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Abstract 

Multidrug resistance infections have plagued the healthcare sector over the past few decades 

with limited treatment options. To overcome this problem, we synthesized a series of novel 

guanidinium-functionalized polypeptides. Specifically, poly(ʟ-lysine) (PLL) with different 

lengths were first synthesized by ring-opening polymerization of NCA followed by 

functionalization with a guanidinium-functional group to obtain guanidinium-functionalized 

PLL (PLL-Gua). To study the effect of hydrophobicity on antimicrobial activity, relatively 

more hydrophobic leucine-NCA monomer or hydrophobic vitamin E moiety was introduced to 

PLL-Gua. These polypeptides were characterized for antimicrobial activity against a panel of 

microbes including multidrug-resistant bacteria, and hemolytic activity. Among all the 

polypeptides, PLL22-Gua was the most effective against bacteria and yeast. Particularly, 

excellent bactericidal activity was observed against S. aureus and MRSA. PLL22-Gua killed 

bacteria mainly by membrane translocation. In addition, PLL22-Gua killed MRSA with low 

resistance frequency (<3.3 × 10-8). In an MRSA-caused wound infection mouse model, two-

day treatment (twice daily) with 10, 20 or 40 mg/kg of PLL22-Gua showed up to 99.5% bacterial 

removal. Moreover, no acute dermal toxicity was observed even at a dose of 200 mg/kg. These 

promising results showed the excellent potential of PLL22-Gua as an antimicrobial agent against 

the multidrug-resistant infection in vivo. 
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1. Introduction 

Bacterial infection is one of the greatest threats to global public health, causing millions of 

deaths around the world annually. The overuse of antibiotics has led to the onset of multi-drug 

resistance (MDR) in recent years, further aggravating the problem.[1] To address these issues, 

researchers have been looking into modifying existing antibiotic classes or introducing new 

classes with limited cross-resistance,[2] or using adjuvants to sensitize bacteria to antibiotics.[3] 

In addition, synthetic antimicrobial polymers and peptides with different functional 

mechanisms have been developed.[4] Most antimicrobial polymers and peptides kill microbes 

based on a membrane-disruptive mechanism, which avoids the intrinsic defense mechanism of 

the microbe and thus mitigates drug resistance development.[5] These polymers and peptides 

are usually amphiphilic in nature, containing both cationic and hydrophobic components.[5, 6] 

Upon interacting with microbes, these macromolecules are electrostatically attracted to their 

negatively charged membrane, followed by the insertion of their hydrophobic components. This 

disrupts and lyses the membrane, eventually leading to cell death. Since they target the 

microbial membrane, microbes have little chance of developing resistance, even after repeated 

exposure to these macromolecules. However, membrane disruption might result in the release 

of endotoxins, which might cause sepsis.  

 

Recently, we reported antimicrobial guanidinium-functionalized polycarbonates against MDR 

bacteria.[7] Unlike most antimicrobial polymers or peptides, these polycarbonates translocated 

through the membrane and interfered with important cellular processes by interacting with 

intracellular targets, such as proteins and nucleic acids, non-specifically. This leaves the 

membrane intact, avoiding the release of endotoxins.[3, 8] Since these polymers act on multiple 

intracellular proteins/genes, repeated exposure to them does not induce resistance.[9] However, 

as the polycarbonate backbone is readily hydrolyzed in the presence of cationic charges, these 

polymers degrade quickly in the presence of moisture, thereby making it difficult to store or 
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transport them. In contrast, the amide bond of polypeptide backbone is stable in the presence 

of water although it is enzymatically degradable. This property makes it easy to store and 

transport the polypeptides. Polypeptides can be prepared via the ring-opening polymerization 

(ROP) of α-amino acid-N-carboxyanhydride (NCA) monomers.[10] Despite not being able to 

precisely control their peptide sequence, polypeptides, synthesized via the NCA-ROP strategy, 

possess antimicrobial properties.[11] Moreover, these polypeptides can also be engineered to 

have unique secondary structures, such as star-shaped [12] and helical.[13] Due to their broad-

spectrum antimicrobial activity and ideal backbone stability, polypeptides have shown potential 

for future clinical applications.[14, 15] As such, it is envisaged that the polypeptide backbone and 

guanidinium functional group would be ideal components for the antimicrobial agents.  

