bind to LPS-BODIPY: LPS Binding and Dissociation was performed using a 

previously published protocol.230 Stock solution of BODIPY-LPS (100 μg mL-1), obtained from 

E. coli, Molecular Probes, Life Technologies and diluted to 10 μg mL-1 in 1× PBS (pH 7.4). 

BODIPY-LPS stock solutions were sonicated for 2 min before use. 2 mL of solution of BODIPY-

LPS was first sonicated and taken in a quartz cuvette at concentrations of 500 ng mL−1). 

Subsequently, the test compounds in PBS were added at respective concentrations. Experiments 

were performed using a λS55 fluorescence spectrophotometer (PerkinElmer) at an excitation 

wavelength of 485 nm, and emission was collected from 500 to 700 nm (excitation slit width = 5 

nm, emission slit width = 15 nm) at room temperature. 

5.4.8 Ability of NCK-10 to inhibit LPS-induced stimulation of pro-inflammatory cytokines:  

This experiment was performed using a previously published protocol.230 Briefly, to freshly 

isolated human PBMCs, seeded in 24-well plates for 3h (1 × 106 cells in 1 ml of RPMI), 20 ng 

mL−1 of E. coli 0111:B4 LPS (Sigma-Aldrich) was added in either the presence or absence of 

NCK-10 (10 μg mL-1). Only HBSs and only NCK-10 were also added as controls. The cells were 

incubated for 18−24 h and then cell culture supernatants were analyzed for cytokines such as tumor 

necrosis factor (TNF-α) and interleukin- 6 (IL-6) using the human ELISA kits (BD Biosciences) 

following the manufacturer’s instructions. 

5.4.9 Animal studies 

5.4.9.1 In vivo acute skin infection: For this experiment, exactly same protocol was followed as 

described in Chapter 3, but the dosage with fusidic acid (n=3) and NCK-10 (n=4) was started 24h 

post infection while in control (n=7) mice were left untreated.  To establish the infection, three 

mice were inoculated with approximately 107 CFU of bacteria as described above. After 24 h these 

mice were sacrificed using isofluorane. Skin portion from the wound site of the infected mice were 
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severed aseptically, homogenized, serially diluted and plated on agar plates and counted. Small 

portions of the skin were also imaged under FESEM for visual proof of the formation of biofilm 

(the experimental protocol is described below). Typically, the count of bacteria 24h after bacterial 

addition is (6.65±0.03) log. Data was plotted using Graphpad prism software and P value was 

calculated using unpaired Student’s t test (2 tailed 1 sample, unpaired distribution) between the 

control group and the treatment group and a value of P < 0.05 was considered significant.  

 

5.4.9.2 In vivo chronic biofilm skin infection: This was followed by a modified protocol of 

previously published papers.208, 231, 232 Female Balb/c mice (6-8 weeks, 22-25 g) were anesthetized 

with ketamine-xylazine cocktail, their dorsal surface shaved and cleansed. Around 6 mm burn 

wounds were created by applying a 120 s heated brass bar for 10s. Immediately after injury, burn 

wounds were infected with a mid-log phase bacterial inoculum of 107 CFU of P. aeruginosa 

(R590) prepared in PBS. Treatment was started 24 h post infection, to allow sufficient time for 

biofilm formation. Burn wounds were treated every 24 h for 5 days. NCK-10 (at concentrations of 

20 mg kg-1 and 40 mg kg-1) and colistin (30 mg kg-1) was dissolved in saline and burn wounds 

were treated with 40 µL of these solutions. Only saline was used as untreated control. Mice were 

euthanized 6 days post-injury; the wounded muscle tissue was excised, weighed, and homogenized 

in 10 mL of PBS. Serial homogenate dilutions were plated on MacConkey agar (Himedia, India) 

and the results were stated as log (CFU g-1) of tissue. P value was calculated using unpaired 

Student’s t test (2 tailed 2 samples assuming equal variances) between the control group and the 

treatment group and a value of P < 0.05 was considered significant.  
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Chapter 6 

Antifungal properties of aryl-alkyl-lysines 
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Abstract 

 

Mortality due to pathogenic fungi has been exacerbated by the rapid development of resistance to 

frontline antifungal drugs. Fungicidal compounds with novel mechanisms of action are urgently 

needed. Aryl-alkyl-lysines, which are membrane-active small molecules, were earlier shown to be 

broad-spectrum antibacterial agents with potency in vitro and in vivo. In this chapter, the 

antifungal properties of aryl-alkyl-lysines have been reported. After identification of the most 

active compound (NCK-10), its activity against a panel of clinically relevant pathogenic fungi was 

tested. NCK-10 was capable of inhibiting growth of various species of fungi (including Candida 

spp., Cryptococcus spp., and Aspergillus fumigatus) at concentrations similar to antifungal drugs 

used clinically. It was observed that polarization and permeability of the fungal cell membrane 

was compromised upon addition of NCK-10, indicating its mechanism is disruption of the fungal 

cell membrane. In addition to interfering with growth of planktonic fungi, NCK-10 demonstrated 

the ability to both inhibit biofilm formation and reduce the metabolic activity of cells in C. albicans 

biofilm. Additionally, the compound was capable of crossing the blood-brain-barrier in an in vitro 

model, expanding the potential antifungal applications for NCK-10. Overall, aryl-alkyl-lysines 

were found to be excellent compounds that warrant further investigation as novel antifungal 

agents. 

 

 

 

 

 

 

 

 

 

     

 

 (1) Ghosh, C. et al. “Aryl-alkyl-lysines: Membrane-active fungicides that act against biofilms of Candida albicans”. 

ACS Infect. Dis., 2017, (DOI: 10.1021/acsinfecdis.6b00192) 
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6.1 Introduction 

Invasive fungal infections afflict millions of patients annually resulting in more than 1,350,000 

deaths. Despite the fact that infections caused by pathogenic fungi lead to significant mortality and 

morbidity, the threat of these pathogens is often overlooked.233 Only four classes of antifungal 

drugs are currently available to clinicians: polyenes, azoles, echinocandins and 5-

fluorocytosine.234 While azoles inhibit the biosynthesis of ergosterols, polyenes bind to ergosterol, 

form pores, and induce leakage of intracellular ions.234, 235 In contrast, echinocandins and 5-

fluorocytosine exert their antifungal effect by a different method.  Echinocandins inhibit fungal 

cell wall biosynthesis while 5-fluorocytosine inhibits both protein synthesis and DNA synthesis in 

fungi.236 There are reports of resistance to each antifungal agent mentioned above; this makes it 

imperative to design and develop novel antifungal agents.237  

In additional to targeting fungal viability, identifying novel antifungals capable of 

interfering with key fungal virulence factors (such as biofilm formation) is highly desirable. 

Similar to bacteria, fungi are capable of forming stable communities within biofilms that are 

extremely difficult to treat.238 Only recently have therapeutic agents against antifungal biofilms 

gained more prominence in the research community.239, 240 Thus design of novel antifungal agents 

which can act against both planktonic and biofilm forms of pathogenic fungi is highly desirable. 

 Antimicrobial peptides and their mimics have gained popularity among researchers as next 

generation therapeutic agents, primarily because of their broad spectra of activity.17, 20 Several 

antimicrobial peptides possess notable antifungal activity. This has prompted additional research 

in peptidomimetic designs with antifungal properties.161, 241, 242 Although, none of the 

peptidomimetic designs have progressed to preclinical studies to date, they bear much promise as 

potential drugs for the treatment of pathogenic fungi.  

In this chapter, the antifungal properties of aryl-alkyl-lysines have been described. In 

Chapters 3 and 5 their efficacy as antibacterial and antibiofilm agents both in vitro and in vivo 

were described. Herein, the activity of compounds from the NCK series, containing naphthalene 

rings, and the BCK series, containing benzene rings, against clinically-relevant pathogenic fungi 

has been furnished. After identification of the most active compound (NCK-10), its antifungal 

mechanism of action was confirmed. Furthermore, the ability of the compound to inhibit C. 
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albicans biofilms was also examined. Finally, the ability of NCK-10 to passively permeate across 

the relatively impermeable blood-brain-barrier was studied in an in vitro model. The results 

garnered provide a valuable foundation for further investigation for potential clinical applications 

of NCK-10 as a novel antifungal agent.  

 

6.2 Results and Discussion 

6.2.1 Antifungal activity 

The antifungal activity of the six compounds presented in Figure 6.1 were initially screened against 

two fungal strains, C. albicans SC5314 and C. neoformans H99, in YPD media. The synthesis and 

antibacterial activity of the compounds have been described in Chapter 3. The MIC and MFC of 

the compounds is presented in Table 6.1. NCK-6 lacked antifungal activity against C. albicans 

SC5314. The MIC for NCK-8 was 40 µM and correlated to the MFC, indicating this compound is 

fungicidal at this concentration. From the NCK series, NCK-10, was the most potent antifungal 

compound identified, as it inhibited growth of C. albicans SC5314 at a concentration of 20 µM. 

In the BCK-series, only BCK-12 showed potent activity inhibiting fungal growth at 40 µM and 

demonstrating a fungicidal effect at 40 µM. Although the decyl analogue BCK-10 was slightly 

active against C. albicans (MIC of 40 µM), BCK-14 was inactive even at a concentration of 50 

µM. Against C. neoformans H99, however, all the compounds (except for NCK-6) inhibited 

growth at 5 µM. From this screen, NCK-10 emerged as the most active compound against both C. 

albicans and C. neoformans. Thus, we moved to further explore the spectrum of antifungal activity 

of NCK-10. 

 

Figure 6.1: Structures of the compounds tested. 
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The susceptibility of cationic antimicrobial agents often vary in different media.243 We 

have reported similar observations against bacteria previously.172, 244 In order to test if YPD media 

had an adverse effect with respect to susceptibility, we determined the MIC and MFC of NCK-10 

in RPMI medium as well. Interestingly, a significant decrease in the MIC value was observed. The 

MIC of the compound against C. albicans SC5314 in RPMI media was found to be 2.4 µM. Thus, 

we chose to carry out further susceptibility testing using RPMI medium. NCK-10 was 

subsequently tested against additional clinical fungal species including C. albicans, C. 

parapbsilosis, C. glabrata, C. tropicalis, C. gattii, C. neoformans and A. fumigatus (Table 6.2). 

Candida parapsilosis has been gaining notoriety as an invasive fungus responsible for the most 

infections caused by Candida sp. after C. albicans.245 Furthermore, excessive use of 

immunosuppressive agents and broad-spectrum antimycotic agents has led to emergence of 

Table 6.1: Antifungal activity of BCK and NCK compounds against Candida albicans and 

Cryptococcus neoformans. 

 Values are the averages of at least two experiments, each done in triplicate (error <5%) 

Compounds 

C. albicans SC5314 C. neoformans H99 

MIC 

(µM) 

MFC 

(µM) 

MIC 

(µM) 

MFC 

(µM) 

NCK-6 >50 >50 42 42 

NCK-8 40 40 5 5 

NCK-10 20 40 5 5 

BCK-10 40 80 5 5 

BCK-12 40 40 5 5 

BCK-14 >50 >50 9 9 

 



160 
 

pathogenic strains of C. glabrata, especially for patients suffering from HIV and diabetes.246 A 

major problem with this microorganism is that some of the strains are inherently resistant to 

fluconazole therapy. Candida tropicalis is another major problem in India, wherein it is the most 

dominant contributor to candidiasis caused by Candida-non-albicans (CAN) species. 

Cryptococcosis and cryptococcal meningitis are potentially fatal diseases caused by Cryptococcus 

sp. Although Cryptococcus neoformans mostly affects immunocompromised individuals 

(particularly patients infected with HIV), Cryptococcus gattii has been reported to cause illness in 

immunocompetent individuals.247 Drugs against such pathogens are medically important, 

particularly in Sub-Saharan Africa where the largest population of AIDS patients resides. 

Susceptibility of nine strains of C. albicans to NCK-10 was examined. Out of these nine strains, 

two strains (NR-29351 and NR-29365) were susceptible to fluconazole. Against NR-29351, NCK-

10 was active at 2 µM while amphotericin B was active at 1 µM. Against NR-29365, however, 

NCK-10 (MIC 1 µM) was two-fold more active than amphotericin B (MIC 2 µM). Against the 

remaining seven strains of C. albicans, fluconazole was not active up to a concentration of 200 

µM. Against C. albicans NR-29448, NCK-10 matched the potency of amphotericin B, inhibiting 

fungal growth at a concentration of 1 µM. Against C. albicans ATCC MYA A573, NCK-10 (MIC 

1 µM) was as active than amphotericin B. When examined against C. albicans NR-29438, NR-

29366, NR-29367, ATCC 26790 and ATCC 64124, amphotericin B inhibited growth at 1 µM 

which was similar to the MIC for NCK-10 (3 µM). 

Against C. parapsilosis ATCC 22019, NCK-10 had MIC and MFC values of 1 µM and 2 

µM respectively, which is comparable to the control antifungals amphotericin B (MIC of 1 µM 

and MFC of 2 µM) and superior to fluconazole (MIC and MFC of 7 µM). Against two strains of 

C. glabrata (ATCC MYA-2950 and ATCC 66032), which were resistant to fluconazole (MFC 

>200 µg mL-1), NCK-10 was active at 2 µM (MIC and MFC). These strains were susceptible to 

amphotericin B (MIC 1 µM). We tested the activity of NCK-10 against two species of C. tropicalis 

ATCC 1369 and ATCC 13803. Against both strains, amphotericin was active at 1 µM. NCK-10 

was also active at less than 1 µM against ATCC 1369 while fluconazole was active at 7 µM. 

Against ATCC 13803, fluconazole was active at 2 µM while NCK-10 was active at 2 µM. Overall, 
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the potency of NCK-10 against Candida species was similar to, and against several strains better Table 6.2: Activity of NCK-10 against clinical isolates of pathogenic fungi in comparison to 

amphotericin B and fluconazole. 

 

Fungal strains 

NCK-10 Amphotericin B Fluconazole 

MIC 

(µM) 

MFC 

(µM) 

MIC 

(µM) 

MFC 

(µM) 

MIC 

(µM) 

MFC 

(µM) 

Candida albicans NR-29448 1 2 1 1 >200 ND 

Candida albicans NR-29351 2 3 1 1 2 25 

Candida albicans NR29438 3 3 1 2 >200 ND 

Candida albicans NR-29366 3 3 1 1 >200 ND 

Candida albicans NR-29367 3 3 1 2 >200 ND 

Candida albicans ATCC 26790 3 3 1 1 >200 ND 

Candida albicans NR-29365 1 1 2 2 2 >200 

Candida albicans ATCC MYA573 1 1 1 1 >200 ND 

Candida albicans ATCC 64124 3 3 1 1 >200 ND 

Candida parapbsilosis ATCC22019 1 2 1 2 7 7 

Candida glabrata ATCC MYA-2950 2 2 1 1 100 >200 

Candida glabrata ATCC 66032 2 2 1 2 50 >200 

Candida tropicalis ATCC 1369 1 1 1 1 7 >200 

Candida tropicalis ATCC 13803 2 2 1 2 2 >200 

Cryptococcus gattii NR-43208 2 2 1 2 7 7 

Cryptococcus  gattii NR-43209 2 2 1 4 25 25 

Cryptococcus neoformans NR41294 3 3 1 1 13 25 

Cryptococcus neoformans NR-41296 3 3 1 1 13 25 

Cryptococcus neoformans NR-41295 3 3 1 1 50 100 

Cryptococcus neoformansNR-41292 2 2 1 17 25 25 

Aspergillus fumigatus NR-35308 6 6 0.3 0.03 >200 ND 

Aspergillus fumigatus NR-35304 6 6 ≤0.0625 0.3 >200 ND 

Aspergillus fumigatus NR-35303 6 6 ≤0.0625 0.1 >200 ND 

Aspergillus fumigatus NR-35301 6 6 0.3 0.3 >200 ND 

Aspergillus fumigatus NR-35302 3 3 0.5 0.5 >200 ND* 

Values are the averages of at least two experiments, each done in triplicate (error <5%) 
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than, the clinical antifungals amphotericin B and fluconazole. 

Against two strains of C. gattii (NR-43208 and NR-43209), NCK-10 and amphotericin B 

exhibited MIC values of 2 µM and 1 µM respectively, whereas the MIC of fluconazole was 7 µM 

and 25 µM respectively. Against four strains of C. neoformans (NR-41292, NR-41294, NR-41295 

and NR-41296), the MIC of fluconazole varied from 13 µM to 50 µM. The antifungal activity of 

NCK-10 against these same strains was superior (MIC ranged from 2 µM to 3 µM) and was 

comparable to the activity of amphotericin B (MIC 0.0624 µM-0.5 µM). 

 Similar to fungal pathogens like C. neoformans, Aspergillus fumigatus severely affects 

immunocompromised individuals including patients with leukemia, cystic fibrosis, human 

immunodeficiency virus, and patients undergoing organ and stem cell transplants; mortality rates 

associated with this pathogen are as high as 90%.23 We tested NCK-10 against five strains of A. 

fumigatus (NR 35301, NR 35302, NR 35303, NR 35304 and NR 35308) which were all resistant 

to fluconazole (MIC >200) but susceptible to amphotericin B (MIC 1 µM). Against all strains of 

A. fumigatus that were tested, NCK-10 was fungicidal at 6 µM. 

 

Figure 6.2: Kinetics of fungicidal action of NCK-10 
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6.2.2 Kinetics of fungicidal action  

Per the MFC data, NCK-10 appears to be a fungicidal agent against all fungal species tested. We 

moved to confirm this observation via a standard time-kill assay. The growth of C. albicans 

SC5314 in the presence of NCK-10 (at concentrations equivalent to the MIC and 4×MIC) was 

observed over a five-hour period. As depicted in Figure 6.2, NCK-10 was effective in diminishing 

the fungal count within the first hour. At the end of three hours >90% was observed. Although, a 

few colonies were observed thereafter, the ability of the compound to lyse fungal cells was evident. 

6.2.3 Mechanism of action 

We previously confirmed NCK-10 exerted its antibacterial effect by infiltrating the cell 

membrane.17-18 Thus, we postulated that NCK-10 would behave in a similar manner against fungi. 

To confirm this, the compound’s ability to depolarize and permeabilize the fungal cell membrane 

of C. albicans (SC5314) was examined (Figure 6.3). The ability of NCK-10 to perturb the 

polarization across fungal membranes was studied using the membrane potential sensitive probe, 

DiSC3(5). The fluorescence intensity of the dye is enhanced upon perturbation of the membrane 

potential. NCK-10 at concentrations equivalent to its MIC and 2 × MIC was able to depolarize the 

fungal membrane within one minute (Figure 6.3A), in a dose-dependent manner.  