 

  

In this study, poly(ʟ-lysine) (PLL), with various degrees of polymerization (DPs), was either 

functionalized with guanidinium functional group, or a combination of both guanidinium and 

vitamin E functional groups, to obtain a series of hydrophilic (PLL-Gua) and amphiphilic (PLL-

Gua-VitE) polypeptides. In addition, amphiphilic random copolymer p(lys-r-leu) was also 

synthesized from ROP of Nε-benzyloxycarbonyl-ʟ-lysine-N-carboxyanhydride (Lys(Z)-NCA) 

and ʟ-leucine-N-carboxyanhydride (Leu-NCA) monomers, and modified with guanidinium 

functional groups to obtain p(lys(Gua)-r-leu). The antimicrobial activity of these polymers was 

determined by assessing their minimum inhibition concentrations (MICs) and minimum 

bactericidal concentration/minimum fungicidal concentrations (MBCs/MFCs) against a range 

of clinically relevant microbes. The antibacterial mechanism of these synthetic polypeptides 

was evaluated by nitrocefin assay and confocal laser scanning microscopy (CLSM) analyses. 

Additionally, their antibacterial efficacy against multidrug-resistant bacteria was studied using 

an in vivo MRSA wound infection model. Lastly, their acute dermal toxicity was also 

investigated. 
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2. Materials and methods 

 

2.1. Materials 

 

All chemicals were purchased from Sigma-Aldrich and Tokyo Chemical Industry (Singapore) 

and used as received unless specified. Polymyxin B was purchased from Merck. PLL, with 

various DP, was synthesized via ROP of Lys(Z)-NCA monomer with n-hexylamine as the 

initiator and a subsequent deprotection of benzyl groups according to a reported protocol.[16] 

Vitamin E-functionalized cyclic carbonate monomer (MTC-VitE) was prepared according to 

our previous protocols.[17] Phosphate-buffered saline (PBS, 10 ×) was purchased from 1st 

BASE and diluted to 1 × PBS before use. Cation-adjusted Mueller-Hinton broth (MHB) powder 

was bought from BD Diagnostics and used to prepare the microbial broth according to the 

manufacturer’s instructions. LB Agar Powder, Miller, was bought from Bio Basic and used to 

prepare LB agar plates according to the manufacturer’s instructions. Staphylococcus aureus 

(ATCC No. 6538), Escherichia coli (ATCC No. 25922), Pseudomonas aeruginosa (ATCC No. 

9027), Acinetobacter baumannii (ATCC No. BAA1709), β-lactamase SHV-18 producing 

Klebsiella pneumoniae subsp. pneumoniae (ATCC No. 700603), Candida albicans (ATCC 

No.10231) were purchased from ATCC (U.S.A.) and reconstituted according to the suggested 

protocols. Methicillin-resistant Staphylococcus aureus RI0309N (MRSA) was isolated from the 

Infectious Diseases Research Laboratory, the National Centre for Infectious Diseases and Tan 

Tock Seng Hospital.  

 

2.2. Methods 

 

1H NMR spectra of the polypeptides were recorded on a Bruker AV 400M NMR spectrometer 

in D2O, TFA-d, DMSO-d or CDCl3. Gel permeation chromatography (GPC) analysis of the 
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polypeptides was conducted on a Waters 2414 system equipped with an ultra-hydrogel linear 

column and a Waters 2414 refractive index detector (eluent: H2O:CH3COOH:Methanol: 

CH3COONa = 1080:460:460:82; flow rate: 0.5 mL/min; temperature: 35 °C; standard: 

poly(ethylene glycol)). Particle size and zeta potential of the polypeptide samples were 

measured on a Malvern Zen3690 Zetasizer Nano ZS90 (Malvern Panalytical). Critical micelle 

concentration (CMC) of the polypeptides was measured by fluorescence spectroscopy, using 

pyrene as a probe, on a FluoroMax-4 spectrofluorometer (HORIBA Scientific) with an 

excitation wavelength from 300 nm to 360 nm, and emission wavelength of 395 nm. UV-Vis 

spectra of the polypeptides were measured on a UV-3600 spectrophotometer (SHIMADZU). 

The concentration of bacteria was estimated measuring the optical density (OD), at 600 nm, on 

a Spark 10M multimode microplate reader (TECAN, Switzerland). 

 

2.2.1. Synthesis of guanidinium-functionalized PLL polymer (PLL-Gua) (Scheme 1a) 

 

PLL-Gua was synthesized with reference to the protocol reported in our previous work [7]. In 

brief, PLL22 (100 mg) was dissolved in a solution of dimethyl sulfoxide (DMSO, 8.0 mL) and 

triethylamine (Et3N, 1.0 mL). To this solution, 1,3-bis(tert-butoxycarbonyl)-2-methyl-2-

thiopseudourea (610 mg) in acetonitrile (ACN, 8.0 mL) was added and stirred at room 

temperature (RT, ~22ºC) overnight, under a nitrogen atmosphere. PLL22-Gua(Boc) with DP of 

22 was then obtained after dialysis (48 h, MWCO = 1000 Da, VMeOH/VDCM, 1/1; MeOH: 

methanol, DCM: dichloromethane) and removal of solvent in vacuo. 

 

An acid-mediated deprotection strategy was used for the removal of Boc protection group in 

PLL22-Gua(Boc). In brief, PLL22-Gua(Boc) (100 mg) was dissolved in DCM (9.0 mL) and 

trifluoroacetic acid (TFA, 1.0 mL), and stirred overnight at RT. The solvent was then removed 

under vacuum and the crude PLL22-Gua was re-dissolved in MeOH, precipitated in cold diethyl 
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ether for 3 times. Upon the removal of the residual solvent, PLL22-Gua was obtained as a white 

solid. PLL35-Gua with DP of 35 was synthesized using a similar protocol. 

 

In addition, in order to obtain PLL polymer, the primary amine groups of which were partly 

functionalized with guanidinium group, PLL22 (100 mg) was dissolved in a mixture of DMSO 

(4.0 mL) and Et3N (1.0 mL). 1,3-bis(tert-Butoxycarbonyl)-2-methyl-2-thiopseudourea (203 

mg) in ACN (4.0 mL) was added and stirred at RT overnight, under a nitrogen atmosphere. The 

rest steps were similar to those for the synthesis of PLL22-Gua. The resulting polypeptide was 

labelled as PLL22-Gua(Boc)(64%) and PLL22-Gua(64%) after Boc deprotection.        

 

   

PLL22-Gua(Boc) Yield: 95%; 1H NMR (400MHz, CDCl3, ppm): δ 11.46 (Boc-NH-), 8.26 (-

CH2-CH2-CH2-CH2-NH-), 3.83 (-CH- of backbone), 3.36 (-CH2-NH- or -CH2-NH2 of lysine), 

2.09-1.16 (-CH2-CH2-CH2-CH2-NH- of lysine and -CH3 of Boc). 

 

PLL22-Gua Yield: 82%; 1H NMR (400MHz, DMSO-d, ppm): δ 8.25-6.82(-NH- and -NH2), 

4.23 (-CH- of backbone), 3.04 (-CH2-NH-), 2.74 (-CH2-NH2 of lysine), 1.79-1.12 (-CH2-CH2-

CH2-CH2-NH- of lysine) 

 

PLL35-Gua(Boc) Yield: 92%; 1H NMR (400MHz, CDCl3, ppm): δ 11.47 (Boc-NH-), 8.27 (-

CH2-CH2-CH2-CH2-NH-), 3.85 (-CH- of backbone), 3.37 (-CH2-NH- or -CH2-NH2 of lysine), 

2.12-1.10 (-CH2-CH2-CH2-CH2-NH- of lysine and -CH3 of Boc). 

 

PLL35-Gua Yield: 83%; 1H NMR (400MHz, DMSO-d, ppm): δ 8.25-6.84(-NH- and -NH2), 

4.24 (-CH- of backbone), 3.06 (-CH2-NH-), 2.74 (-CH2-NH2 of lysine), 1.77-1.16 (-CH2-CH2-

CH2-CH2-NH- of lysine) 
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PLL22-Gua(Boc)(64%) Yield: 90%; 1H NMR (400MHz, CDCl3, ppm): δ 11.46 (Boc-NH-), 8.26 

(-CH2-CH2-CH2-CH2-NH-), 3.83 (-CH- of backbone), 3.52-2.40 (-CH2-NH- or -CH2-NH2 of 

lysine), 2.09-1.16 (-CH2-CH2-CH2-CH2-NH- of lysine and -CH3 of Boc). 