We then checked if the compound was able to compromise the membrane to permit influx 

of external substances. The external agent used was propidium iodide (PI), which cannot enter the 

cell unless the cell membrane is compromised. Upon binding to nucleic acids, there is an 

enhancement in the fluorescence signal emitted. Upon addition of the compound, PI found rapid 

entry inside the fungal cell as presented in Figure 6.3B. These results support our hypothesis that 

NCK-10 exerts its antifungal effect by rapidly permeabilizing the fungal cell membrane.  
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6.2.4 Microscopic observation of cell viability 

In order to further confirm the proposed antifungal mechanism of action, NCK-10’s ability to 

compromise the fungal cell membrane was observed microscopically. In this experiment, two dyes 

SYTO-9 and PI were used to differentiate between live and dead/membrane-compromised cells. 

SYTO-9 gains entry both in intact and membrane-compromised cells. However, as mentioned 

earlier, PI can only enter membrane-compromised cells. As can be seen from Figure 6.4, in the 

untreated control, only uptake of SYTO-9 by C. albicans SC5314 was observed, indicating that 

the cell membrane was not compromised. However, upon treatment of C. albicans SC5314 cells 

with NCK-10 (at its MIC)), PI entered the cells easily. In the merged image, one can see the 

predominance of the red dye (PI) in comparison to the untreated control, further confirming the 

membrane-disrupting ability of NCK-10. 

 

Figure 6.3: Ability of NCK-10 to infiltrate the cell membrane of C. albicans A) Depolarization of fungal 

cell membrane B) Permeabilization of the cell membrane. MIC considered is 20 µM. 
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6.2.5 Antibiofilm properties 

In addition to the challenge posed by free-floating, planktonic fungal cells, fungal biofilms pose a 

significant additional concern. These biofilms are capable of forming on medical devices (such as 

indwelling catheters) leading to recurring infections that are challenging to treat.248 

Understandably, several recent studies have focused on identifying agents that are effective at 

attacking biofilms of pathogenic fungi.239, 240, 249, 250 

The ability of the compound to both prevent and disrupt biofilms of C. albicans SC5314 

was tested. To examine inhibition of biofilm formation, we incubated NCK-10 at different sub-

MIC concentrations (ranging from MIC to MIC/32) and allowed the fungal biofilms to grow for 

three days. Subsequently, the metabolic activity of biofilm that was formed was quantified using 

the MTT assay. As presented in Figure 6.5A, with respect to the control, the compound was able 

to inhibit formation of biofilms in a concentration-dependent manner, At MIC/32, more than 30% 

inhibition of fungal biofilm formation was observed. At MIC/4 the compound produced an 80% 

inhibition of biofilm formation, relative to the untreated control. The effect was most pronounced 

at MIC/2 and MIC/4 concentrations.  

 

Figure 6.4: Fluorescence microscopy images of C. albicans after staining with SYTO 9 and PI in absence 

(control) or presence of NCK-10 (2 × MIC). Scale bar, 5 μm. MIC considered is 20 µM. 
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We next investigated the efficacy of the compound to disrupt pre-formed fungal biofilm.  

C. albicans SC5314 biofilms were grown for 48 hours before subjecting them to compound 

treatment. The concentration of the compound tested ranged from MIC/2 to 4 × MIC. The 

metabolic activity of the biofilm was significantly diminished by 25% even at MIC/2. No 

antibiofilm activity was observed for NCK-10 at MIC/2 (Figure 6.5B). At concentrations equal to 

the MIC and beyond, more than 80% reduction in the metabolic activity of cells in the biofilm was 

observed, relative to the untreated control. 

 

6.2.6 Parallel artificial membrane permeability assay for ability to cross the blood brain 

barrier 

Certain fungal infections, particularly Cryptococcal meningitis and Rhinocerebral mucormycosis, 

necessitate that a viable therapeutic agent be capable of crossing the blood-brain barrier in order 

to reach the target site of infection. Thus we evaluated the ability of compounds NCK-10 to 

penetrate the BBB utilizing PAMPA-BBB (Table 6.3). Although the value obtained for NCK-10 

was not as high as that of the highly permeable drug verapamil, it was found to be superior to the 

low permeability control drug, atenolol, indicating NCK-10 is capable of passively traversing 

across the barrier imposed by the blood-brain barrier. Traditionally, compounds possessing a mean 

permeability coefficient less than 2 × 10-6 cm sec-1 will experience difficulty in effectively crossing 

the BBB. As NCK-10, possesses a mean permeability coefficient (Table 6.3) of 2.87 × 10-6 cm 

 

Figure 6.5: Ability of the compound NCK-10 to A) inhibit the formation of C. albicans biofilm and B) 

Disruption of pre-formed C. albicans biofilm. MIC considered is 20 µM. 
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sec-1, this indicates that NCK-10 would be a good candidate for investigation of treatment of fungal 

infections impacting the brain (namely meningitis).            

 

6.3 Conclusions 

Overall, present study demonstrates the promise of aryl-alkyl-lysines, specifically NCK-10, as 

prospective antifungal agents. NCK-10 possesses excellent efficacy in vitro against various species 

of clinically-relevant fungi and is also capable of interfering with biofilms formed by C. albicans. 

The compound exerts its antifungal effect by targeting the cell membrane of fungi, inducing rapid 

lysis. The next step towards validating the therapeutic potential of these compounds as antifungal 

agents is testing their efficacy in suitable animal models of infection. Given fungi are responsible 

for various infections of the body, it will be worthwhile to investigate whether NCK-10 is able to 

treat invasive fungal infections (e.g. candidiasis), brain infections (caused by Cryptococcal 

meningitis), skin infections (onchomycosis) and pulmonary infections. At present, NCK-10 

represents a good lead for design of a new generation of antifungal agents.  

 

6.4 Experimental Section 

6.4.1 Materials and Media: Yeast extract peptone dextrose (YPD) was obtained from HIMEDIA, 

India. RPMI purchased from GIBCO, Amphotericin B, fluconazole, atenolol, verapamil, HEPES, 

Table 6.3: Effective permeability coefficient of NCK-10 and control drugs obtained from the PAMPA-

BBB assay. 

Test Agent Mean Pe (cm/sec)  Inference 

NCK-10 2.87 × 10-6 Good permeability 

Atenolol 0.000013 × 10-6 Low permeability control 

Verapamil 14.6 × 10-6 High permeability control 
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DiSC3 (5), MTT and Propidium iodide (PI) were purchased from Sigma-Aldrich (St. Louis, MO).  

SYTO 9 dye was purchased from Invitrogen. For optical density (OD) and fluorescence 

measurement, Tecan Infinite Pro series M200 Microplate Reader was employed. An Olympus 

microscope (Model BX51) and Olympus DP71 camera were used for the fungal imaging.  

6.4.2 Initial fungal susceptibility assay: The antifungal activity of the compounds was initially 

tested against Candida albicans SC5314 and Cryptococcus neoformans H99 using a previously 

described 96-well plate assay, with few modifications.16 Briefly, the fungal strains were grown 

overnight in 5 mL YPD (1% yeast extract, 2% peptone and 2% dextrose). Fungal growth was 

measured via a spectrophotometer (OD600) and cells were diluted in fresh media (either in YPD or 

RPMI) to get the required concentration of 1.3 × 105 cells mL-1. An aliquot (150 µL) of the culture 

dilution (equivalent to 2 × 104 cells) was added to wells containing 50 µL of water or the 

compounds, at different concentrations. The plates were incubated at 30 °C for 20 hours with 

shaking (180 rpm) to allow sufficient growth of fungal cells. The growth of the fungi was measured 

(OD600) using media alone (YPD/RPMI) as a blank. Simultaneously, 3 µL of the culture from 

each well was taken and spotted onto an YPD agar plate to determine the minimum fungicidal 

concentration (MFC). The concentration where the optical density of the test well was close to the 

value of the blank well value was categorized as the minimum inhibitory concentration (MIC). 

6.4.3 Antifungal activity against clinical isolates: The minimum inhibitory concentration (MIC) 

of the most potent compound, NCK-10, was determined against several clinical strains of Candida 

species, Cryptococcus species and one strain of Aspergillus fumigatus. C. albicans, Cryptococcus 

spp., A. fumigatus  (tested from 64 μg mL-1 down to 0.5 μg mL-1) were transferred to a 96-well 

plate and incubated at 37 ºC for 48 hours (or 72 hours for C. neoformans) .The MICs reported 

represent the lowest concentration of each compound necessary to inhibit fungal growth, by visual 

inspection. For determination of the minimum fungicidal concentration, aliquots (5 μL) were 

transferred from wells with no growth onto YPD agar plates. Plates were incubated at 37 ºC for 48 

hours before MFC results were recorded. Amphotericin B and fluconazole were used as control 

antifungals. 

6.4.4 Kinetics study: In order to confirm if NCK-10 was fungistatic or fungicidal, a time-kill 

experiment was conducted. Fungal cells were grown overnight and added to a 96-well plate as 

described above. Starting at the initial time point, a small aliquot (3 µL) of cells was taken and 
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spotted onto an YPD plate every hour (for five hours). The plates were then incubated at 30 °C for 

24 hours to score for viable cells. 

 

6.4.5 Mechanism of action 

6.4.5.1 Depolarization of fungal cell membrane: Briefly, 107 CFU mL-1 of C. albicans SC5314 

was washed and resuspended in 5 mM glucose, 5 mM HEPES buffer and 100 mM KCl solution 

in a 1:1:1 ratio. To this solution DiSC3 (5) dye (obtained from Sigma-Aldrich) was added to a final 

concentration of 2 µM. The fungal suspension containing the dye (200 µL) was preincubated for 

20 min in a black 96-well plate with a transparent bottom. The fluorescence of the fungal 

suspension was measured (excitation wavelength: 622 nm; emission wavelength: 670 nm) and 

allowed to stabilize at room temperature before the addition of 2 µL of NCK-10 (final 

concentration was equivalent to the MIC (12.5 µg mL-1) or 2 × MIC (25 µg mL-1)). After addition, 

the fluorescence intensity was measured every minute for 20 minutes.  

6.4.5.2 Permeabilization of fungal cell membrane: Propidium iodide (PI) dye (15 µM, final 

concentration) (obtained from Sigma-Aldrich) was added to a fungal suspension containing C. 

albicans SC5314  (~107 cells mL-1) in 5 mM HEPES and 5 mM glucose (pH 7.4). The suspension 

containing the dye (200 µL) was then added to the well of a 96-well, clear-bottom black plate. 

After four minutes, NCK-10 (2 µL) was added to the solution to a final concentration equivalent 

to the MIC (12.5 µg mL-1) or 2 × MIC (25 µg mL-1). The fluorescence intensity was measured at 

excitation wavelength of 535 nm (slit width: 10 nm) and emission wavelength of 617 nm (slit 

width: 5 nm). The uptake of PI was detected by the increase in fluorescence for 10 minutes; this 

correlates to permeabilization of the inner cell membrane. 

6.4.6 Microscopy assay for viability: C. albicans SC5314 was grown in a 96-well plate for six 

hours in the presence or absence of NCK-10 (12.5 µg mL-1). The cells were harvested, washed 

once with sterile water, and resuspended in 50 µL of sterile water. The cell suspension was 

incubated with propidium iodide (PI, 15 µM final concentration) and SYTO9 (2 µM final 

concentration) at room temperature for 30 minutes. The cells were then observed under a 

fluorescence microscope. A bright-field filter was used for differential interference conference 

(DIC) images whereas green and red emission filters were used to capture SYTO 9 and PI 
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fluorescence, respectively. The images were captured using an Olympus microscope (Model 

BX51) and an Olympus DP71 camera. The images were further processed using Image Pro-Plus 

software and ImageJ. 

6.4.7 Inhibition of C. albicans biofilm formation: Candida albicans SC5314 cells were grown 

overnight in YPD, pelleted and washed with 1 × phosphate buffered saline (PBS). Washed cells 

were resuspended in RPMI media to reach a final concentration of 6.7 × 105 cells mL-1. Compound 

NCK-10 (50 µL) and 150 µL of cell suspension was mixed together and added into wells of a 96-

well plate. Wells lacking either compound or cell suspension were utilized as positive and negative 

controls. The plates were incubated at 37 °C for 72 hours in stationary condition. Inhibition of 

biofilm was then quantified using the MTT assay, as follows. The wells were washed twice with 

1 × PBS. MTT solution (100 µL of 5 mg mL-1 in 1× PBS) was subsequently added to wells and 

incubated at 37 °C for four hours. The MTT solution was discarded and wells were washed once 

with 1 × PBS.  DMSO (100 µL) was added into wells and further incubated at 37 °C in the dark 

for an hour. The solution was then transferred to a fresh plate and the optical density was measured 

at 590 nm to quantify the extent of biofilm inhibition compared to untreated wells. 

6.4.8 Disruption of pre-formed C. albicans biofilms: Candida albicans SC5314 cells were 

grown overnight in YPD, pelleted and washed with 1 × PBS. Washed cells were resuspended in 

RPMI medium to a final concentration of 1 × 106 cells mL-1. An aliquot of cell suspension (100 

µL) was added into wells and incubated at 37 °C for 24 hours. The non-adhered cells were removed 

from the wells and 50 µL of fresh RPMI medium along with 50 µL of varying concentrations of 

the compound were added into the cells. As a control, 100 µL of RPMI media alone was added. 

These plates were further incubated at 37 °C for 48 hours. Inhibition or disruption of biofilm was 

then quantified using the MTT assay, as described above.  

6.4.9 Parallel artificial membrane permeability assay for examining ability to cross the blood 

brain barrier: NCK-10 and control drugs (atenolol and verapamil) were dissolved in transport 

buffer (pH 7.4) to a final concentration of 10 µM. The filter membrane was coated with 4 µL of a 

20 mg mL-1 porcine brain lipid in dodecane. An aliquot (300 µL) of the compound solution was 

added to the donor well. The acceptor well was filled with 200 µL of transport buffer. The acceptor 

filter plate was carefully placed on to the donor plate and was left undisturbed for 18 hours. 
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Samples of the donor and acceptor wells were analyzed, in quadruplicate, by LC-MS/MS and the 

effective permeability (Pe) was calculated as follows: 

 

Where Pe is the permeability, Vd and Va are the volumes of the donor and acceptor compartments, 

A is the area of the membrane, t is the incubation time, and A and E subscripts on the drug 

concentration terms refer to the acceptor and equilibrium concentrations, respectively. 
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Antimalarial properties of aryl-alkyl-lysines 
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Abstract 

 

Despite decline in the number of cases, malaria, continues to take numerous lives all across the 

globe. However, the development of resistance against the recently introduced therapies such as 

artemisinin derivatives has raised serious concern. Thus, there is a steady need for new 

antimalarial drugs. Here, we report a new class of water soluble, non-toxic compounds, aryl-alkyl-

lysines, with potent activity against Plasmodium falciparum. Preliminary investigations show that 

these compounds acted by arresting the development of parasites at the ring stage inside the 

erythrocytes. It has been shown that the compounds had an ability to perturb the plasma membrane 

potential and the digestive vacuole of parasites. In the murine model of malaria (Plasmodium 

bergheii ANKA) the optimal compound was able to increase the survival of mice by at least 5 days 

by intra-peritoneal route. Further, the compounds showed no apparent toxicity to mice at the 

concentration tested. Thus, this class of compounds bear potential to be developed as novel 

antimalarial drugs.     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 (1) Ghosh, C. et al. “Aryl-alkyl-lysines: Small Molecular Membrane-active Antiplasmodial Agents”. 

Med.Chem.Comm., 2017, 8, 434-439 
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7.1 Introduction 

Although the World Health Report on Malaria has documented substantial decrease in mortality 

due to malaria, the disease still poses a huge threat considering the rapid rate at which resistance 

is being developed against the frontline antimalarial drugs. WHO recommended artemisinin based 

combination therapies only in 2005, but already resistance against artemisinin has been reported 

in South-east Asia.251 Since, vaccine against malaria parasite is yet to reach the clinics, much 

emphasis is still stressed on the use of drugs.252 Thus, there is a constant need for drugs with novel 

mechanism of action.  

 The first “soldiers” that an invading pathogen encounters upon infecting a host are 

antimicrobial peptides (AMPs).17, 20 These are small protein molecules, mostly cationic in nature, 

bear facial amphiphilicity which helps them to interact with the membranes of microorganisms.23 

AMPs have been found to possess activity against bacteria, fungi, viruses, parasites in addition to 

having immunomodulatory properties.17, 20, 147  

 Several natural AMPs, such as  magainin,253 dermaseptin derivatives,254 NK-2,255 

scorpine,256 cecropin-melittin257 and gramicidin258 possess potent activity against Plasmodium 

falciparum.259, 260 Although the mechanism of action is not clearly understood, it is believed that 

membrane activity remains the primary feature of such antiplasmodial peptides.260 It has been 

fairly well established that the membranes of parasite-infected erythrocytes (RBCs) differ from 

their uninfected counterparts, as there are increased levels of phosphatidylinositol and 

phosphatidic acid, and decreased contents of sphingomyelin.261 Moreover, translocation of anionic 

phosphatidylserine happens from the inner leaflet to the outer leaflet of the infected RBCs.262 

These two phenomenon, make the infected RBCs more anionic compared to their uninfected 

counterparts, which explains the initial interaction between cationic peptides and such cells.259 

Several other peptides and synthetic mimics of AMPs have been prepared which show potent 

antiplasmodial activity.156 Oligoacyl lysines, which possess a variety of biological functions also 

showed potent antimalarial activity in vitro but were found to have significant toxicity in vivo.157 

Some small non-peptidic mimics of host-defense peptides showed excellent activity both in vitro 

and in vivo.158 

In this chapter, we describe the antiplasmodial properties of aryl-alkyl-lysines. We have 

investigated the activity of the compounds against 3D7 strains of P. falciparum and the activity of 

the best compound against a chloroquine-resistant strain in vitro. The stage of parasite 
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development, at which the compound was most active was also studied. The plausible mechanism 

of action has also been investigated. In vivo studies of the best compound revealed good activity 

in murine model of cerebral malaria with negligible toxicity.  

 

7.2 Results and Discussion 

7.2.1 Synthesis 

The synthesis of the aryl-alkyl-lysines (compounds 1-4) were carried out following the protocol 

previously described in Chapter 3 (Section 2.5.1). Compounds 5-7 are being reported for the first 

time here. The synthetic scheme for the preparation of the compounds has been presented in 

Scheme 1. In the first step, aromatic aldehydes (benzaldehyde, 1-naphthaldehyde, 4-

quinolinecarboxaldehyde, 2-naphthaldehyde and biphenyl-4-carboxaldehyde) were reacted with 

aminoalkanes (aminohexane or aminooctane) to obtain Schiff’s bases. Reduction of the Schiff’s 

bases with sodium borohydride yielded secondary amines (1a-7a), which were precipitated out as 

 

Scheme 7.1: Chemical structures of the compounds used in the study.   
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their HCl salts. These compounds were then coupled to Boc-Lys(Boc)-OH using HBTU coupling 

chemistry which were purified using column chromatography. Finally, deprotection of the Boc 

groups yielded the final compounds: BCK-6 (1), BCK-8 (2), NCK-6 (3), NCK-8 (4), 4-QCK-6 

(5), 2-NCK-6 (6) and 4-BipCK-6 (7). All the compounds were purified to more than 95% purity 

using reverse phase HPLC. The compounds were subsequently characterized using NMR, IR and 

Mass Spectrometry. The details of the synthesis and characterization of the compounds have been 

given in the Experimental section.  