 

PLL22-Gua(64%) Yield: 82%; 1H NMR (400MHz, DMSO-d, ppm): δ 8.25-6.82(-NH- and -

NH2), 4.23 (-CH- of backbone), 3.04 (-CH2-NH-), 2.74 (-CH2-NH2 of lysine), 1.79-1.12 (-CH2-

CH2-CH2-CH2-NH- of lysine). 

 

2.2.2. Synthesis of guanidinium- and vitamin E-functionalized PLL polymer (PLL-Gua-VitE) 

(Scheme 1b) 

 

PLL-Gua-VitE was prepared using a similar protocol used for synthesis of PLL-Gua. Briefly, 

PLL22 (100 mg) was dissolved in a solution of DMSO (8.0 mL) and Et3N (1.0 mL). 

Subsequently, a solution of MTC-VitE (19.6 mg) in DMSO was then added and the mixture 

was left to stir at RT for 8 h. After that, a solution of 1,3-bis(tert-butoxycarbonyl)-2-methyl-2-

thiopseudourea (610 mg) in ACN (8.0 mL) was added and the mixture was left to stir at RT 

overnight. The crude PLL-Gua-VitE was then subjected to the same purification and 

deprotection procedures as PLL-Gua. VitE loading content was calculated by measuring the 

UV-Vis absorbance at 285 nm in DMSO, using the following formula: 

 

VitE loading content (%) = Weight of loaded VitE /Weight of the polymer * 100% 

 

PLL22-Gua(Boc)-VitE Yield: 90%; 1H NMR (400MHz, CDCl3, ppm): δ 11.47 (Boc-NH-), 8.27 

(-CH2-CH2-CH2-CH2-NH-), 3.86 (-CH- of backbone), 3.37 (-CH2-NH- or -CH2-NH2 of lysine) 

2.14-0.97 (-CH2-CH2-CH2-CH2-NH- of lysine, -CH3 of Boc, and overlapping peaks of VitE) 
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0.90-0.76 (overlapping -CH3 of VitE) 

 

PLL22-Gua-VitE Yield: 85%; 1H NMR (400MHz, DMSO-d, ppm): δ 8.23-6.84 (-NH- and -

NH2), 4.24 (-CH- of backbone), 3.05 (-CH2-NH- or -CH2-NH2 of lysine), 2.04-0.91(-CH2-CH2-

CH2-CH2-NH- of lysine and overlapping peaks of VitE), 0.89-0.75 (overlapping -CH3 of VitE) 

 

PLL35-Gua(Boc)-VitE Yield: 91%; 1H NMR (400MHz, CDCl3, ppm): δ 11.46 (Boc-NH-), 8.25 

(-CH2-CH2-CH2-CH2-NH-), 3.85 (-CH- of backbone), 3.36 (-CH2-NH- or -CH2-NH2 of lysine) 

2.16-0.95 (-CH2-CH2-CH2-CH2-NH- of lysine, -CH3 of Boc, and overlapping peaks of VitE) 

0.89-0.75 (overlapping -CH3 of VitE) 

 

PLL35-Gua-VitE Yield: 83%; 1H NMR (400MHz, DMSO-d, ppm): δ 8.23-6.84 (-NH- and -

NH2), 4.24 (-CH- of backbone), 3.05 (-CH2-NH- or -CH2-NH2 of lysine), 2.05-0.95(-CH2-CH2-

CH2-CH2-NH- of lysine and overlapping peaks of VitE), 0.89-0.75 (overlapping -CH3 of VitE) 

 

2.2.3. Synthesis of guanidinium-functionalized copolymer (p(lys(Gua)-r-leu)) (Scheme 2) 

 

Random copolymer p(lys-r-leu) was synthesized via ROP of Lys(Z)-NCA and Leu-NCA 

monomers with benzylamine as the initiator and a subsequent deprotection of the benzyl group. 

p(lys(Gua)-r-leu) was then made using a similar protocol used for synthesis of PLL-Gua. 