 

7.2.2 Antimalarial activity and selectivity 

For an effective antiplasmodial candidate, solubility in water and toxicity are important criteria. In 

this preliminary study, we chose the relatively non-toxic but highly water soluble compounds. 

Thus, we chose to study the antiplasmodial properties of the benzene and naphthalene based 

compounds which bore hexyl and octyl chains. The IC50 of the compounds, which is defined as 

the concentration that inhibits the growth of 50% of the total number of parasites, was determined 

by the SYBR green assay and also validated microscopically.263 The antiplasmodial activities of 

the compounds have been reported in Table 7.1. Compound 1 (BCK-6), which contained a benzene 

core and a hexyl chain was not active till 5 µM (in order to be a potent drug the IC50 of the 

compound should be less than 5 µM). Compound 2 (BCK-8) containing a benzyl core and an octyl 

chain, was active at IC50 value of 4 μM. The compounds of the 1-substituted naphthalene series 

(compounds 3 and 4) exhibited potent antimalarial activity. Compound 3 (NCK-6) displayed 

impressive activity at an IC50 of 1 μM while compound 4 (NCK-8) was active at 3 μM. From this 

initial screening, compound 3 emerged to be the best compound. 

Most of the 4-aminoquinoline and 8-aminoquinoline drugs possess some structural 

similarity with compound 3 (NCK-6). The naphthalene core closely resembles the quinoline 

moiety. This observation led us to substitute the naphthalene moiety with a quinoline moiety. Thus 

we carried out the synthesis of compound 5 (4-QCK-6) with 4-quinolinecarboxaldehyde. In order 

to identify a more potent compound we carried out a structure-activity-relationship study wherein 

we varied the aromatic core keeping the chain length and lysine moiety constant. In order to 

understand if the configuration was important for the study, we used 2-naphthaldehyde for 

synthesis instead of 1-naphthaldehyde to obtain compound 6 (2-NCK-6). Subsequently, we 
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replaced the naphthaldehyde with biphenyl-4-carboxaldehyde to obtain compound 7 (Bip-CK-6). 

However, in this structure-activity-relationship study, no significant increase in activity was 

achieved. For example, compound 6 was as active as compound 3 with IC50 value of 1.2 μM 

whereas the compounds 5 and 7 had IC50 values of 2.5 μM each.  

The hemolytic property of an antimalarial drug is an important parameter that needs to be 

considered while taking the compounds to murine models. It is imperative to have drugs which are 

non-hemolytic at the concentration at which they are active on parasites. The haemolytic activity 

of the compounds have been represented as their HC50 value, which is the concentration at which 

they show 50% haemolysis. The HC50 values of the compounds have been furnished in Table 1. 

The HC50 values of the compounds varied from 96 μM to >1000 μM. The HC50 value of compound 

Table 7.1: Antimalarial activity and haemolytic acitvityi of the compounds.   

 

Values are the averages of at least two experiments, each done in triplicate (error <10%) 
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3 was 850 μM, which was excellent while its IC50 value was 1 μM. In order to gauge the toxicity 

of the compounds towards plasmodial cells over mammalian cells we had looked at the selectivity 

ratio of all the compounds. Selectivity ratio (S.R.) is defined as the ratio between HC50/IC50, which 

emphasizes on the ability of the compounds to act specifically on the plasmodial cells. The 

selectivity of compound 3 was the best in the series with a S.R. of 850. Most of the other 

compounds containing a hexyl chain exhibited impressive selectivity, for example compound 5 

(S.R. >400) and compound 6 (S.R. of 516). Although the 4-quinoline derivative (compound 5) 

exhibited HC50 values much higher than 1000 μM, it was less potent than the naphthalene 

derivative (compound 3). Even the biphenyl derivative (compound 7) although potent was 

significantly more toxic. All the other studies were thus conducted with compound 3. 

 

7.2.3 Stage of action  

In order to ascertain the mechanism of action of the compounds, we performed several assays 

using the most active compound 3. We first wanted to determine in what stage the compound acted 

on the parasites. The malarial parasites have three distinct stages in their asexual life cycle, rings, 

trophozoites and schizonts. In order to understand the effect of the compound on the different 

stages, first the parasites were tightly synchronized, grown to their respective stages and then the 

compound was added. The compound was found to be most active on the ring stage. In 48 h, in 

the untreated cases, the rings had grown to late trophozoites or schizonts of the same cycle. Upon 

treatment with compound 3 at concentration of 2 × IC50, the growth of the rings were found to be 

arrested and the few parasites that remained were either in the ring stages or early trophozoite stage 

(Figure 7.1). The parasites were also observed to be severely stressed. The compound did not seem 

to have significant activity on the trophozoite stage or the schizont stage since in both control as 

well as compound treated case, the parasites had developed normally with hardly any change in 

parasitemia. Thus it was concluded that the compound specifically stalled the development of the 

parasites at the ring stage.  
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7.2.4 Mechanism of action 

Furthermore, we conducted fluorescent dye based experiments to understand whether the 

compound had any effect on the parasite plasma membrane or the digestive vacuole of the parasite. 

The assay to probe if the compound perturbs the plasma membrane potential of the parasite was 

done using Rhodamine 123. This dye is known to fluoresce when the membrane potential is 

maintained, however, if the membrane potential is perturbed, the dye loses intensity.158 When the 

dye is used at a concentration of 1 µM, the effect on the membrane potential of the plasma 

membrane of the parasite can be monitored. 158 From Figure 7.2A it is clear that upon treatment 

with the compound 3, the plasma membrane of the parasite is perturbed. There is significant loss 

in fluorescence compared to the control.  

The digestive vacuole of the parasite is acidic in nature, and the acid sensitive dye, 

Lysotracker green stains the intact digestive vacuole green. However, if the digestive vacuole is 

perturbed, the dye stains the cytoplasm and there is a significant decrease in fluorescence. 

intensity.158 Compound 3 was found to act on the parasite digestive vacuole and cause significant 

damage. There was decrease in fluorescence and the dye stained the cytoplasmic components of 

the parasites (Figure 7.2B).  

 

Figure 7.1: Compound 3 (2 µM) can stall the development of the parasites in ring stages.   
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7.2.5 In vivo toxicity 

Next we investigated the profile of compound 3 in mice. Initially we determined the LD50 of the 

compound in mice and determined sub-chronic toxicity of the compound. For determining the 

LD50 of the compound, we chose to inject different concentrations of the compound, intravenously 

into mice via the tail-vein. The compound was injected at concentrations of 175 mg kg-1, 55 mg 

kg-1, 17.5 mg kg-1 and 5.5 mg kg-1 and checked the survival of the mice for fourteen days. We 

followed the Spearman-Karber method to determine the LD50 of the compound. The LD50 of the 

 

Figure 7.2: Perturbation of membrane potential of the parasite membrane (PM) and that of 

digestive vacuole (DV). Compound 3 at 2 µM (treated PM) causes greater perturbation of the 

membrane potential comparison to untreated (control PM). B) The intensity of the fluorescence 

exhibited by the dye Lysotracker Green is localized in the DV while in the treated case the dye 

has diffused all over the cytoplasm.   
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compound was determined to be 98 mg kg-1. When injected with 20 mg kg-1 the mice exhibited no 

significant toxicity to any of the biochemical parameters of the blood, 48 h after injection (Figure 

7.3). Specifically, we checked the change in sodium, potassium, chloride (measure of 

electrochemical balance of the blood), alanine transferase (ALT, biomarker for liver health), 

aspartate aminotransferase (AST, biomarker for liver and heart health), urea nitrogen (biomarker 

for kidney and liver health) and creatinine (biomarker for kidney health). From the data presented 

in Figure 7.3 (A-C), there has been no statistically significant imbalance in any of the parameters. 

 

7.2.6 In vivo antimalarial activity 

We, then investigated the ability of the compound 3 to reduce parasitemia and increase the survival 

of mice afflicted with malaria. We introduced cerebral malaria in Swiss-Harlan mice by injecting 

them with P. bergheii ANKA strain. Peter’s Four day test was followed for determining the in vivo 

efficacy of the compound. Specifically, we treated the mice for four consecutive days with 

compound 3 at concentration of 20 mg kg-1.The compound was able to reduce parasitemia in the 

all the mice significantly as observed from Giemsa stained blood smears from mice five days after 

injection of parasites. Although the mice were not completely cured of parasites, the percentage of 

parasitemia was lowered by more than 60% in the treated case. The survival of the infected mice 

were also increased due to the treatment of the compound (Figure 7.3D). While all the mice in the 

control succumbed to death within 7 days of injection, the mice treated with the compounds 

survived till the 12th day. 

 

7.3 Conclusions 

Aryl-alkyl-lysines represent simple designs with multifaceted activity. This chapter reports the 

activity of aryl-alkyl-lysines against malarial parasites. The most active antiplasmodial agent, 

compound 3, was effective in stalling the development of the parasites inside the RBCs and was 

more active on the ring stage of the parasite. This phenomenon has also been reported in other 

examples of synthetic membrane active peptides or their mimics. Although from the studies 

conducted with fluorescent dyes Rhodamine 123 and Lysotracker green emphasize on the 

membrane damaging nature of the compound, alternative mechanisms of action might play a role. 
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Well tolerated in mice, the compound exhibited significant therapeutic efficacy at 20 mg kg-1 in 

murine model of cerebral malaria. Although, these compounds are not ideal drug candidates for 

treating malaria, they do represent a starting point for development of more effective 

antiplasmodial agents.  

 

 

Figure 7.3: In vivo studies with 20 mg kg-1 of compound 3. (A-C) Acute toxicity of the 

compound 3 in comparison to vehicle (PBS). No observed toxicity with respect to A) 

electrochemical balance B) kidney functions C) liver functions. D) Survival of mice treated 

with compound 3 in comparison to vehicle. 
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7.4 Experimental Section 

7.4.1 Synthesis and characterization: Synthesis of the secondary amines, HBTU coupling and 

deprotection of Boc groups were carried out as described in Chapter 2 (Section 2.4.2). The 

characterization data have been furnished below. 

N-(quinolin-4-ylmethyl)hexan-1-aminium chloride (5a): Yield-70%. 1H NMR (400 MHz, 

CDCl3) δ/ppm: 9.2 (Ar-CH2-NH2-C6H13, 2H), 8.4-8 (Ar-H, 6H), 5.1 (s, Ar-CH2-NH2-,  2H), 3.3 (t, 

-NH2-CH2-C5H11, 2H), 1.8 (m, -NH2-CH2-CH2-C4H9, 2H), 1.5-1.3 (m, -NH2-C2H5-(CH2)3-CH3, 

6H), 0.82 (t, -NH2-C5H12-CH3, 3H). HR-MS (m/z): [M+H]+ obsd. = 243.1853 (calc. = 243.1861). 

N-(naphthalen-2-ylmethyl)hexan-1-aminium chloride (6a): Yield-85%. 1H NMR (CDCl3) 

δ/ppm: 9.9 (s, Ar-CH2-NH2-C6H13, 2H), 8.1-7.51 ArH, 7H), 4.5 (s, Ar-CH2-NH2-,  2H), 2.75 (t, -

NH2-CH2-C5H11, 2H), 1.85 (q, -NH2-CH2-CH2-C4H9, 2H), 1.2 (m, -NH2-C2H5-(CH2)3-CH3, 6H), 

0.82 (t, -NH2-C5H12-CH3, 3H). HR-MS (m/z): [M+H]+ obsd. = 242.1889 (calc. = 242.1903). 

N-([1,1'-biphenyl]-4-ylmethyl)hexan-1-aminium chloride (7a): Yield-76%. 1H NMR (CDCl3) 

δ/ppm: 9.9 (m, Ar-CH2-NH2-C6H13, 2H), 7.7 (d, ArH, 2H), 7.6 (d, ArH, 2H), 7.51 (m, ArH, 2H), 

7.44-7.3 (ArH, 3H) 4.0 (s, Ar-CH2-NH2-,  2H), 2.8 (t, -NH2-CH2-C5H11, 2H), 1.87 (m, -NH2-CH2-

CH2-C4H9, 2H), 1.3-1.17 (-NH2-C2H5-(CH2)3-CH3, 6H), 0.82 (t, -NH2-C5H12-CH3, 3H). HR-MS 

(m/z): [M+H]+ obsd. = 268.2059 (calc. = 268.2065). 

Boc-Lys(Boc)-N-( quinolin-4-ylmethyl)hexan-1-amide (5b): Yield-72%. 1H NMR (CDCl3) 

δ/ppm: 8.15-7.9 (ArH, 2H), 7.8-7.5 (ArH, 2H), 7.1 (ArH, 1H), 5.2-4.9 (Ar-CH1H2-N(R)Lys(boc)2 

and α-NH-Boc of Lys(boc)2, 2H), 4.75-4.40 (Ar-CH1H2-N(R)Lys(boc)2,Lys (ε-NH-Boc)-α-NH-

boc and α-CH of Lys(boc)2, 3H), 3.40-3.0 (δ-CH2 of Lys(boc)2 and Ar-CH2-N(-CH2-

C5H11)Lys(boc)2, 3H), 1.72-1.12 (-CO-[CH-CH2-CH2-CH2-CH2-NH-COO-C(CH3)3]-NH-COO-

C(CH3)3 of Lys(boc)2 and –CH2-(CH2)4-CH3 of R group, 32H), 0.84 (m, Ar-CH2-N(-C5H10-

CH3)Lys(boc)2, 3H). FT-IR (cm-1): 3331 (carbamate N-H str.), 3085 (sp2 C-H str.), 2967-2867 (sp3 

C-H str.), 1709 (C=O str. of carbamate), 1643 (C=O str. of tertiary amide), 1517-1450 (aromatic 

C=C str.). HR-MS (m/z): [M+H]+ obsd. = 570.3954 (calc. = 570.3907). 

Boc-Lys(Boc)-N-(naphthalen-2-ylmethyl)hexan-1-amide (6b): Yield-80%. 1H NMR (CDCl3) 

δ/ppm: 7.86-7.74 (ArH, 3H), 7.62 (s, ArH, 1H) 7.5-7.42 (ArH, 2H), 7.32-7.3 (ArH, 1H), 5.4 (α-



187 
 

NH-Boc of Lys(boc)2, 1H) 5.0-5.0 ( Ar-CH1H2-N(R)Lys(boc)2 and α-NH-Boc of Lys(boc)2, 2H), 

4.8-4.40 (Ar-CH1H2-N(R)Lys(boc)2, Ar-CH1H2-N(R)Lys(boc)2,Lys (ε-NH-Boc)-α-NH-boc and 

α-CH of Lys(boc)2, 4H), 3.50-2.9 (δ-CH2 of Lys(boc)2 and Ar-CH2-N(-CH2-C5H11)Lys(boc)2, 4H), 

1.76-1.15 (-CO-[CH-CH2-CH2-CH2-CH2-NH-COO-C(CH3)3]-NH-COO-C(CH3)3 of Lys(boc)2 

and –CH2-(CH2)4-CH3 of R group, 32H), 0.84 (m, Ar-CH2-N(-C5H10-CH3)Lys(boc)2, 3H). FT-IR 

(cm-1): 3331 (carbamate N-H str.), 3085 (sp2 C-H str.), 2967-2867 (sp3 C-H str.), 1709 (C=O str. 

of carbamate), 1643 (C=O str. of tertiary amide), 1517-1450 (aromatic C=C str.). HR-MS (m/z): 

[M+H]+ obsd. = 570.3954 (calc. = 570.3907). 

Boc-Lys(Boc)-N-([1,1'-biphenyl]-4-ylmethyl)hexan-1-amide (7b): Yield-76%. 1H NMR 

(CDCl3) δ/ppm: 7.64-7.5 (ArH, 4H), 7.48-7.38 (ArH, 2H), 7.38-7.3 (ArH, 1H), 7.3-7.2 (ArH, 2H) 

5.38 (α-NH-Boc of Lys(boc)2, 1H), 4.87-4.37 (Ar-CH1H2-N(R)Lys(boc)2, Ar-CH1H2-

N(R)Lys(boc)2,Lys (ε-NH-Boc)-α-NH-boc and α-CH of Lys(boc)2, 4H), 3.50-2.9 (δ-CH2 of 

Lys(boc)2 and Ar-CH2-N(-CH2-C5H11)Lys(boc)2, 4H), 1.76-1.19 (-CO-[CH-CH2-CH2-CH2-CH2-

NH-COO-C(CH3)3]-NH-COO-C(CH3)3 of Lys(boc)2 and –CH2-(CH2)4-CH3 of R group, 32H), 

0.84 (m, Ar-CH2-N(-C5H10-CH3)Lys(boc)2, 3H). FT-IR (cm-1): 3331 (carbamate N-H str.), 3085 

(sp2 C-H str.), 2967-2867 (sp3 C-H str.), 1709 (C=O str. of carbamate), 1643 (C=O str. of tertiary 

amide), 1517-1450 (aromatic C=C str.). HR-MS (m/z): [M+H]+ obsd. = 570.3954 (calc. = 

570.3907). 

Lys-N-(quinolin-4-ylmethyl)hexan-1-amide trifluoroacetate (5): 1H NMR (400MHz, D2O) 

δ/ppm: 8.9 (ArH, 1H) 8.3-7.8 (ArH, 4H) 7.5 (ArH, 1H), 5.5-

5.1 (Ar-CH2-N(R)Lys, 2H), 4.7 (m, α-CH of Lys, 1H), 3.8-2.7 

(Ar-CH2-N(CH2(CH2)2CH3)Lys and ε-CH2 of Lys, 4H), 2.1-

1.19 (β-CH2 of Lys, γ-CH2 of Lys, δ-CH2 of Lys and Ar-CH2-

N(CH2CH2C3H7)Lys and Ar-CH2-N(C2H4C3H6CH3)Lys, 

14H), 0.85 (m, Ar-CH2-N(C5H10CH3)Lys, 3H). FT-IR (cm-1): 3414 (primary amine N-H str.), 3089 

(sp2 C-H str.), 2967-2867 (sp3 C-H str.), 1678 (C=O str. of tertiary amide), 1517-1450 (aromatic 

C=C str.). HR-MS (m/z): [M+H]+ obsd. = 371.2795 (calc. = 371.2811). 
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Lys-N- N-(naphthalen-2-ylmethyl)hexan-1-amide trifluoroacetate (6): 1H NMR (D2O) δ/ppm: 

7.9-7.7 (ArH, 4H) 7.7-7.37 (ArH, 3H), 4.72-4.27 (Ar-CH1H2-

N(R)Lys, Ar-CH1H2-N(R)Lys, 1H and α-CH of Lys, 3H), 

3.4-2.7 (Ar-CH2-N(CH2(CH2)2CH3)Lys and ε-CH2 of Lys, 

4H), 1.94-1.19 (β-CH2 of Lys, γ-CH2 of Lys, δ-CH2 of Lys 

and Ar-CH2-N(CH2CH2C3H7)Lys, 8H), 0.85 (m, Ar-CH2-

N(C2H4C3H6CH3)Lys, 6H), 0.65 (m, Ar-CH2-N(C5H10CH3)Lys, 3H). FT-IR (cm-1): 3414 (primary 

amine N-H str.), 3089 (sp2 C-H str.), 2967-2867 (sp3 C-H str.), 1678 (C=O str. of tertiary amide), 

1517-1450 (aromatic C=C str.). HR-MS (m/z): [M+H]+ obsd. = 370.2844 (calc. = 370.2822). 

Lys-N-([1,1'-biphenyl]-4-ylmethyl)hexan-1-amide trifluoroacetate (7): 1H NMR (D2O) δ/ppm: 

7.37-7.12 (ArH, 4H) 7.12-6.87 (ArH, 5H), 4.5-4.1 (Ar-

CH1H2-N(R)Lys, Ar-CH1H2-N(R)Lys and α-CH of Lys, 3H), 

3.1-2.74 (Ar-CH2-N(CH2(CH2)2CH3)Lys and ε-CH2 of Lys, 

4H), 1.94-1.19 (β-CH2 of Lys, γ-CH2 of Lys, δ-CH2 of Lys 

and Ar-CH2-N(CH2CH2C3H7)Lys, 8H), 0.8 (m, Ar-CH2-

N(C2H4C3H6CH3)Lys, 6H), 0.5 (m, Ar-CH2-

N(C5H10CH3)Lys, 3H). FT-IR (cm-1): 3414 (primary amine N-H str.), 3089 (sp2 C-H str.), 2967-

2867 (sp3 C-H str.), 1678 (C=O str. of tertiary amide), 1517-1450 (aromatic C=C str.). HR-MS 

(m/z): [M+H]+ obsd. = 396.2995 (calc. = 396.3015). 

7.4.2 Biological assays 

 

Plasmodium falciparum culturing. Plasmodium falciparum 3D7 was cultured in human O+ 

erythrocytes in complete RPMI 1640 (Sigma Aldrich) medium supplemented with 0.5% albumax 

II (Invitrogen), 0.2% NaHCO3, 0.2% Glucose, 200μM Hypoxanthine and 5μg/L Gentamycin. At 

every 24 h, the spent medium was removed and replenished with fresh medium. The culture was 

scaled up by splitting it, once the parasitemia had increased up to 10%.  A fresh O-positive human 

erythrocytes was added for the newer infection. 

 

7.4.2.1 In vitro antimalarial activity: For in vitro antimalarial screening, SYBR green I based 

fluorescence assay was used as reported by Smilkstein et al. with a minor modification.263 
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Parasites were synchronized to ring stages (haematocrit: 2%, parasitaemia: 1%, 100 μl) by sorbitol 

treatment. The compounds were serially diluted in complete RPMI media. Parasite cultures (50μL) 

were incubated with increasing concentrations of compounds in media (50μL) in a 96 well plate. 

The highest concentration tested was 10μM. CQ was used as positive controls and absence of 

compound was considered to be negative control. After 48 h of incubation 100 μL of lysis buffer 

containing SYBR Green I was added to the 96 wells.  The composition of the lysis buffer per mL 

is as follows: 0.2 μl of 10,000 X SYBR Green I (Sigma), Tris (20 mM; pH 7.5), EDTA (5 mM), 

saponin (0.008%; wt/vol), and Triton X-100 (0.08%; vol/vol). This solution (200μL) was then 

mixed gently with multi-channel pipette and incubated in dark at 37°C for 1 h. At the end of the 

incubation period, the solutions were transferred to black-round bottomed 96 well plates. 

Fluorescence was measured using a Tecan plate reader with excitation and emission wavelengths 

centred at 485 and 530 nm respectively. The fluorescence intensities were plotted against 

increasing compound concentrations and IC50 (the 50% inhibitory concentration) was determined 

by analysis of sigmoidal curves. Giemsa-stained smears of compound-treated parasite cultures 

were also done in order to validate the results. 

7.4.2.2 Haemolytic activity: Hemolytic experiments were performed as described in Chapter 2 

(Section 2.4.2). 

7.4.2.3 In vitro stage dependence of action: The stage dependence of action of the compounds 

were determined by addition of the compounds at specific stages of parasite development: ring, 

trophozoite and schizonts. To achieve a synchrony in stage development of P. falciparum, 

selective destruction of trophozoite and schizont stage erythrocytes by 5% sorbitol was used. The 

parasites were tightly synchronized in the ring stages using two rounds of sorbitol synchronization 

spaced 4h apart. This culture was divided into three groups. Each group was subdivided into two 

groups. In the subdivision, one served as treated while the other as positive control. The three 

groups were divided as rings, trophozoites and schizonts. Compounds were added at 

concentrations twice their IC50 values to the ring stage culture after second synchronization. In 

case of trophozoites the culture was allowed to grown for 24 h before addition of compounds. In 

case of schizonts the compounds were allowed to grow for 38 h before addition of compounds. 

Rings, trophozoites and schizonts were allowed to grow for 48h, 24h, and 12h respectively before 

Giemsa-stained smears from the assays were analyzed microscopically. The ability of the 
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compound to inhibit parasite development at different stages was gauged by comparing the 

numbers with untreated controls. 

7.4.2.4 Mechanism of action (Microscopy): For these experiments two dyes were used 

Rhodamine 123 and Lysotracker Green. Briefly, In a total volume of 200 μL, Parasite-infected 

erythrocytes (2% haematocrit and 3% parasitemia) were incubated at 37°C for 30 min with 1 µM 

rhodamine 123 (for parasite plasma membrane potential), or 10 nM LysoTracker Green (for DV 

potential) before incubation with the test compound for 4 hr. Untreated cultures served as negative 

controls. These were then transferred onto a cover slip, which was fixed using paraformaldehyde. 

The fixed coverslips were then visualized under a confocal microscope. 

 

7.4.3 In vivo studies 

 

7.4.3.1 In vivo toxicology: The in vivo toxicology study was performed at JNCASR following the 

institute guidelines. For conducting in vivo toxicology studies, the compounds (in PBS) were 

injected intravenously into female Balb/c mice (6-8 weeks old). 

Systemic toxicity and LD50 determination: Mice were treated with decreasing concentrations of 

compound 3 (in PBS) intravenously. The concentrations used were 175mg kg-1, 55 mg kg-1, 17.5 

mg kg-1 and 5.5 mg kg-1. Survival of mice were observed and the parameters were fit into 

Spearman-Karber’s equation to obtain the LD50 values of the compounds. Systemic toxicity was 

also examined after i.v. injection of compounds. Animals were directly inspected for adverse 

effects for 4 h, and mortality was observed for 14 days. 

Acute toxicity: For the evaluation of the acute toxicity, two groups of 10 mice each received 

intravenous injection of NCK-6 at 17.5 mg kg-1 in 0.2 ml of sterilized PBS. 10 mice were sacrificed 

at 48 h and the rest mice at 14 days to collect blood samples for analysis of biochemical parameters 

such as alanine transaminase (ALT), urea nitrogen, creatinine, sodium ion, potassium ion and 

chloride ion levels. Blood samples were analyzed at Gokula Metropolis clinical laboratory, 

Bengaluru, India. 
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7.4.3.2 In vivo activity: The in vivo activity study was performed at Indian Institute of Science 

following the institutional guidelines. P. bergheii ANKA Mouse Studies: 6-8 weeks old Swiss 

mice (female) were first injected with 107 P. bergheii ANKA parasitized RBCs via IP 

administration. Two hours after the infection, mice (n=4) were given dosages of NCK-6 (20 

mg/kg) or PBS (Control). These dosages were continued every 24 hours for four days. Parasitemia 

were determined on day 5 via Giemsa-stained smears of blood drawn from the tail of the mice. 

Survival of the mice were monitored till they were dead. Mice experiments were performed at 

Indian Institute of Science following the guidelines of the institute. 

 

 

 

 

 

  



192 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



193 
 

References: 

 

1. World Health Organization Antimicrobial resistance: global report on surveillance 

http://www.who.int/drugresistance/documents/surveillancereport/en/ (accessed 29 October). 

2. Boucher, H. W.; Talbot, G. H.; Benjamin, D. K.; Bradley, J.; Guidos, R. J.; Jones, R. N.; 

Murray, B. E.; Bonomo, R. A.; Gilbert, D.; America, f. t. I. D. S. o., 10 × '20 Progress—

Development of New Drugs Active Against Gram-Negative Bacilli: An Update From the 

Infectious Diseases Society of America. Clin. Infect. Dis. 2013. 

3. Pelaez, F., The Historical Delivery of Antibiotics From Microbial Natural Products - Can 

History Repeat? Biochem. Pharmacol. 2006, 71 (7), 981-990. 

4. Lewis, K., Recover the lost art of drug discovery. Nature 2012, 485 (7399), 439-440. 

5. Lewis, K., Platforms for Antibiotic Discovery. Nat. Rev. Drug Discov. 2013, 12 (5), 371-

387. 

6. Kaeberlein, T.; Lewis, K.; Epstein, S. S., Isolating "Uncultivable" Microorganisms in Pure 

Culture in a Simulated Natural Environment. Science 2002, 296 (5570), 1127-1129. 

7. Nichols, D.; Cahoon, N.; Trakhtenberg, E. M.; Pham, L.; Mehta, A.; Belanger, A.; Kanigan, 

T.; Lewis, K.; Epstein, S. S., Use of Ichip for High-Throughput In Situ Cultivation of 

"Uncultivable" Microbial Species. Appl. Environ. Microb. 2010, 76 (8), 2445-2450. 

8. Gavrish, E.; Sit, C. S.; Cao, S. G.; Kandror, O.; Spoering, A.; Peoples, A.; Ling, L.; 

Fetterman, A.; Hughes, D.; Bissell, A.; Torrey, H.; Akopian, T.; Mueller, A.; Epstein, S.; 

Goldberg, A.; Clardy, J.; Lewis, K., Lassomycin, a Ribosomally Synthesized Cyclic Peptide, 

Kills Mycobacterium tuberculosis by Targeting the ATP-Dependent Protease ClpC1P1P2. 

Chem. Biol. 2014, 21 (4), 509-518. 

9. Ling, L. L.; Schneider, T.; Peoples, A. J.; Spoering, A. L.; Engels, I.; Conlon, B. P.; Mueller, 

A.; Schaberle, T. F.; Hughes, D. E.; Epstein, S.; Jones, M.; Lazarides, L.; Steadman, V. A.; 

Cohen, D. R.; Felix, C. R.; Fetterman, K. A.; Millett, W. P.; Nitti, A. G.; Zullo, A. M.; Chen, 

C.; Lewis, K., A New Antibiotic Kills Pathogens Without Detectable Resistance. Nature 

2015, 517 (7535), 455-459. 

10. Goo, K. S.; Sim, T. S., Designing New Beta-Lactams: Implications from Their Targets, 

Resistance Factors and Synthesizing Enzymes. Curr. Comput. Aided Drug. Des. 2011, 7 (1), 

53-80. 



194 
 

11. Varney, K. M.; Bonvin, A. M.; Pazgier, M.; Malin, J.; Yu, W.; Ateh, E.; Oashi, T.; Lu, W.; 

Huang, J.; Diepeveen-de Buin, M.; Bryant, J.; Breukink, E.; Mackerell, A. D., Jr.; de Leeuw, 

E. P., Turning Defense into Offense: Defensin Mimetics as Novel Antibiotics Targeting 

Lipid II. PLoS Pathog. 2013, 9 (11), e1003732. 

12. Scanlon, T. C.; Dostal, S. M.; Griswold, K. E., A high-throughput Screen for Antibiotic Drug 

Discovery. Biotechnol. Bioeng. 2014, 111 (2), 232-243. 

13. Jenssen, H.; Fjell, C. D.; Cherkasov, A.; Hancock, R. E., QSAR Modeling and Computer-

aided Design of Antimicrobial Peptides. J. Pept. Sci. 2008, 14 (1), 110-114. 

14. Butler, M. S.; Blaskovich, M. A.; Cooper, M. A., Antibiotics in the Clinical Pipeline in 2013. 

J. Antibiot. (Tokyo) 2013, 66 (10), 571-591. 

15. Yarlagadda, V.; Akkapeddi, P.; Manjunath, G. B.; Haldar, J., Membrane Active Vancomycin 

Analogues: A Strategy to Combat Bacterial Resistance. J. Med. Chem. 2014, 57 (11), 4558-

4568. 

16. Yarlagadda, V.; Konai, M. M.; Manjunath, G. B.; Ghosh, C.; Haldar, J., Tackling 

Vancomycin-Resistant Bacteria With 'Lipophilic-Vancomycin-Carbohydrate Conjugates'. J. 

Antibiot. (Tokyo) 2014. 

17. Zasloff, M., Antimicrobial Peptides of Multicellular Organisms. Nature 2002, 415 (6870), 

389-395. 

18. Anantharaman, A.; Sahal, D., Reverse Engineering Truncations of an Antimicrobial Peptide 

Dimer to Identify the Origins of Potency and Broad Spectrum of Action. J. Med. Chem. 2010, 

53 (16), 6079-6088. 

19. Brogden, K. A., Antimicrobial Peptides: Pore Formers or Metabolic Inhibitors in Bacteria? 

Nat. Rev. Microbiol. 2005, 3 (3), 238-250. 

20. Hancock, R. E. W.; Sahl, H. G., Antimicrobial and Host-Defense Peptides as New Anti-

Infective Therapeutic Strategies. Nat. Biotech. 2006, 24 (12), 1551-1557. 

21. Powers, J. P.; Hancock, R. E., The Relationship Between Peptide Structure and Antibacterial 

Activity. Peptides 2003, 24 (11), 1681-1691. 

22. Alba, A.; Lopez-Abarrategui, C.; Otero-Gonzalez, A. J., Host defense peptides: An 

Alternative As Antiinfective and Immunomodulatory Therapeutics. Biopolymers 2012, 98 

(4), 251-267. 



195 
 

23. Yeaman, M. R.; Yount, N. Y., Mechanisms Of Antimicrobial Peptide Action And 

Resistance. Pharmacol. Rev. 2003, 55 (1), 27-55. 

24. Gabriel GJ, Som A, Madkour AE, Eren T, & Tew GN (2007) Infectious Disease: Connecting 

Innate Immunity to Biocidal Polymers. Mater Sci Eng R Rep 57(1-6):28-64 

25. Marquez, B., Bacterial Efflux Systems and Efflux Pumps Inhibitors. Biochimie 2005, 87 

(12), 1137-1147. 

26. Nikaido, H., Multidrug Efflux Pumps of Gram-Negative Bacteria. J. Bacteriol. 1996, 178 

(20), 5853-5859. 

27. Drawz, S. M.; Bonomo, R. A., Three Decades of beta-lactamase Inhibitors. Clin. microbiol. 

rev. 2010, 23 (1), 160-201. 

28. Nizet, V., Antimicrobial Peptide Resistance Mechanisms of Human Bacterial Pathogens. 

Curr. Issues Mol. Biol. 2006, 8, 11-26. 

29. Easton, D. M.; Nijnik, A.; Mayer, M. L.; Hancock, R. E. W., Potential of Immunomodulatory 

Host Defense Peptides as Novel Anti-Infectives. Trends Biotechnol. 2009, 27 (10), 582-590. 

30. Hilchie, A. L.; Wuerth, K.; Hancock, R. E. W., Immune Modulation by Multifaceted 

Cationic Host Defense (Antimicrobial) Peptides. Nat. Chem. Biol.. 2013, 9 (12), 761-768. 

31. Fjell, C. D.; Hiss, J. A.; Hancock, R. E.; Schneider, G., Designing Antimicrobial Peptides: 

Form Follows Function. Nat. Rev. Drug Discov. 2012, 11 (1), 37-51. 

32. Fox, J. L., Antimicrobial Peptides Stage a Comeback. Nat. Biotechnol. 2013, 31 (5), 379-

382. 

33. Engler, A. C.; Wiradharma, N.; Ong, Z. Y.; Coady, D. J.; Hedrick, J. L.; Yang, Y. Y., 

Emerging Trends in Macromolecular Antimicrobials to Fight Multi-Drug-Resistant 

Infections. Nano Today 2012, 7 (3), 201-222. 

34. Uppu, D. S. S. M.; Akkapeddi, P.; Manjunath, G. B.; Yarlagadda, V.; Hoque, J.; Haldar, J., 

Polymers with Tunable Side-chain Amphiphilicity as Non-hemolytic Antibacterial Agents. 

Chem. Comm.2013, 49, 9389-9391. 

35. Kuroda, K.; DeGrado, W. F., Amphiphilic Polymethacrylate Derivatives as Antimicrobial 

Agents. J. Am. Chem. Soc. 2005, 127 (12), 4128-4129. 

36. Sambhy, V.; Peterson, B. R.; Sen, A., Antibacterial And Hemolytic Activities Of Pyridinium 

Polymers As a Function of the Spatial Relationship Between the Positive Charge And the 

Pendant Alkyl Tail. Angew. Chem. 2008, 47 (7), 1250-1254. 



196 
 

37. Gabriel, G. J.; Maegerlein, J. A.; Nelson, C. E.; Dabkowski, J. M.; Eren, T.; Nusslein, K.; 

Tew, G. N., Comparison of Facially Amphiphilic Versus Segregated Monomers in the 

Design of Antibacterial Copolymers. Chem. Eur. J. 2009, 15 (2), 433-439. 

38. Mowery, B. P.; Lee, S. E.; Kissounko, D. A.; Epand, R. F.; Epand, R. M.; Weisblum, B.; 

Stahl, S. S.; Gellman, S. H., Mimicry Of Antimicrobial Host-Defense Peptides by Random 

Copolymers. J. Am. Chem. Soc. 2007, 129 (50), 15474-+. 

39. Zhou, C. C.; Qi, X. B.; Li, P.; Chen, W. N.; Mouad, L.; Chang, M. W.; Leong, S. S. J.; Chan-

Park, M. B., High Potency and Broad-Spectrum Antimicrobial Peptides Synthesized via 

Ring-Opening Polymerization of alpha-Aminoacid-N-carboxyanhydrides. 

Biomacromolecules 2010, 11 (1), 60-67. 