 

p(lys(Z)-r-leu) Yield: 87%; 1H NMR (400MHz, TFA-d, ppm): δ 7.35 (C6H5-), 5.24 (C6H5-CH2- 

of γ-benzyl group), 4.85-4.49 (-CH- of backbone), 3.27(-CH2-NH- of lysine), 2.13-1.33 (-CH2-

CH2-CH2-CH2-NH- of lysine, -CH2-CH- of leucine), 1.11-0.85 (-CH3 of leucine).  
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p(lys-r-leu) Yield: 80%; 1H NMR (400MHz, D2O, ppm): δ 7.48-7.26 (C6H5- of initiator), 4.28 

(-CH- of backbone), 2.93 (-CH2-NH- of lysine), 1.9-1.22 (-CH2-CH2-CH2-CH2-NH- of lysine, 

-CH2-CH- of leucine), 1.00-0.77 (-CH3 of leucine). 

 

p(lys(Gua(Boc))-r-leu) Yield: 90%; 1H NMR (400MHz, CDCl3, ppm): δ 11.46 (Boc-NH-), 8.27 

(-CH2-CH2-CH2-CH2-NH-), 4.17-3.66 (-CH- of backbone), 3.27 and 3.06 (-CH2-NH- or -CH2-

NH2 of lysine), 2.16-1.16 (-CH2-CH2-CH2-CH2-NH- of lysine, -CH2-CH- of leucine and -CH3 

of Boc), 1.00-0.72 (-CH3 of leucine).  

 

p(lys(Gua)-r-leu) Yield: 90%; 1H NMR (400MHz, D2O, ppm): δ 7.45-7.24 (C6H5- of initiator), 

4.45-3.05 (-CH- of backbone), 3.15 and 2.99 (-CH2-NH- or -CH2-NH2 of lysine), 2.01-1.18 (-

CH2-CH2-CH2-CH2-NH- of lysine and -CH2-CH- of leucine), 1.00-0.77 (-CH3 of leucine).  

 

2.2.4. Measurement of minimum inhibitory concentration (MIC) and minimum bactericidal 

concentration (MBC)/minimum fungicidal concentration (MFC) 

 

The MICs of the polypeptides against microbes were determined using a broth micro-dilution 

method [18]. The bacteria were incubated overnight in the MHB, and the bacteria suspension 

was diluted with MHB to achieve a concentration of 108 colony-forming unit (CFU) /mL 

(O.D.600 = 0.07). This is followed by a 1000-fold dilution in MHB. The bacterial suspension 

was then seeded into a 96-well plate (100 μL/well) and mixed with 100 μL of MHB containing 

different polypeptide concentrations. The 96-well plate was incubated for 18 h at 37 ºC 

(bacteria) or 42 h at RT (C. albicans). The MIC was determined as the lowest concentration of 

the polypeptide, at which no turbidity changes were measured using a microplate reader. The 

MIC experiments was performed with 6 independent replicates. 
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The MBCs/MFCs were evaluated at the end of the MIC experiment. The microbial suspension 

was then spread on LB agar plates and the plates were incubated at 37 °C for 18 h (bacteria) or 

at RT for 42 h (yeast) for the determination of CFU on each agar plate. The experiments were 

performed in triplicates. The MBC/MFC experiment was conducted with 3 independent 

replicates 

 

2.2.5. Hemolysis assay 

 

The hemolysis of the polypeptides was studied using rat red blood cells (RBCs) [19]. Briefly, the 

whole blood was centrifuged for 10 min at 600 × g and washed with fresh PBS to obtain RBCs. 

Rat RBCs (0.3 mL) were diluted with 10 mL of PBS for use.  Polypeptides were dissolved in 

PBS and added into the round bottom 96-well plates (100 µL/well). Equal volume of RBC-

containing PBS solution was then added, and the plates were incubated at 37 ºC for 1 h. To 

determine the hemolysis, the plates were centrifuged at 600 × g for 10 min, 100 µL of the 

supernatant was transferred into a new plate. The absorbance at 576 nm was measured using a 

microplate reader. PBS (100 µL) was used as a negative control, while 4% Triton-X solution 

(100 µL) was used as a positive control. The degree of hemolysis (%) was calculated by the 

following formula and the data were presented as the average ± SD (n = 3). 