40. Nederberg, F.; Zhang, Y.; Tan, J. P. K.; Xu, K. J.; Wang, H. Y.; Yang, C.; Gao, S. J.; Guo, 

X. D.; Fukushima, K.; Li, L. J.; Hedrick, J. L.; Yang, Y. Y., Biodegradable Nanostructures 

With Selective Lysis Of Microbial Membranes. Nat. Chem. 2011, 3 (5), 409-414. 

41. Ilker, M. F.; Nusslein, K.; Tew, G. N.; Coughlin, E. B., Tuning the Hemolytic and 

Antibacterial Activities of Amphiphilic Polynorbornene Derivatives. J. Am. Chem. Soc. 

2004, 126 (48), 15870-15875. 

42. Ilker, M. F.; Tew, G. N.; Coughlin, E. B., Amphiphilic Polymers with Potent Antibacterial 

Activity. ACS Sym. Ser. 2007, 980, 175-197. 

43. Haldar, J.; An, D.; Alvarez de Cienfuegos, L.; Chen, J.; Klibanov, A. M., Polymeric Coatings 

That Inactivate Both Influenza Virus and Pathogenic Bacteria. Proc. Natl. Acad. Sci. U.S.A. 

2006, 103 (47), 17667-17671. 

44. Nadithe, V.; Liu, R. H.; Killinger, B. A.; Movassaghian, S.; Kim, N. H.; Moszczynska, A. 

B.; Masters, K. S.; Gellman, S. H.; Merkel, O. M., Screening Nylon-3 Polymers, a New Class 

of Cationic Amphiphiles, for siRNA Delivery. Mol. Pharmaceut. 2015, 12 (2), 362-374. 

45. Liu, R. H.; Chen, X. Y.; Falk, S. P.; Mowery, B. P.; Karlsson, A. J.; Weisblum, B.; Palecek, 

S. P.; Masters, K. S.; Gellman, S. H., Structure-Activity Relationships among Antifungal 

Nylon-3 Polymers: Identification of Materials Active against Drug-Resistant Strains of 

Candida albicans. J. Am. Chem. Soc. 2014, 136 (11), 4333-4342. 

46. Uppu, D. S.; Manjunath, G. B.; Yarlagadda, V.; Kaviyil, J. E.; Ravikumar, R.; 

Paramanandham, K.; Shome, B. R.; Haldar, J., Membrane-Active Macromolecules 



197 
 

Resensitize NDM-1 Gram-Negative Clinical Isolates to Tetracycline Antibiotics. PLoS One 

2015, 10 (3), e0119422. 

47. Liu, R.; Chen, X.; Falk, S. P.; Masters, K. S.; Weisblum, B.; Gellman, S. H., Nylon-3 

Polymers Active Against Drug-Resistant Candida albicans Biofilms. J. Am. Chem. Soc. 

2015, 137 (6), 2183-2186. 

48. Kuroda, K.; Caputo, G. A., Antimicrobial Polymers as Synthetic Mimics Of Host-Defense 

Peptides. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol 2013, 5 (1), 49-66. 

49. Lienkamp, K.; Madkour, A. E.; Tew, G. N., Antibacterial Peptidomimetics: Polymeric 

Synthetic Mimics of Antimicrobial Peptides. Adv. Polym. Sci. 2013, 251, 141-172. 

50. Lienkamp, K.; Tew, G. N., Synthetic Mimics of Antimicrobial Peptides-A Versatile Ring-

Opening Metathesis Polymerization Based Platform for the Synthesis of Selective 

Antibacterial and Cell-Penetrating Polymers. Chem. Eur. J. 2009, 15 (44), 11784-11800. 

51. Chen, Y. X.; Mant, C. T.; Farmer, S. W.; Hancock, R. E. W.; Vasil, M. L.; Hodges, R. S., 

Rational Design of Alpha-Helical Antimicrobial Peptides with Enhanced Activities and 

Specificity/Therapeutic Index. J. Biol. Chem. 2005, 280 (13), 12316-12329. 

52. Chen, F. Y.; Lee, M. T.; Huang, H. W., Evidence for Membrane Thinning Effect as the 

Mechanism For Peptide-Induced Pore Formation. Biophys. J. 2003, 84 (6), 3751-3758. 

53. Liu, D.; DeGrado, W. F., De Novo Design, Synthesis, and Characterization of Antimicrobial 

Beta-Peptides. J. Am. Chem. Soc. 2001, 123 (31), 7553-7559. 

54. Porter, E. A.; Wang, X.; Lee, H. S.; Weisblum, B.; Gellman, S. H., Non-haemolytic beta-

amino-acid Oligomers (vol 404, pg 565, 2000). Nature 2000, 405 (6784), 298-298. 

55. Violette, A.; Averlant-Petit, M. C.; Semetey, V.; Hemmerlin, C.; Casimir, R.; Graff, R.; 

Marraud, M.; Briand, J. P.; Rognan, D.; Guichard, G., N,N '-Linked Oligoureas as Foldamers: 

Chain Length Requirements for Helix Formation in Protic Solvent Investigated by Circular 

Dichroism, NMR Spectroscopy, and Molecular Dynamics. J. Am. Chem. Soc. 2005, 127 (7), 

2156-2164. 

56. Violette, A.; Fournel, S.; Lamour, K.; Chaloin, O.; Frisch, B.; Briand, J. P.; Monteil, H.; 

Guichard, G., Mimicking Helical Antibacterial Peptides with Nonpeptidic Folding 

Oligomers. Chem. Biol. 2006, 13 (5), 531-538. 

57. Chongsiriwatana, N. P.; Patch, J. A.; Czyzewski, A. M.; Dohm, M. T.; Ivankin, A.; 

Gidalevitz, D.; Zuckermann, R. N.; Barron, A. E., Peptoids That Mimic The Structure, 



198 
 

Function, And Mechanism of Helical Antimicrobial Peptides. Proc. Natl. Acad. Sci. 

U.S.A.2008, 105 (8), 2794-2799. 

58. Radzishevsky, I. S.; Rotem, S.; Bourdetsky, D.; Navon-Venezia, S.; Carmeli, Y.; Mor, A., 

Improved Antimicrobial Peptides Based on Acyl-Lysine Oligomers. Nat. Biotech. 2007, 25 

(6), 657-659. 

59. Padhee, S.; Hu, Y. G.; Niu, Y. H.; Bai, G.; Wu, H. F.; Costanza, F.; West, L.; Harrington, 

L.; Shaw, L. N.; Cao, C. H.; Cai, J. F., Non-hemolytic alpha-AApeptides as Antimicrobial 

peptidomimetics. Chem. Comm.2011, 47 (34), 9729-9731. 

60. Som, A.; Vemparala, S.; Ivanov, I.; Tew, G. N., Synthetic Mimics of Antimicrobial Peptides. 

Biopolymers 2008, 90 (2), 83-93. 

61. Giuliani, A.; Rinaldi, A. C., Beyond Natural Antimicrobial Peptides: Multimeric Peptides 

and Other Peptidomimetic Approaches. Cell. Mol. Life Sci. 2011, 68 (13), 2255-2266. 

62. Scorciapino, M. A.; Rinaldi, A. C., Antimicrobial peptidomimetics: reinterpreting nature to 

deliver innovative therapeutics. Front. immunol.2012, 3, 171. 

63. Tew, G. N.; Liu, D.; Chen, B.; Doerksen, R. J.; Kaplan, J.; Carroll, P. J.; Klein, M. L.; 

DeGrado, W. F., De Novo Design of Biomimetic Antimicrobial Polymers. Proc. Natl. Acad. 

Sci. U.S.A. 2002, 99 (8), 5110-5114. 

64. Liu, D. H.; Choi, S.; Chen, B.; Doerksen, R. J.; Clements, D. J.; Winkler, J. D.; Klein, M. L.; 

DeGrado, W. F., Nontoxic Membrane-Active Antimicrobial Arylamide Oligomers. Angew. 

Chem. 2004, 43 (9), 1158-1162. 

65. Tang, H.; Doerksen, R. J.; Tew, G. N., Synthesis of Urea Oligomers And Their Antibacterial 

Activity. Chem. Commun. 2005,  (12), 1537-1539. 

66. Tang, H.; Doerksen, R. J.; Jones, T. V.; Klein, M. L.; Tew, G. N., Biomimetic Facially 

Amphiphilic Antibacterial Oligomers with Conformationally Stiff Backbones. Chem. 

Biol.2006, 13 (4), 427-435. 

67. Choi, S.; Isaacs, A.; Clements, D.; Liu, D. H.; Kim, H.; Scott, R. W.; Winkler, J. D.; 

DeGrado, W. F., De Novo Design And In Vivo Activity of Conformationally Restrained 

Antimicrobial Arylamide Foldamers. Proc. Natl. Acad. Sci. U.S.A. 2009, 106 (17), 6968-

6973. 

68. Thaker, H. D.; Sgolastra, F.; Clements, D.; Scott, R. W.; Tew, G. N., Synthetic Mimics of 

Antimicrobial Peptides from Triaryl Scaffolds. J. Med. Chem. 2011, 54 (7), 2241-2254. 



199 
 

69. Breitenkamp, R. B.; Arnt, L.; Tew, G. N., Facially Amphiphilic Phenylene Ethynylenes. 

Polym. Advan. Technol. 2005, 16 (2-3), 189-194. 

70. Tew, G. N.; Arnt, L.; Jones, T., Phenylene Ethynylene Structures as Versatile Biomimetic 

Scaffolds. Abstr. Pap. Am. Chem. S. 2005, 229, U982-U982. 

71. Arnt, L.; Nusslein, K.; Tew, G. N., Nonhemolytic Abiogenic Polymers as Antimicrobial 

Peptide Mimics. J. Polym. Sci. Pol. Chem. 2004, 42 (15), 3860-3864. 

72. Ishitsuka, Y.; Arnt, L.; Majewski, J.; Frey, S.; Ratajczek, M.; Kjaer, K.; Tew, G. N.; Lee, K. 

Y. C., Amphiphilic Poly(Phenyleneethynylene)S can Mimic Antimicrobial Peptide 

Membrane Disordering Effect by Membrane Insertion. J. Am. Chem. Soc. 2006, 128 (40), 

13123-13129. 

73. Thaker, H. D.; Som, A.; Ayaz, F.; Lui, D. H.; Pan, W. X.; Scott, R. W.; Anguita, J.; Tew, G. 

N., Synthetic Mimics of Antimicrobial Peptides with Immunomodulatory Responses. J. Am. 

Chem. Soc. 2012, 134 (27), 11088-11091. 

74. Thaker, H. D.; Cankaya, A.; Scott, R. W.; Tew, G. N., Role of Amphiphilicity in the Design 

of Synthetic Mimics of Antimicrobial Peptides with Gram-negative Activity. ACS Med. 

Chem. Lett. 2013, 4 (5), 481-485. 

75. Fu, T. H.; Li, Y.; Thaker, H. D.; Scott, R. W.; Tew, G. N., Expedient Synthesis of SMAMPs 

via Click Chemistry. ACS Med. Chem. Lett. 2013, 4 (9), 841-845. 

76. Strom, M. B.; Haug, B. E.; Skar, M. L.; Stensen, W.; Stiberg, T.; Svendsen, J. S., The 

pharmacophore of short cationic antibacterial peptides. J. Med. Chem. 2003, 46 (9), 1567-

1570. 

77. Haug, B. E.; Stensen, W.; Stiberg, T.; Svendsen, J. S., Bulky Nonproteinogenic Amino Acids 

Permit The Design of Very Small and Effective Cationic Antibacterial Peptides. J. Med. 

Chem. 2004, 47 (17), 4159-4162. 

78. Haug, B. E.; Stensen, W.; Kalaaji, M.; Rekdal, O.; Svendsen, J. S., Synthetic Antimicrobial 

Peptidomimetics with Therapeutic Potential. J. Med. Chem. 2008, 51 (14), 4306-4314. 

79. Isaksson, J.; Brandsdal, B. O.; Engqvist, M.; Flaten, G. E.; Svendsen, J. S. M.; Stensen, W., 

A Synthetic Antimicrobial Peptidomimetic (LTX 109): Stereochemical Impact on 

Membrane Disruption. J. Med. Chem. 2011, 54 (16), 5786-5795. 

80. Bremner, J. B.; Keller, P. A.; Pyne, S. G.; Boyle, T. P.; Brkic, Z.; David, D. M.; Robertson, 

M.; Somphol, K.; Baylis, D.; Coates, J. A.; Deadman, J.; Jeevarajah, D.; Rhodes, D. I., 



200 
 

Synthesis and Antibacterial Studies Of Binaphthyl-Based Tripeptoids. Part 1. Bioorg. Med. 

Chem. 2010, 18 (7), 2611-2620. 

81. Bremner, J. B.; Keller, P. A.; Pyne, S. G.; Boyle, T. P.; Brkic, Z.; Morgan, J.; Somphol, K.; 

Coates, J. A.; Deadman, J.; Rhodes, D. I., Synthesis and Antibacterial Studies Of Binaphthyl-

Based Tripeptoids. Part 2. Bioorg. Med. Chem. 2010, 18 (13), 4793-4800. 

82. Coghlan, D. R.; Bremner, J. B.; Keller, P. A.; Pyne, S. G.; David, D. M.; Somphol, K.; Baylis, 

D.; Coates, J.; Deadman, J.; Rhodes, D. I.; Robertson, A. D., Synthesis and Antibacterial 

Activity of Some Binaphthyl-Supported Macrocycles Containing a Cationic Amino Acid. 

Bioorg. Med. Chem. 2011, 19 (11), 3549-3557. 

83. Garas, A.; Bremner, J. B.; Coates, J.; Deadman, J.; Keller, P. A.; Pyne, S. G.; Rhodes, D. I., 

Binaphthyl Scaffolded Peptoids Via Ring-Closing Metathesis Reactions and Their Anti-

Bacterial Activities. Bioorg. Med. Chem. Lett. 2009, 19 (11), 3010-3013. 

84. Samosorn, S.; Bremner, J. B.; Ball, A.; Lewis, K., Synthesis of Functionalized 2-aryl-5-nitro-

1H-indoles and Their Activity as Bacterial Nora Efflux Pump Inhibitors. Bioorg. Med. Chem. 

2006, 14 (3), 857-865. 

85. Bremner, J. B.; Keller, P. A.; Pyne, S. G.; Boyle, T. P.; Brkic, Z.; David, D. M.; Garas, A.; 

Morgan, J.; Robertson, M.; Somphol, K.; Miller, M. H.; Howe, A. S.; Ambrose, P.; 

Bhavnani, S.; Fritsche, T. R.; Biedenbach, D. J.; Jones, R. N.; Buckheit, R. W.; Watson, K. 

M.; Baylis, D.; Coates, J. A.; Deadman, J.; Jeevarajah, D.; McCracken, A.; Rhodes, D. I., 

Binaphthyl-Based Dicationic Peptoids with Therapeutic Potential. Angew. Chem. 2010, 49 

(3), 537-540. 

86. Rotem, S.; Mor, A., Antimicrobial Peptide Mimics for Improved Therapeutic Properties. 

BBA Biomembranes 2009, 1788 (8), 1582-1592. 

87. Radzishevsky, I. S.; Kovachi, T.; Porat, Y.; Ziserman, L.; Zaknoon, F.; Danino, D.; Mor, A., 

Structure-activity relationships of Antibacterial Acyl-Lysine Oligomers. Chem. Biol. 2008, 

15 (4), 354-362. 

88. Sarig, H.; Rotem, S.; Ziserman, L.; Danino, D.; Mor, A., Impact of Self-Assembly Properties 

on Antibacterial Activity of Short Acyl-Lysine Oligomers. Antimicrob. Agents Chemother. 

2008, 52 (12), 4308-4314. 

89. Murugan, R. N.; Jacob, B.; Ahn, M.; Hwang, E.; Sohn, H.; Park, H. N.; Lee, E.; Seo, J. H.; 

Cheong, C.; Nam, K. Y.; Hyun, J. K.; Jeong, K. W.; Kim, Y.; Shin, S. Y.; Bang, J. K., De 



201 
 

Novo Design and Synthesis of Ultra-Short Peptidomimetic Antibiotics Having Dual 

Antimicrobial And Anti-Inflammatory Activities. PLoS One 2013, 8 (11), e80025. 

90. Zou, H. X.; Koh, J. J.; Li, J. G.; Qiu, S. X.; Aung, T. T.; Lin, H. F.; Lakshminarayanan, R.; 

Dai, X. P.; Tang, C.; Lim, F. H.; Zhou, L.; Tan, A. L.; Verma, C.; Tan, D. T. H.; Chan, H. S. 

O.; Saraswathi, P.; Cao, D. R.; Liu, S. P.; Beuerman, R. W., Design and Synthesis of 

Amphiphilic Xanthone-Based, Membrane-Targeting Antimicrobials with Improved 

Membrane Selectivity. J. Med. Chem. 2013, 56 (6), 2359-2373. 

91. Koh, J. J.; Lin, S.; Aung, T. T.; Lim, F.; Zou, H.; Bai, Y.; Li, J.; Lin, H.; Pang, L. M.; Koh, 

W. L.; Salleh, S. M.; Lakshminarayanan, R.; Zhou, L.; Qiu, S.; Pervushin, K.; Verma, C.; 

Tan, D. T.; Cao, D.; Liu, S.; Beuerman, R. W., Amino Acid Modified Xanthone Derivatives: 

Novel, Highly Promising Membrane-Active Antimicrobials for Multidrug-Resistant Gram-

Positive Bacterial Infections. J. Med. Chem. 2015, 58 (2), 739-752. 

92. Konai, M. M.; Ghosh, C.; Yarlagadda, V.; Samaddar, S.; Haldar, J., Membrane Active 

Phenylalanine Conjugated Lipophilic Norspermidine Derivatives with Selective 

Antibacterial Activity. J. Med. Chem. 2014, 57, 9409–9423 

93. Lai, X. Z.; Feng, Y.; Pollard, J.; Chin, J. N.; Rybak, M. J.; Bucki, R.; Epand, R. F.; Epand, 

R. M.; Savage, P. B., Ceragenins: Cholic Acid-Based Mimics of Antimicrobial Peptides. 

Acc. Chem. Res. 2008, 41 (10), 1233-1240. 

94. Vooturi, S. K.; Cheung, C. M.; Rybak, M. J.; Firestine, S. M., Design, Synthesis, and 

Structure-Activity Relationships of Benzophenone-Based Tetraamides as Novel 

Antibacterial Agents. J. Med. Chem. 2009, 52 (16), 5020-5031. 

95. Vooturi, S. K.; Dewal, M. B.; Firestine, S. M., Examination of a Synthetic Benzophenone 

Membrane-Targeted Antibiotic. Org Biomol Chem 2011, 9 (18), 6367-6372. 

96. Hansen, T.; Alst, T.; Havelkova, M.; Strom, M. B., Antimicrobial Activity of Small beta-

Peptidomimeties Based on the Pharmacophore Model of Short Cationic Antimicrobial 

Peptides. J. Med. Chem. 2010, 53 (2), 595-606. 

97. Hansen, T.; Ausbacher, D.; Flaten, G. E.; Havelkova, M.; Strom, M. B., Synthesis of Cationic 

Antimicrobial beta(2,2)-Amino Acid Derivatives with Potential for Oral Administration. J. 

Med. Chem. 2011, 54 (3), 858-868. 



202 
 

98. Hoque, J.; Akkapeddi, P.; Yarlagadda, V.; Uppu, D. S.; Kumar, P.; Haldar, J., Cleavable 

Cationic Antibacterial Amphiphiles: Synthesis, Mechanism of Action, and Cytotoxicities. 

Langmuir2012, 28 (33), 12225-12234. 

99. Rice, L. B., Progress And Challenges in Implementing the Research On ESKAPE Pathogens. 

Infect. Control Hosp. Epidemiol. 2010, 31 Suppl 1, S7-10. 

100. Carlet, J.; Jarlier, V.; Harbarth, S.; Voss, A.; Goossens, H.; Pittet, D., Ready For a World 

Without Antibiotics? The Pensieres Antibiotic Resistance Call to Action. Antimicrob. Resist. 

Infect. Control 2012, 1 (1), 11. 

101. Nilsson, A. C.; Janson, H.; Wold, H.; Fugelli, A.; Andersson, K.; Hakangard, C.; Olsson, P.; 

Olsen, W. M., Ltx-109 Is A Novel Agent For Nasal Decolonization Of Methicillin-Resistant 

And -Sensitive Staphylococcus aureus. Antimicrob. Agents Chemother. 2015, 59 (1), 145-

151. 

102. Bechinger, B., The Structure, Dynamics and Orientation of Antimicrobial Peptides in 

Membranes by Multidimensional Solid-State NMR Spectroscopy. Biochim. Biophys. Acta. 

1999, 1462 (1-2), 157-183. 

103. Bechinger, B.; Zasloff, M.; Opella, S. J., Structure and Orientation of the Antibiotic Peptide 

Magainin in Membranes by Solid-State Nuclear-Magnetic-Resonance Spectroscopy. Protein 

Sci. 1993, 2 (12), 2077-2084. 

104. Yamaguchi, S.; Huster, D.; Waring, A.; Lehrer, R. I.; Kearney, W.; Tack, B. F.; Hong, M., 

Orientation and Dynamics Of An Antimicrobial Peptide in The Lipid Bilayer by Solid-State 

NMR Spectroscopy. Biophys. J. 2001, 81 (4), 2203-2214. 

105. Lee, M. T.; Chen, F. Y.; Huang, H. W., Energetics Of Pore Formation Induced By Membrane 

Active Peptides. Biochemistry 2004, 43 (12), 3590-3599. 

106. Wu, Y.; Huang, H. W.; Olah, G. A., Method of Oriented Circular-Dichroism. Biophys. J. 

1990, 57 (4), 797-806. 

107. Ladokhin, A. S.; Selsted, M. E.; White, S. H., Bilayer Interactions of Indolicidin, a Small 

Antimicrobial Peptide Rich in Tryptophan, Proline, And Basic Amino Acids. Biophys. J. 

1997, 72 (2), 794-805. 

108. He, K.; Ludtke, S. J.; Huang, H. W.; Worcester, D. L., Antimicrobial Peptide Pores in 

Membranes Detected by Neutron Inplane Scattering. Biochemistry 1995, 34 (48), 15614-

15618. 



203 
 

109. Ludtke, S. J.; He, K.; Heller, W. T.; Harroun, T. A.; Yang, L.; Huang, H. W., Membrane 

Pores Induced By Magainin. Biochemistry 1996, 35 (43), 13723-13728. 

110. Shai, Y., Molecular Recognition between Membrane-Spanning Polypeptides. Trends 

Biochem. Sci. 1995, 20 (11), 460-464. 

111. Shai, Y.; Oren, Z., From "Carpet" Mechanism to De Novo Designed Diastereomeric Cell-

Selective Antimicrobial Peptides. Peptides 2001, 22 (10), 1629-1641. 

112. Rapaport, D.; Shai, Y., Interaction of Fluorescently Labeled Pardaxin and Its Analogs with 

Lipid Bilayers. J. Biol. Chem. 1991, 266 (35), 23769-23775. 

113. Lee, C. C.; Sun, Y.; Qian, S.; Huang, H. W., Transmembrane Pores Formed by Human 

Antimicrobial Peptide LL-37. Biophys. J. 2011, 100 (7), 1688-1696. 

114. Yang, L.; Harroun, T. A.; Heller, W. T.; Weiss, T. M.; Huang, H. W., Neutron Off-Plane 

Scattering of Aligned Membranes. I. Method of Measurement. Biophys. J. 1998, 75 (2), 641-

645. 

115. Yang, L.; Harroun, T. A.; Weiss, T. M.; Ding, L.; Huang, H. W., Barrel-stave model or 

toroidal model? A case study on melittin pores. Biophys. J. 2001, 81 (3), 1475-1485. 

116. Oren, Z.; Shai, Y., Mode Of Action Of Linear Amphipathic Alpha-Helical Antimicrobial 

Peptides. Biopolymers 1998, 47 (6), 451-463. 

117. Pouny, Y.; Rapaport, D.; Mor, A.; Nicolas, P.; Shai, Y., Interaction Of Antimicrobial 

Dermaseptin And Its Fluorescently Labeled Analogues With Phospholipid Membranes. 

Biochemistry 1992, 31 (49), 12416-12423. 

118. Lai, Y.; Gallo, R. L., AMPed up immunity: how antimicrobial peptides have multiple roles 

in immune defense. Trends Immunol. 2009, 30 (3), 131-141. 

119. Epand, R. F.; Maloy, W. L.; Ramamoorthy, A.; Epand, R. M., Probing The "Charge Cluster 

Mechanism" in Amphipathic Helical Cationic Antimicrobial Peptides. Biochemistry 2010, 

49 (19), 4076-4084. 

120. Epand, R. F.; Maloy, L.; Ramamoorthy, A.; Epand, R. M., Amphipathic Helical Cationic 

Antimicrobial Peptides Promote Rapid Formation of Crystalline States in The Presence Of 

Phosphatidylglycerol: Lipid Clustering in Anionic Membranes. Biophys. J. 2010, 98 (11), 

2564-2573. 



204 
 

121. Rathinakumar, R.; Walkenhorst, W. F.; Wimley, W. C., Broad-Spectrum Antimicrobial 

Peptides by Rational Combinatorial Design and High-Throughput Screening: The 

Importance of Interfacial Activity. J. Am. Chem. Soc. 2009, 131 (22), 7609-7617. 

122. Wimley, W. C., Describing The Mechanism Of Antimicrobial Peptide Action with The 

Interfacial Activity Model. ACS Chem. Biol. 2010, 5 (10), 905-917. 

123. Sims, P. J.; Waggoner, A. S.; Wang, C. H.; Hoffman, J. F., Studies on the Mechanism by 

Which Cyanine Dyes Measure Membrane Potential in Red Blood Cells and 

Phosphatidylcholine Vesicles. Biochemistry 1974, 13 (16), 3315-3330. 

124. Boulos, L.; Prevost, M.; Barbeau, B.; Coallier, J.; Desjardins, R., LIVE/DEAD Baclight : 

Application of A New Rapid Staining Method for Direct Enumeration of Viable and Total 

Bacteria in Drinking Water. J. Microbiol. Methods 1999, 37 (1), 77-86. 

125. Loh, B.; Grant, C.; Hancock, R. E., Use Of The Fluorescent Probe 1-N-Phenylnaphthylamine 

To Study The Interactions Of Aminoglycoside Antibiotics With The Outer Membrane of 

Pseudomonas aeruginosa. Antimicrob. Agents Chemother. 1984, 26 (4), 546-551. 

126. Mensa, B.; Kim, Y. H.; Choi, S.; Scott, R.; Caputo, G. A.; DeGrado, W. F., Antibacterial 

Mechanism of Action of Arylamide Foldamers. Antimicrob. Agents Chemother. 2011, 55 

(11), 5043-5053. 

127. Mensa, B.; Howell, G. L.; Scott, R.; DeGrado, W. F., Comparative Mechanistic Studies Of 

Brilacidin, Daptomycin, And The Antimicrobial Peptide LL16. Antimicrob. Agents 

Chemother. 2014, 58 (9), 5136-5145. 

128. Wenzel, M.; Chiriac, A. I.; Otto, A.; Zweytick, D.; May, C.; Schumacher, C.; Gust, R.; 

Albada, H. B.; Penkova, M.; Kramer, U.; Erdmann, R.; Metzler-Nolte, N.; Straus, S. K.; 

Bremer, E.; Becher, D.; Brotz-Oesterhelt, H.; Sahl, H. G.; Bandow, J. E., Small Cationic 

Antimicrobial Peptides Delocalize Peripheral Membrane Proteins. Proc. Natl. Acad. Sci. 

U.S.A.2014, 111 (14), E1409-E1418. 

129. Moffatt, J. H.; Harper, M.; Harrison, P.; Hale, J. D. F.; Vinogradov, E.; Seemann, T.; Henry, 

R.; Crane, B.; Michael, F. S.; Cox, A. D.; Adler, B.; Nation, R. L.; Li, J.; Boyce, J. D., 

Colistin Resistance in Acinetobacter baumannii Is Mediated by Complete Loss of 

Lipopolysaccharide Production. Antimicrob. Agents Chemother. 2010, 54 (12), 4971-4977. 

130. Obst, U.; Schwartz, T.; Volkmann, H., Antibiotic Resistant Pathogenic Bacteria and Their 

Resistance Genes in Bacterial Biofilms. Int. J. Artif. Organs 2006, 29 (4), 387-394. 



205 
 

131. Stewart, P. S., Mechanisms of Antibiotic Resistance in Bacterial Biofilms. Int. J. Med. 

Microbiol. 2002, 292 (2), 107-113. 

132. Stewart, P. S.; Costerton, J. W., Antibiotic Resistance of Bacteria In Biofilms. Lancet 2001, 

358 (9276), 135-138. 

133. O'Toole, G.; Kaplan, H. B.; Kolter, R., Biofilm Formation as Microbial Development. Annu. 

Rev. Microbiol. 2000, 54, 49-79. 

134. Flemming, H. C.; Wingender, J., The Biofilm Matrix. Nat. Rev. Microbiol. 2010, 8 (9), 623-

633. 

135. Davies, D., Understanding Biofilm Resistance to Antibacterial Agents. Nat. Rev. Drug 

Discov. 2003, 2 (2), 114-122. 

136. Savage, V. J.; Chopra, I.; O'Neill, A. J., Staphylococcus aureus Biofilms Promote Horizontal 

Transfer of Antibiotic Resistance. Antimicrob. Agents Chemother. 2013, 57 (4), 1968-1970. 

137. Mascio, C. T.; Alder, J. D.; Silverman, J. A., Bactericidal Action of Daptomycin Against 

Stationary-Phase And Nondividing Staphylococcus aureus Cells. Antimicrob. Agents 

Chemother. 2007, 51 (12), 4255-4260. 

138. Keren, I.; Kaldalu, N.; Spoering, A.; Wang, Y.; Lewis, K., Persister cells and tolerance to 

antimicrobials. FEMS Microbiol. Lett. 2004, 230 (1), 13-18. 

139. Lewis, K., Persister Cells, Dormancy and Infectious Disease. Nat. Rev. Microbiol. 2007, 5 

(1), 48-56. 

140. Sadekuzzaman, M.; Yang, S.; Mizan, M. F. R.; Ha, S. D., Current and Recent Advanced 

Strategies for Combating Biofilms. Compr. Rev. Food Sci. F. 2015, 14 (4), 491-509. 

141. Nagant, C.; Pitts, B.; Stewart, P. S.; Feng, Y. S.; Savage, P. B.; Dehaye, J. P., Study Of The 

Effect of Antimicrobial Peptide Mimic, CSA-13, an Established Biofilm Formed By 

Pseudomonas aeruginosa. Microbiology Open 2013, 2 (2), 318-325. 

142. Williams, D. L.; Haymond, B. S.; Beck, J. P.; Savage, P. B.; Chaudhary, V.; Epperson, R. 

T.; Kawaguchi, B.; Bloebaum, R. D., In Vivo Efficacy Of A Silicone-Cationic Steroid 

Antimicrobial Coating To Prevent Implant-Related Infection. Biomaterials 2012, 33 (33), 

8641-8656. 

143. McPhee, J. B.; Hancock, R. E. W., Function and therapeutic potential of host defence 

peptides. J. Pept. Sci. 2005, 11 (11), 677-687. 



206 
 

144. Hancock, R. E. W.; Nijnik, A.; Philpott, D. J., Modulating immunity as a therapy for bacterial 

infections. Nat. Rev. Microbiol. 2012, 10 (4), 243-254. 

145. Mookherjee, N.; Hancock, R. E., Cationic Host Defence Peptides: Innate Immune 

Regulatory Peptides As A Novel Approach For Treating Infections. Cell. Mol. Life Sci. 2007, 

64 (7-8), 922-933. 

146. Hamill, P.; Brown, K.; Jenssen, H.; Hancock, R. E. W., Novel Anti-Infectives: Is Host 

Defence The Answer? Curr. Opin. Biotech. 2008, 19 (6), 628-636. 

147. Haney, E. F.; Hancock, R. E. W., Peptide Design for Antimicrobial and Immunomodulatory 

Applications. Biopolymers 2013, 100 (6), 572-583. 

148. Cohen, J., The immunopathogenesis of sepsis. Nature 2002, 420 (6917), 885-891. 

149. Aderem, A.; Ulevitch, R. J., Toll-Like Receptors in the Induction Of The Innate Immune 

Response. Nature 2000, 406 (6797), 782-787. 

150. Uppu, D. S. S. M.; Ghosh, C.; Haldar, J., Surviving Sepsis In The Era Of Antibiotic 

Resistance: Are There Any Alternative Approaches to Antibiotic Therapy? Microb. 

Pathogenesis 2015, 80, 7-13. 

151. Som, A.; Navasa, N.; Percher, A.; Scott, R. W.; Tew, G. N.; Anguita, J., Identification Of 

Synthetic Host Defense Peptide Mimics That Exert Dual Antimicrobial and Anti-

Inflammatory Activities. Clin. Vaccine Immunol. 2012, 19 (11), 1784-1791. 

152. Tiuman, T. S.; Santos, A. O.; Ueda-Nakamura, T.; Dias, B. P.; Nakamura, C. V., Recent 

advances in leishmaniasis treatment. Int. J. Infect. Dis. 2011, 15 (8), E525-E532. 

153. Mitashi, P.; Hasker, E.; Lejon, V.; Kande, V.; Muyembe, J. J.; Lutumba, P.; Boelaert, M., 

Human African Trypanosomiasis Diagnosis in First-Line Health Services of Endemic 

Countries, a Systematic Review. PLoS Neglect. Trop. Dis. 2012, 6 (11), e1919. 

154. Anthony, M. P.; Burrows, J. N.; Duparc, S.; JMoehrle, J.; Wells, T. N. C., The global pipeline 

of new medicines for the control and elimination of malaria. Malaria J. 2012, 11, 316. 

155. Achtman, A. H.; Pilat, S.; Law, C. W.; Lynn, D. J.; Janot, L.; Mayer, M. L.; Ma, S. H.; 

Kindrachuk, J.; Finlay, B. B.; Brinkman, F. S. L.; Smyth, G. K.; Hancock, R. E. W.; 

Schofield, L., Effective Adjunctive Therapy by an Innate Defense Regulatory Peptide in a 

Preclinical Model of Severe Malaria. Sci. Transl. Med. 2012, 4 (135), 135ra64. 

156. Kaushik, N. K.; Sharma, J.; Sahal, D., Anti-Plasmodial Action of De Novo-Designed, 

Cationic, Lysine-Branched, Amphipathic, Helical Peptides. Malaria J. 2012, 11, 256. 



207 
 

157. Zaknoon, F.; Wein, S.; Krugliak, M.; Meir, O.; Rotem, S.; Ginsburg, H.; Vial, H.; Mor, A., 

Antiplasmodial Properties of Acyl-Lysyl Oligomers in Culture and Animal Models of 

Malaria. Antimicrob. Agents Chemother. 2011, 55 (8), 3803-3811. 

158. Love, M. S.; Millholland, M. G.; Mishra, S.; Kulkarni, S.; Freeman, K. B.; Pan, W. X.; 

Kavash, R. W.; Costanzo, M. J.; Jo, H.; Daly, T. M.; Williams, D. R.; Kowalska, M. A.; 

Bergman, L. W.; Poncz, M.; DeGrado, W. F.; Sinnis, P.; Scott, R. W.; Greenbaum, D. C., 

Platelet Factor 4 Activity against P. falciparum and Its Translation to Nonpeptidic Mimics 

as Antimalarials. Cell Host Microbe 2012, 12 (6), 815-823. 

159. Lara, D.; Feng, Y. S.; Bader, J.; Savage, P. B.; Maldonado, R. A., Anti-Trypanosomatid 

Activity of Ceragenins. J. Parasitol. 2010, 96 (3), 638-642. 

160. Roemer, T.; Krysan, D. J., Antifungal Drug Development: Challenges, Unmet Clinical 

Needs, and New Approaches. CSH Perspecte Mede 2014, 4 (5), pii: a019703. 

161. Bojsen, R.; Torbensen, R.; Larsen, C. E.; Folkesson, A.; Regenberg, B., The Synthetic 

Amphipathic Peptidomimetic LTX109 is a Potent Fungicide That Disturbs Plasma 

Membrane Integrity in A Sphingolipid Dependent Manner. PLoS One 2013, 8 (7), e69483. 

162. Lewis, K., Riddle of Biofilm Resistance. Antimicrob. Agents Chemother. 2001, 45 (4), 999-

1007. 

163. Gandra, S.; Barter, D. M.; Laxminarayan, R., Economic Burden of Antibiotic Resistance: 

How Much Do We Really Know? Clin. Microbiol. Infec. 2014, 20 (10), 973-980. 

164. Ghosh, C.; Haldar, J., Membrane-Active Small Molecules: Designs Inspired by 

Antimicrobial Peptides. ChemMedChem 2015, 10 (10), 1606-1624. 

165. Latge, J. P., Aspergillus fumigatus and Aspergillosis. Clin. Microbiol. Rev. 1999, 12 (2), 310-

350. 

166. Hu, Y. G.; Amin, M. N.; Padhee, S.; Wang, R. S. E.; Qiao, Q.; Bai, G.; Li, Y. Q.; Mathew, 

A.; Cao, C. H.; Cai, J. F., Lipidated Peptidomimetics with Improved Antimicrobial Activity. 

ACS Med. Chem. Lett. 2012, 3 (8), 683-686. 