 

Hemolysis (%) = (Ae-An)/(Ap-An)*100% 

     Ae, An and Ap represent the absorbance of the experimental well, negative control well and 

positive control well, respectively.  
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2.2.6.  In vitro cytotoxicity assay 

 

The murine fibroblast cell line L929 and human embryonic kidney 293 (HEK293) cell line were 

purchased from ATCC, U.S.A. The cells were cultured in DMEM (Gibco) supplemented with 

10% Fetal Bovine Serum (FBS) and 1% penicillin/streptomycin at 37°C in a 5% CO2 

atmosphere. L929 or HEK 293 cells (1.5 × 104 cells/well, 100 µL /well) were seeded in 96-well 

black plates and incubated overnight for cell adherence. Then, the media was replaced with 100 

µL of DMEM medium containing PLL22 or PLL22-Gua (1 × MBC). After 1, 4 or 24 h of 

incubation, the media was removed, and AlamarBlue cell viability reagent (ThermoFisher) was 

added. After another 2 h of incubation at 37°C, the color change and increased fluorescence 

was detected using a Spark 10M multimode microplate reader (Excitation: 530-560 nm; 

Emission: 590 nm). The cell viability was subsequently calculated according to the following 

equation:  

Cell viability (%) = (Isample-Ibackground)/(Icontrol-Ibackground) 

Isample and Icontrol represent the fluorescent intensity of treated cells and untreated cell, 

respectively. Ibackground represents the fluorescent intensity of wells without cells. The 

experiments were performed in 6 replicates, and the results were expressed as mean cell 

viability (%) ± standard deviations shown by the error bars. 

 

2.2.7. Killing kinetics of polypeptides  

 

Different concentrations (1 × MIC, 2 × MIC, and 4 × MIC) of aqueous polypeptide or 

vancomycin solutions in MHB was added to an equal volume of bacteria or yeast (C. albicans) 

suspension (106 CFU/mL). At each designated time point, 100 μL aliquot of the suspension was 

removed and serially diluted in MHB, before spreading onto LB agar plates. The plates were 
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then incubated at 37 °C for 18 h (bacteria) or at RT for 42 h (yeast) for colony counting. The 

experiment was conducted with 3 independent replicates 

 

2.2.8. Mechanistic study-Nitrocefin assay 

 

The mechanism of action was explored using nitrocefin to monitor the outer membrane 

permeabilization of bacteria.[20] Briefly, the polypeptides were prepared at different 

concentrations in saline and 50 μL of the polypeptide solution was added into 96-well plates. 

The β-lactamase SHV-18 producing K. pneumoniae suspension was diluted with MHB to 

O.D.600= 0.11, centrifuged (3000 × g) for 5 min and the resulting pellet was rinsed once with 

saline, before resuspending in equal volume of saline. The resulting bacteria suspension (100 

L/well) was then added to the polymer solution, followed by the addition of nitrocefin solution 

in saline (50 L/well) to leave the final concentrations of the polymers at 1 × MIC and 2 × MIC 

and the nitrocefin at 50 L/mL. The 96-well plates were incubated at 37 ºC in the dark. UV 

absorbance at wavelength 500 nm was measured at pre-determined time points. Saline and 

polymyxin B (4 L/mL) were used as negative and positive controls, respectively. The 

experiment was conducted with 6 independent replicates. 

   

2.2.9. Confocal laser scanning microscopy (CLSM) 

 

Bacterial membrane permeability was also studied by propidium iodide (PI) staining and CLSM 

analysis.[21] In detail, β-lactamase SHV-18 producing K. pneumoniae or MRSA were incubated 

in a 4-well chamber slide at 37 ºC overnight to allow for bacteria adhesion onto the glass slide. 

Polypeptide solution (2 × MIC, 700 L) was then added to each well and left to incubate at 37 

ºC for 1 h. The growth medium was then removed, and the wells were rinsed with PBS. The 
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bacterial cells were stained with PI (30 M, 1 mL) at RT for 15 min, before being rinsed with 

PBS (1 mL) and fixed in formalin solution for 10 min. Lastly, coverslip was placed onto the 

glass microscope slide and fixed with nail polish. PI staining was visualized under CLSM 

(Olympus FluoViewTM FV300 confocal microscope). 

 

2.2.10. Evaluation of microbial resistance 

 

Gram-positive MRSA was utilized as the model microbe to evaluate the development of 

microbial resistance against PLL22-Gua. The bacteria (106 CFU/agar) were streaked onto the 

LB agar plates, which contained PLL22-Gua at different concentrations, and the plates were 

incubated at 37 ºC overnight for the growth of colonies, if any. MBCagar was defined as the 

concentration at which 99.9% killing was achieved. Then the MRSA of higher concentration 

(107 CFU/agar) were spread on the agar containing 1 × MBCagar, and incubated overnight to 

determine the frequency of resistance in MRSA to PLL22-Gua treatment. The experiment was 

conducted in triplicates. 