167. Chongsiriwatana, N. P.; Miller, T. M.; Wetzler, M.; Vakulenko, S.; Karlsson, A. J.; Palecek, 

S. P.; Mobashery, S.; Barron, A. E., Short Alkylated Peptoid Mimics of Antimicrobial 

Lipopeptides. Antimicrob. Agents Chemother. 2011, 55 (1), 417-420. 



208 
 

168. Lohan, S.; Cameotra, S. S.; Bisht, G. S., Systematic Study of Non-Natural Short Cationic 

Lipopeptides as Novel Broad-Spectrum Antimicrobial Agents. Chem. Biol. Drug Des. 2013, 

82 (5), 557-566. 

169. Shankar, S. S.; Benke, S. N.; Nagendra, N.; Srivastava, P. L.; Thulasiram, H. V.; Gopi, H. 

N., Self-Assembly to Function: Design, Synthesis, and Broad Spectrum Antimicrobial 

Properties of Short Hybrid E-Vinylogous Lipopeptides. J. Med. Chem. 2013, 56 (21), 8468-

8474. 

170. Konai, M. M.; Haldar, J., Lysine-Based Small Molecules That Disrupt Biofilms and Kill 

both Actively Growing Planktonic and Nondividing Stationary Phase Bacteria. ACS Infect. 

Dis. 2015, 1 (10), 469-478. 

171. Konai, M. M.; Adhikary, U.; Samaddar, S.; Ghosh, C.; Haldar, J., Structure-Activity 

Relationship of Amino Acid Tunable Lipidated Norspermidine Conjugates: Disrupting 

Biofilms with Potent Activity against Bacterial Persisters. Bioconjugate Chem. 2015, 26(12), 

2442-53. 

172. Hoque, J.; Konai, M. M.; Gonuguntla, S.; Manjunath, G. B.; Samaddar, S.; Yarlagadda, V.; 

Haldar, J., Membrane Active Small Molecules Show Selective Broad Spectrum Antibacterial 

Activity with No Detectable Resistance and Eradicate Biofilms. J. Med. Chem. 2015, 58 

(14), 5486-5500. 

173. Hoque, J.; Konai, M. M.; Samaddar, S.; Gonuguntala, S.; Manjunath, G. B.; Ghosh, C.; 

Haldar, J., Selective and broad spectrum amphiphilic small molecules to combat bacterial 

resistance and eradicate biofilms. Chem. Comm. 2015, 51 (71), 13670-13673. 

174. Uppu, D. S. S. M.; Akkapeddi, P.; Manjunath, G. B.; Yarlagadda, V.; Hoque, J.; Haldar, J., 

Polymers with tunable side-chain amphiphilicity as non-hemolytic antibacterial agents. 

Chem. Comm. 2013, 49 (82), 9389-9391. 

175. Tew, G. N.; Scott, R. W.; Klein, M. L.; DeGrado, W. F., De Novo Design of Antimicrobial 

Polymers, Foldamers, and Small Molecules: From Discovery to Practical Applications. Acc. 

Chem. Res. 2009, 43 (1), 30-39. 

176. Huynh, K. K.; Grinstein, S., Regulation of vacuolar pH and its modulation by some microbial 

species. Microbiol. Mol. Biol. Rev. 2007, 71 (3), 452-462. 

177. Nardis, C.; Mosca, L.; Mastromarino, P., Vaginal microbiota and viral sexually transmitted 

diseases. Ann. Ig. 2013, 25 (5), 443-456. 



209 
 

178. Pezzulo, A. A.; Tang, X. X.; Hoegger, M. J.; Alaiwa, M. H.; Ramachandran, S.; Moninger, 

T. O.; Karp, P. H.; Wohlford-Lenane, C. L.; Haagsman, H. P.; van Eijk, M.; Banfi, B.; 

Horswill, A. R.; Stoltz, D. A.; McCray, P. B., Jr.; Welsh, M. J.; Zabner, J., Reduced airway 

surface pH impairs bacterial killing in the porcine cystic fibrosis lung. Nature 2012, 487 

(7405), 109-113. 

179. Chiller, K.; Selkin, B. A.; Murakawa, G. J., Skin microflora and bacterial infections of the 

skin. J. Investig. Dermatol. Symp. Proc. 2001, 6 (3), 170-174. 

180. Schmid-Wendtner, M. H.; Korting, H. C., The pH of the skin surface and its impact on the 

barrier function. Skin Pharmacol. Physiol. 2006, 19 (6), 296-302. 

181. Goldman, M. J.; Anderson, G. M.; Stolzenberg, E. D.; Kari, U. P.; Zasloff, M.; Wilson, J. 

M., Human beta-defensin-1 is a salt-sensitive antibiotic in lung that is inactivated in cystic 

fibrosis. Cell 1997, 88 (4), 553-560. 

182. Goldfeder, Y.; Zaknoon, F.; Mor, A., Experimental Conditions That Enhance Potency of an 

Antibacterial Oligo-Acyl-Lysyl. Antimicrob. Agents Chemother. 2010, 54 (6), 2590-2595. 

183. Leffler, D. A.; Lamont, J. T., Clostridium difficile Infection. N. Engl. J. Med. 2015, 373 (3), 

287-288. 

184. Jarrad, A. M.; Karoli, T.; Blaskovich, M. A. T.; Lyras, D.; Cooper, M. A., Clostridium 

difficile Drug Pipeline: Challenges in Discovery and Development of New Agents. J. Med. 

Chem. 2015, 58 (13), 5164-5185. 

185. Hu, Y.; Shamaei-Tousi, A.; Liu, Y.; Coates, A., A New Approach for the Discovery of 

Antibiotics by Targeting Non-Multiplying Bacteria: A Novel Topical Antibiotic for 

Staphylococcal Infections. PLoS One 2010, 5 (7), e11818. 

186. Lundberg, C. V.; Frimodt-Moller, N., Efficacy of Topical and Systemic Antibiotic Treatment 

of Meticillin-resistant Staphylococcus aureus in a Murine Superficial Skin Wound Infection 

Model. Int. J. Antimicrob. Agents 2013, 42 (3), 272-275. 

187. Roche, E. D.; Renick, P. J.; Tetens, S. P.; Carson, D. L., A Model for Evaluating Topical 

Antimicrobial Efficacy Against Methicillin-Resistant Staphylococcus aureus Biofilms in 

Superficial Murine Wounds. Antimicrob. Agents Chemother. 2012, 56 (8), 4508-4510. 

188. Mohamed, M. F.; Seleem, M. N., Efficacy of Short Novel Antimicrobial and Anti-

Inflammatory Peptides in a Mouse Model of Methicillin-Resistant Staphylococcus aureus 

(MRSA) Skin Infection. Drug. Des. Devel. Ther. 2014, 8, 1979-1983. 



210 
 

189. Morgenstern, M.; Erichsen, C.; Hackl, S.; Mily, J.; Militz, M.; Friederichs, J.; Hungerer, S.; 

Buhren, V.; Moriarty, T. F.; Post, V.; Richards, R. G.; Kates, S. L., Antibiotic Resistance of 

Commensal Staphylococcus aureus and Coagulase-Negative Staphylococci in an 

International Cohort of Surgeons: A Prospective Point-Prevalence Study. PLoS One 2016, 

11 (2), e0148437. 

190. Lowy, F. D., Staphylococcus aureus infections. N. Engl. J. Med. 1998, 339 (8), 520-532. 

191. Lehar, S. M.; Pillow, T.; Xu, M.; Staben, L.; Kajihara, K. K.; Vandlen, R.; DePalatis, L.; 

Raab, H.; Hazenbos, W. L.; Morisaki, J. H.; Kim, J.; Park, S.; Darwish, M.; Lee, B. C.; 

Hernandez, H.; Loyet, K. M.; Lupardus, P.; Fong, R.; Yan, D.; Chalouni, C.; Luis, E.; 

Khalfin, Y.; Plise, E.; Cheong, J.; Lyssikatos, J. P.; Strandh, M.; Koefoed, K.; Andersen, P. 

S.; Flygare, J. A.; Wah Tan, M.; Brown, E. J.; Mariathasan, S., Novel Antibody-Antibiotic 

Conjugate Eliminates Intracellular S. aureus. Nature 2015, 527 (7578), 323-328. 

192. Nannini, E.; Murray, B. E.; Arias, C. A., Resistance or Decreased Susceptibility to 

Glycopeptides, Daptomycin, and Linezolid In Methicillin-Resistant Staphylococcus aureus. 

Curr. Opin. Pharmacol. 2010, 10 (5), 516-521. 

193. Mensa, B.; Howell, G. L.; Scott, R.; DeGrado, W. F., Comparative Mechanistic Studies of 

Brilacidin, Daptomycin and the Antimicrobial Peptide LL16. Antimicrob. Agents 

Chemother. 2014 , 58(9), 5136-45 

194. Ghosh, C.; Haldar, J., Membrane active small Molecules: Designs inspired from 

Antimicrobial peptides. ChemMedChem 2015, 10, 1606-24. 

195. Uppu, D. S.; Samaddar, S.; Ghosh, C.; Paramanandham, K.; Shome, B. R.; Haldar, J., Amide 

Side Chain Amphiphilic Polymers Disrupt Surface Established Bacterial Bio-Films and 

Protect Mice From Chronic Acinetobacter Baumannii Infection. Biomaterials 2015, 74, 131-

143. 

196. Mohammad, H.; Thangamani, S.; Seleem, M. N., Antimicrobial Peptides and 

Peptidomimetics - Potent Therapeutic Allies for Staphylococcal Infections. Curr. Pharm. 

Design 2015, 21 (16), 2073-2088. 

197. Yarlagadda, V.; Samaddar, S.; Paramanandham, K.; Shome, B. R.; Haldar, J., Membrane 

Disruption and Enhanced Inhibition of Cell-Wall Biosynthesis: A Synergistic Approach to 

Tackle Vancomycin-Resistant Bacteria. Angew. Chem. 2015, 54 (46), 13644-13649. 



211 
 

198. Kuriakose, J.; Hernandez-Gordillo, V.; Nepal, M.; Brezden, A.; Pozzi, V.; Seleem, M. N.; 

Chmielewski, J., Targeting Intracellular Pathogenic Bacteria with Unnatural Proline-Rich 

Peptides: Coupling Antibacterial Activity with Macrophage Penetration. Angew. Chem. 

2013, 52 (37), 9664-9667. 

199. Noore, J.; Noore, A.; Li, B. Y., Cationic Antimicrobial Peptide LL-37 Is Effective against 

both Extra- and Intracellular Staphylococcus aureus. Antimicrob. Agents Chemother. 2013, 

57 (3), 1283-1290. 

200. Hall-Stoodley, L.; Costerton, J. W.; Stoodley, P., Bacterial biofilms: from The Natural 

Environment to Infectious Diseases. Nat. Rev. Microbiol. 2004, 2 (2), 95-108. 

201. Hurdle, J. G.; O'Neill, A. J.; Chopra, I.; Lee, R. E., Targeting Bacterial Membrane Function: 

an Underexploited Mechanism for Treating Persistent Infections. Nat. Rev. Microbiol. 2011, 

9 (1), 62-75. 

202. Costerton, J. W.; Stewart, P. S.; Greenberg, E. P., Bacterial Biofilms: a Common Cause of 

PersistentIinfections. Science 1999, 284 (5418), 1318-1322. 

203. Brackman, G.; Coenye, T., Quorum Sensing Inhibitors as Anti-Biofilm Agents. Curr. 

Pharm. Design 2015, 21 (1), 5-11. 

204. Mu, H. B.; Tang, J. J.; Liu, Q. J.; Sun, C. L.; Wang, T. T.; Duan, J. Y., Potent Antibacterial 

Nanoparticles against Biofilm and Intracellular Bacteria. Sci. Rep.2016, 6, 18877. 

205. Gurunathan, S.; Han, J. W.; Kwon, D. N.; Kim, J. H., Enhanced antibacterial and anti-biofilm 

activities of silver nanoparticles against Gram-negative and Gram-positive bacteria. 

Nanoscale Res. Lett. 2014, 9, 373 

206. de la Fuente-Nunez, C.; Reffuveille, F.; Mansour, S. C.; Reckseidler-Zenteno, S. L.; 

Hernandez, D.; Brackman, G.; Coenye, T.; Hancock, R. E. W., D-Enantiomeric Peptides that 

Eradicate Wild-Type and Multidrug-Resistant Biofilms and Protect against Lethal 

Pseudomonas aeruginosa Infections (vol 22, pg 196, 2015). Chem. Biol. 2015, 22 (9), 1280-

1282. 

207. Allison, K. R.; Brynildsen, M. P.; Collins, J. J., Metabolite-enabled Eradication of Bacterial 

Persisters by Aminoglycosides. Nature 2011, 473 (7346), 216-220. 

208. Conlon, B. P.; Nakayasu, E. S.; Fleck, L. E.; LaFleur, M. D.; Isabella, V. M.; Coleman, K.; 

Leonard, S. N.; Smith, R. D.; Adkins, J. N.; Lewis, K., Activated Clp Kills Persisters and 

Eradicates A Chronic Biofilm Infection. Nature 2013, 503 (7476), 365-+. 



212 
 

209. Andra, J.; Koch, M. H. J.; Bartels, R.; Brandenberg, K., Biophysical Characterization of 

Endotoxin Inactivation by NK-2, an Antimicrobial Peptide Derived from Mammalian NK-

lysin. Antimicrob. Agents Chemother. 2004, 48 (5), 1593-1599. 

210. Bowdish, D. M. E.; Davidson, D. J.; Lau, Y. E.; Lee, K.; Scott, M. G.; Hancock, R. E. W., 

Impact of LL-37 on Anti-infective Immunity. J. Leukocyte Biol. 2005, 77 (4), 451-459. 

211. Bowdish, D. M. E.; Davidson, D. J.; Rehaume, L.; Pistolic, J.; Li, Y. X.; Yu, J.; Lau, Y. E.; 

Hancock, R. E. W., The Host Defence Peptide LL-37 is a Potent Inducer of Chemokine 

Production by Primary Human Monocytes. J. Leukocyte Biol. 2005, 69-69. 

212. Bowdish, D. M. E.; Hancock, R. E. W., Anti-endotoxin Properties of Cationic Host Defence 

Peptides and Proteins. J. Endotoxin. Res. 2005, 11 (4), 230-236. 

213. Rosenfeld, Y.; Papo, N.; Shai, Y., Endotoxin (lipopolysaccharide) Neutralization by Innate 

Immunity Host-Defense Peptides - Peptide Properties and Plausible Modes of Action. J. Biol. 

Chem. 2006, 281 (3), 1636-1643. 

214. Larrick, J. W.; Hirata, M.; Balint, R. F.; Lee, J.; Zhong, J.; Wright, S. C., Human Cap18 - a 

Novel Antimicrobial Lipopolysaccharide-Binding Protein. Infect. Immun. 1995, 63 (4), 

1291-1297. 

215. Moore, R. A.; Bates, N. C.; Hancock, R. E., Interaction of Polycationic Antibiotics with 

Pseudomonas aeruginosa Lipopolysaccharide and lipid A Studied by Using dansyl-

polymyxin. Antimicrob. Agents Chemother. 1986, 29 (3), 496-500. 

216. Zorko, M.; Jerala, R., Alexidine and Chlorhexidine Bind to Lipopolysaccharide and 

Lipoteichoic acid and Prevent Cell Activation by Antibiotics. J. Antimicrob. Chemother. 

2008, 62 (4), 730-737. 

217. Bowdish, D. M. E.; Davidson, D. J.; Scott, M. G.; Hancock, R. E. W., Immunomodulatory 

Activities of Small Host Defense Peptides. Antimicrob. Agents Chemother. 2005, 49 (5), 

1727-1732. 

218. Chih, Y. H.; Lin, Y. S.; Yip, B. S.; Wei, H. J.; Chu, H. L.; Yu, H. Y.; Cheng, H. T.; Chou, 

Y. T.; Cheng, J. W., Ultrashort Antimicrobial Peptides with Antiendotoxin Properties. 

Antimicrob. Agents Chemother. 2015, 59 (8), 5052-5056. 

219. Domingues, M. M.; Castanho, M. A. R. B.; Santos, N. C., rBPI(21) Promotes 

Lipopolysaccharide Aggregation and Exerts Its Antimicrobial Effects by (Hemi)fusion of 

PG-Containing Membranes. PLoS One 2009, 4 (12), e8385. 



213 
 

220. Domingues, M. M.; Inacio, R. G.; Raimundo, J. M.; Martins, M.; Castanho, M. A. R. B.; 

Santos, N. C., Biophysical Characterization of Polymyxin B Interaction with LPS 

Aggregates and Membrane Model Systems. Biopolymers 2012, 98 (4), 338-344. 

221. Kim, J. S.; Heo, P.; Yang, T. J.; Lee, K. S.; Cho, D. H.; Kim, B. T.; Suh, J. H.; Lim, H. J.; 

Shin, D.; Kim, S. K.; Kweon, D. H., Selective Killing of Bacterial Persisters by a Single 

Chemical Compound without Affecting Normal Antibiotic-Sensitive Cells. Antimicrob. 

Agents Chemother. 2011, 55 (11), 5380-5383. 

222. Ooi, N.; Miller, K.; Randall, C.; Rhys-Williams, W.; Love, W.; Chopra, I., XF-70 and XF-

73, Novel Antibacterial Agents Active Against Slow-Growing and Non-Dividing Cultures 

of Staphylococcus aureus Including Biofilms. J. Antimicrob. Chemother. 2010, 65 (1), 72-

78. 

223. Barraud, N.; Buson, A.; Jarolimek, W.; Rice, S. A., Mannitol Enhances Antibiotic Sensitivity 

of Persister Bacteria in Pseudomonas aeruginosa Biofilms. PLoS One 2013, 8 (12), e84220. 

224. Pan, J. C.; Song, F. C.; Ren, D. C., Controlling Persister Cells of Pseudomonas aeruginosa 

PDO300 by (Z)-4-bromo-5-(bromomethylene)-3-methylfuran-2(5H)-one. Bioorg. Med. 

Chem. Lett. 2013, 23 (16), 4648-4651. 

225. Chen, X.; Zhang, M.; Zhou, C. H.; Kallenbach, N. R.; Ren, D. C., Control of Bacterial 

Persister Cells by Trp/Arg-Containing Antimicrobial Peptides. Appl. Environ. Microb. 2011, 

77 (14), 4878-4885. 

226. Schmidt, N. W.; Deshayes, S.; Hawker, S.; Blacker, A.; Kasko, A. M.; Wong, G. C. L., 

Engineering Persister-Specific Antibiotics with Synergistic Antimicrobial Functions. ACS 

Nano 2014, 8 (9), 8786-8793. 

227. Mann, E. E.; Wozniak, D. J., Pseudomonas Biofilm Matrix Composition and Niche Biology. 

FEMS Microbiol Rev 2012, 36 (4), 893-916. 

228. Jennings, L. K.; Storek, K. M.; Ledvina, H. E.; Coulon, C.; Marmont, L. S.; Sadovskaya, I.; 

Secor, P. R.; Tseng, B. S.; Scian, M.; Filloux, A.; Wozniak, D. J.; Howell, P. L.; Parsek, M. 

R., Pel is a Cationic Exopolysaccharide that Cross-Links Extracellular DNA in the 

Pseudomonas aeruginosa Biofilm Matrix. Proc. Natl. Acad. Sci. U.S.A.2015, 112 (36), 

11353-11358. 



214 
 

229. Ma, L. Y.; Lu, H. P.; Sprinkle, A.; Parsek, M. R.; Wozniak, D. J., Pseudomonas aeruginosa 

PSl is a Galactose- and Mannose-rich Exopolysaccharide. J. Bacteriol. 2007, 189 (22), 8353-

8356. 

230. Uppu, D. S. S. M.; Haldar, J., Lipopolysaccharide Neutralization by Cationic-Amphiphilic 

Polymers through Pseudoaggregate Formation. Biomacromolecules 2016, 17 (3), 862-873. 

231. Lebeaux, D.; Chauhan, A.; Rendueles, O.; Beloin, C., From in vitro to in vivo Models of 

Bacterial Biofilm-Related Infections. Pathogens 2013, 2 (2), 288-356. 

232. McVay, C. S.; Velásquez, M. and Fralick, J. A., Phage Therapy of Pseudomonas aeruginosa 

Infection in a Mouse Burn Wound Model. Antimicrob. Agents Chemother. 2007, 51 

(6), 1934-1938. 

233. Brown, G. D.; Denning, D. W.; Gow, N. A. R.; Levitz, S. M.; Netea, M. G.; White, T. C., 

Hidden Killers: Human Fungal Infections. Sci. Transl. Med. 2012, 4 (165), 165rv13 . 

234. Ghannoum, M. A.; Rice, L. B., Antifungal Agents: Mode of Action, Mechanisms Of 

Resistance, and Correlation Of These Mechanisms with Bacterial Resistance. Clin. 

Microbiol. Rev. 1999, 12 (4), 501-517. 

235. Sheehan, D. J.; Hitchcock, C. A.; Sibley, C. M., Current and Emerging Azole Antifungal 

Agents. Clin. Microbiol. Rev. 1999, 12 (1), 40-79. 

236. Denning, D. W., Echinocandins: A New Class of Antifungal. J. Antimicrob. Chemother. 

2002, 49 (6), 889-891. 

237. Kanafani, Z. A.; Perfect, J. R., Resistance to Antifungal Agents: Mechanisms and Clinical 

Impact. Clin. Infect. Dis. 2008, 46 (1), 120-128. 

238. Ramage, G.; Rajendran, R.; Sherry, L.; Williams, C., Fungal Biofilm Resistance. Int. J. 

Microbiol. 2012, 2012, 528521. 

239. Liu, R. H.; Chen, X. Y.; Falk, S. P.; Masters, K. S.; Weisblum, B.; Gellman, S. H., Nylon-3 

Polymers Active against Drug-Resistant Candida albicans Biofilms. J. Am. Chem. Soc. 

2015, 137 (6), 2183-2186. 

240. Karlsson, A. J.; Pomerantz, W. C.; Neilsen, K. J.; Gellman, S. H.; Palecek, S. P., Effect of 

Sequence and Structural Properties on 14-Helical Beta-Peptide Activity Against Candida 

Albicans Planktonic Cells and Biofilms. ACS Chem. Biol. 2009, 4 (7), 567-579. 

241. De Lucca, A. J.; Walsh, T. J., Antifungal Peptides: Novel Therapeutic Compounds Against 

Emerging Pathogens. Antimicrob. Agents Chemother. 1999, 43 (1), 1-11. 



215 
 

242. Larsen, C. E.; Larsen, C. J.; Franzyk, H.; Regenberg, B., Antifungal Properties of 

Peptidomimetics with an Arginine-[Beta-(2,5,7-Tri-Tert-Butylindol-3-Yl)Alanine]-

Arginine Motif Against Saccharomyces Cerevisiae and Zygosaccharomyces Bailii. FEMS 

Yeast Res. 2015, 15 (3). 

243. Choi, H.; Chakraborty, S.; Liu, R.; Gellman, S. H.; Weisshaar, J. C., Medium Effects on 

Minimum Inhibitory Concentrations of Nylon-3 Polymers Against E. coli. PLoS One 2014, 

9 (8), e104500. 

244. Uppu, D. S.; Samaddar, S.; Ghosh, C.; Paramanandham, K.; Shome, B. R.; Haldar, J., Amide 

Side Chain Amphiphilic Polymers Disrupt Surface Established Bacterial Bio-Films and 

Protect Mice from Chronic Acinetobacter baumannii Infection. Biomaterials 2016, 74, 131-

143. 

245. Trofa, D.; Gacser, A.; Nosanchuk, J. D., Candida parapsilosis, an Emerging Fungal 

Pathogen. Clin. Microbiol. Rev. 2008, 21 (4), 606-625. 

246. Fidel, P. L.; Vazquez, J. A.; Sobel, J. D., Candida glabrata: Review of Epidemiology, 

Pathogenesis, and Clinical Disease with Comparison to C. albicans. Clin. Microbiol. Rev. 

1999, 12 (1), 80-96. 

247. Kwon-Chung, K. J.; Fraser, J. A.; Doering, T. L.; Wang, Z. A.; Janbon, G.; Idnurm, A.; Bahn, 

Y. S., Cryptococcus neoformans and Cryptococcus gattii, the Etiologic Agents of 

Cryptococcosis. CSH Perspect. Med. 2014, 4 (7), a019760. 

248. Tew, G. N., Facially amphiphilic polymers with potent antimicrobial activity. Abstr. Pap. 

Am. Chem. S. 2004, 227, U460-U460. 

249. You, J.; Du, L.; King, J. B.; Hall, B. E.; Cichewicz, R. H., Small-Molecule Suppressors of 

Candida albicans Biofilm Formation Synergistically Enhance the Antifungal Activity of 

Amphotericin B Against Clinical Candida Isolates. ACS Chem. Biol. 2013, 8 (4), 840-848. 

250. Wang, S.; Wang, Y.; Liu, W.; Liu, N.; Zhang, Y.; Dong, G.; Liu, Y.; Li, Z.; He, X.; Miao, 

Z.; Yao, J.; Li, J.; Zhang, W.; Sheng, C., Novel Carboline Derivatives as Potent Antifungal 

Lead Compounds: Design, Synthesis, and Biological Evaluation. ACS Med. Chem. Lett. 

2014, 5 (5), 506-511. 

251. Ashley, E. A.; Dhorda, M.; Fairhurst, R. M.; Amaratunga, C.; Lim, P.; Suon, S.; Sreng, S.; 

Anderson, J. M.; Mao, S.; Sam, B.; Sopha, C.; Chuor, C. M.; Nguon, C.; Sovannaroth, S.; 

Pukrittayakamee, S.; Jittamala, P.; Chotivanich, K.; Chutasmit, K.; Suchatsoonthorn, C.; 



216 
 

Runcharoen, R.; Hien, T. T.; Thuy-Nhien, N. T.; Thanh, N. V.; Phu, N. H.; Htut, Y.; Han, 

K. T.; Aye, K. H.; Mokuolu, O. A.; Olaosebikan, R. R.; Folaranmi, O. O.; Mayxay, M.; 

Khanthavong, M.; Hongvanthong, B.; Newton, P. N.; Onyamboko, M. A.; Fanello, C. I.; 

Tshefu, A. K.; Mishra, N.; Valecha, N.; Phyo, A. P.; Nosten, F.; Yi, P.; Tripura, R.; 

Borrmann, S.; Bashraheil, M.; Peshu, J.; Faiz, M. A.; Ghose, A.; Hossain, M. A.; Samad, R.; 

Rahman, M. R.; Hasan, M. M.; Islam, A.; Miotto, O.; Amato, R.; MacInnis, B.; Stalker, J.; 

Kwiatkowski, D. P.; Bozdech, Z.; Jeeyapant, A.; Cheah, P. Y.; Sakulthaew, T.; Chalk, J.; 

Intharabut, B.; Silamut, K.; Lee, S. J.; Vihokhern, B.; Kunasol, C.; Imwong, M.; Tarning, J.; 

Taylor, W. J.; Yeung, S.; Woodrow, C. J.; Flegg, J. A.; Das, D.; Smith, J.; Venkatesan, M.; 

Plowe, C. V.; Stepniewska, K.; Guerin, P. J.; Dondorp, A. M.; Day, N. P.; White, N. J., 

Spread of Artemisinin Resistance in Plasmodium falciparum Malaria. N. Engl. J. Med 2014, 

371 (5), 411-423. 

252. Malaria vaccine on track. Nat. Rev. Drug Discov. 2013, 12 (11), 817-817. 

253. Gwadz, R. W.; Kaslow, D.; Lee, J. Y.; Maloy, W. L.; Zasloff, M.; Miller, L. H., Effects of 

Magainins and Cecropins on the Sporogonic Development of Malaria Parasites in 

Mosquitos. Infect. Immun. 1989, 57 (9), 2628-2633. 

254. Krugliak, M.; Feder, R.; Zolotarev, V. Y.; Gaidukov, L.; Dagan, A.; Ginsburg, H.; Mor, A., 

Antimalarial Activities of Dermaseptin S4 Derivatives. Antimicrob. Agents Chemother. 

2000, 44 (9), 2442-2451. 

255. Gelhaus, C.; Jacobs, T.; Andra, J.; Leippe, M., The Antimicrobial Peptide NK-2, the Core 

Region of Mammalian NK-Lysin, Kills Intraerythrocytic Plasmodium falciparum. 

Antimicrob. Agents Chemother. 2008, 52 (5), 1713-1720. 

256. Gao, B.; Xu, J.; Rodriguez, M. D.; Lanz-Mendoza, H.; Hernandez-Rivas, R.; Du, W. H.; 

Zhu, S. Y., Characterization of Two Linear Cationic Antimalarial Peptides in the Scorpion 

Mesobuthus eupeus. Biochimie 2010, 92 (4), 350-359. 

257. Boman, H. G.; Wade, D.; Boman, I. A.; Wahlin, B.; Merrifield, R. B., Antibacterial and 

Antimalarial Properties of Peptides That Are Cecropin-Melittin Hybrids. FEBS Lett. 1989, 

259 (1), 103-106. 

258. Rautenbach, M.; Vlok, N. M.; Stander, M.; Hoppe, H. C., Inhibition of Malaria Parasite 

Blood Stages by Tyrocidines, Membrane-Active Cyclic Peptide Antibiotics from Bacillus 

brevis. BBA Biomembranes 2007, 1768 (6), 1488-1497. 



217 
 

259. Vale, N.; Aguiar, L.; Gomes, P., Antimicrobial Peptides: a New class of Antimalarial Drugs? 

Front. Pharmacol. 2014, 5, 275. 

260. Mor, A., Multifunctional Host Defense Peptides: Antiparasitic Activities. FEBS J. 2009, 276 

(22), 6474-6482. 

261. Hsiao, L. L.; Howard, R. J.; Aikawa, M.; Taraschi, T. F., Modification of Host-Cell 

Membrane Lipid-Composition by the Intra-Erythrocytic Human Malaria Parasite 

Plasmodium falciparum. Biochem. J. 1991, 274, 121-132. 

262. Sherman, I. W.; Prudhomme, J.; Tait, J. F., Altered Membrane Phospholipid Asymmetry in 

Plasmodium falciparum-infected Erythrocytes. Parasitol. Today 1997, 13 (6), 242-243. 

263. Smilkstein, M.; Sriwilaijaroen, N.; Kelly, J. X.; Wilairat, P.; Riscoe, M., Simple and 

Inexpensive Fluorescence-Based Technique for High-Throughput Antimalarial Drug 

Screening. Antimicrob. Agents Chemother. 2004, 48 (5), 1803-1806. 

 

 

  



218 
 



219 
 

List of publications: 

 

1. C. Ghosh, V. Yadav, W. Younis, H. Mohammad, Y. A. Hegazy, M. N. Seleem, K. Sanyal 

and J. Haldar. Aryl-alkyl-lysines: Membrane-Active Fungicides That Act against Biofilms 

of Candida albicans. ACS Infect. Dis., 2017, (DOI: 10.1021/acsinfecdis.6b00192). 

2. C. Ghosh, S. Chaubey, U. Tatu and J. Haldar; “Aryl-alkyl-lysines: small molecular 

membrane-active antiplasmodial agents.” Med. Chem. Commun., 2017, 8, 434-439. 

3. C. Ghosh, M.M. Konai, P. Sarkar, S. Samaddar and J. Haldar; “Designing simplest 

lipopeptoids: bifurcation imparts selective antibacterial activity” ChemMedChem, 2016, 

11, 2367-2371 

4. C. Ghosh, G.B. Manjunath, M.M. Konai, D.S.S.M. Uppu, K. Paramanandham, B.R. 

Shome, R. Ravikumar, and J. Haldar. Aryl-alkyl-lysines: Membrane active small 

molecules active against murine model of burn infection. ACS Infect. Dis., 2016, 2, 111-

122. 

5. C. Ghosh, G.B. Manjunath, M.M. Konai, D.S.S.M. Uppu, K. Paramanandham, B.R. 

Shome and J. Haldar. Aryl-alkyl-lysines: Agents that kill planktonic cells, persister cells, 

biofilms of MRSA and protect mice from skin-infection. PLoS One, 2015, 10, e0144094. 

6. C. Ghosh and J. Haldar; “Membrane active small Molecules: Designs inspired from 

Antimicrobial peptides” ChemMedChem, 2015, 10, 1606-1624 

7. C. Ghosh, G.B. Manjunath, P. Akkapeddi, V. Yarlagadda, J. Hoque, D.S.S.M. Uppu, 

M.M. Konai, and J. Haldar; “Small Molecular Antibacterial Peptoid Mimics: the simpler 

the better ! ”, J. Med. Chem., 2014, 57, 1428–1436. 

8. C. Ghosh, P. Sarkar, S. Samaddar, M.M. Konai, D.S.S.M. Uppu and J. Haldar; “L-lysine 

based lipidated biphenyls as agents that inhibit intracellular bacteria and disrupt biofilms” 

(under revision). 

9. C. Ghosh, A. Ray, N. Harmouche, B. Bechinger, S. Pati and J. Haldar, “Understanding the 

effect of aryl-alkyl-lysines on the components of bacterial cell envelope using simulation 

and experiments for treating bacterial infection ”  (Manuscript to be submitted) 

Other publications 

1. J. Hoque, P. Akkapeddi, C. Ghosh, D.S.S.M. and J. Haldar. “A Biodegradable 

Polycationic Paint that Kills Bacteria In Vitro and In Vivo.” ACS Appl. Mater. 

Interfaces, 2016, 8, 29298–29309. 

2. S. D. Dowall, K. Bewley, R. J. Watson, S. S. Vasan, C. Ghosh, M. M. Konai, G. Gausdal, 

J. B. Lorens, J. Long, W. Barclay, I. Garcia-Dorival, J. Hiscox, A. Bosworth, I. Taylor,L. 

Easterbrook, J. Pitman, S. Summers, J. Chan-Pensley, S. Funnell, J. Vipond, S. Charlton, 



220 
 

J. Haldar, R. Hewson and M. W. Carroll; “Antiviral Screening of Multiple Compounds 

against Ebola Virus”, Viruses, 2016, 8, 277 

3. D.S.S.M. Uppu, S. Samaddar, C. Ghosh, K. Paramanandam, B.R. Shome and J. Haldar. 

“Amide Side Chain Amphiphilic Polymers Disrupt Surface Established Bacterial Bio-films 

and Protect Mice from Chronic Acinetobacter baumannii Infection.” Biomaterials, 2016, 

74, 131-143. 

4. M.M. Konai, U. Adhikary, S. Samaddar, C. Ghosh and Jayanta Haldar. “Structure-Activity 

Relationship of Amino Acid Tunable Lipidated Norspermidine Conjugates: Disrupting 

Biofilms with Potent Activity against Bacterial Persisters.” Bioconjug Chem., 2015, 12, 

2442-2453. 

5. J. Hoque, M.M. Konai, S. Samaddar, S. Gonuguntala, G.B. Manjunath,C. Ghosh, J. 

Haldar. “Selective and broad spectrum amphiphilic small molecules to combat bacterial 

resistance and eradicate biofilms.” Chem. Commun., 2015, 51,13670-13673. 

6. D.S.S.M Uppu, C. Ghosh and J. Haldar; “Surviving sepsis in the era of antibiotic 

resistance: Are there any alternative approaches to antibiotic therapy?” Microb. Pathog., 

2015, 80C, 7-13 

7. V. Yarlagadda; M.M. Konai; G.B. Manjunath; C. Ghosh and J. Haldar; Tackling 

Vancomycin-resistant bacteria with lipophilic-vancomycin-carbohydrate conjugates, J. 

Antibiot., 2014, 68, 302-312. 

8. M.M. Konai, C. Ghosh, V. Yarlagadda, S. Samaddar and J. Haldar; Membrane active 

phenylalanine conjugated lipophilic norspermidine derivatives with selective antibacterial 

activity. J. Med. Chem., 2014, 57, 9409-9423. 

 

Book chapter 

D.S.S.M Uppu, C. Ghosh and Jayanta Haldar*; “Alternative Strategies to Target Quorum Sensing 

(QS): Combination of QS Inhibitors with Antibiotics and Nanotechnological Approaches”, A 

Chapter in a book entitled "Quorum Sensing vs Quorum Quenching: A battle with no end in sight", 

Springer, 2015, 335-342. 

 

Patent:  

Antimicrobial compounds, their synthesis and applications thereof  

C. Ghosh, Goutham B Manjunath, Padma Akkapeddi and Jayanta Haldar. National phase 

applications have been filed USA, Canada, China, India, Australia, Japan and Europe.  

WO2014097178 (A1), US2015329478 (A1), JP2016504330 (A), EP2934563 (A1), EP2934563 

(A4), CN104981249 (A), CA2894202 (A1), AU2013365769 (A1) 



221 
 

 

 

 

Awards 
 

1. Winner: Antimicrobial Resistance Diagnostic Challenge Autumn School (2015) held 

at University of Edinburgh, Edinburgh, Scotland. 

2. Gandhiyan Young Technological Innovation Award (2015) under "SRISTI 

Technological Edge/Strategic innovation" category at Rashtrapathi Bhavan (President of 

India), New Delhi. 

3. Best Oral Presentation Award at 4th International Meeting on Antimicrobial Peptides 

(2014), Lorient, France.  

4. International Travel Support (2014) Science and Research Board, Department of 

Science and Technology, Government of India. 

5. Best Oral Presentation award at Chemical Frontiers (2013), Goa, India. 

6. Best Poster award at In-house Symposium (2013), JNCASR 

 

 

 

 