 

2.2.11. Animal  

 

Female Balb/c mice (6-8 weeks old) were obtained from INVIVOS PTE. LTD. (Singapore).  

The mice were raised in a specific pathogen free animal lab. The animal study protocols were 

approved by the Institutional Animal Care and Use Committee of Biological Resource Centre, 

Agency for Science, Technology and Research (A*STAR), Singapore. 
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2.2.12. In vivo MRSA-induced murine wound infection  

 

The in vivo antibacterial efficacy of PLL22-Gua was evaluated on a MRSA-infected wound 

infection model. In brief, hair from the back of anaesthetized mice was removed and the 

exposed skin was cleansed with 10% povidone-iodine solution and 75% ethanol. Three parallel 

wounds, with 1 cm length, were then created and infected with logarithmic growth of MRSA 

(1×1010 CFU/mL, 60 µL) for 1 h. Following that, one group of the mice were sacrificed to 

determine the bacterial count at the infection site. The remaining mice were then randomly 

divided into 5 groups (n = 6 or 7), Group 1: saline; Group 2: vancomycin (50 µg/kg, 1 

µg/mouse); Group 3: PLL22-Gua (10 mg/kg, 0.2 mg/mouse); Group 4: PLL22-Gua (20 mg/kg, 

0.4 mg/mouse); Group 5: PLL22-Gua (40 mg/kg, 0.8 mg/mouse). Saline, vancomycin or PLL22-

Gua solution (60 µL) was applied onto the infection site over a period of 2 days (2 dose/day). 

At the end of the observation period, the infected skins were collected and homogenized in 1.0 

mL of sterile PBS for bacterial viability count. The results were expressed as lg(CFU/skin). The 

antibacterial efficacy was quantified by reduction in bacterial counts (CFU reduction), which 

was calculated using the following equation:  

 

Reduction in bacterial counts (%) = (CFUno treatment - CFUexperimental)/CFUno treatment × 100% 

     CFUno treatment and CFUexperimental represent the CFU of no treatment group on Day 1 and the 

experimental group on Day 3, respectively. The data are presented as the average ± SD (n= 6 

or 7). 

 

2.2.13. Acute dermal toxicity 

 

Mice were randomly divided into 2 groups (3 mice/group). Hair from the back of anaesthetized 

mice was carefully removed to avoid injury to the skin. To increase the bio-adhesiveness of 
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PLL22-Gua, 1% (Hydroxypropyl)methyl cellulose 2910 (HPMC) was added to the polypeptide 

solution before application onto the skin, and the dose of PLL22-Gua for each mouse was 200 

mg/kg (4 mg/mouse). The other group of the mice, without polypeptide treatment, served as 

control. The treated mice were kept under observation for 2 h to check for any abnormal 

behavior. After that, both groups of mice were observed for a period of 14 days, with specific 

attention towards changes in fur. At the end of the observation period, the body weight of the 

mice was recorded. Skin samples from the back and normal tissue samples (heart, liver, spleen, 

lung and kidney) of the mice were also collected and fixed in 10% formalin, before subjected 

to Hematoxylin and Eosin (H&E) staining. 

 

2.2.14. Statistical analyses 

 

Data are expressed as mean ± standard deviation (SD). Data were analyzed for statistical 

significance using two-tailed Student’s t-test. *p < 0.05, **p < 0.01, and ***p < 0.001 were 

considered statistically, highly, and extremely significant difference, respectively. 
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3. Results and discussion 

 

3.1. Synthesis of PLL-Gua 

 

 

Scheme 1. Synthesis route of (A) PLL-Gua, and (B) PLL-Gua-VitE. 

 

Y. Jiang et al. recently reported guanidinium-functionalized polypeptide with DP of 10 and 

used it as a cell-penetration molecule to deliver vancomycin inside cells for eliminating 

intracellular bacteria.[15] The polypeptide was synthesized via multiple steps. The polypeptide 

itself showed weak antimicrobial activity and low selectiviy over mammalian cells although it 

demonstrated high potency against vancomycin-resistant Enterococci (VRE) after conjugation 

with vancomycin. In our study, guanidinium-functionalized polypeptides were made via a more 

straightforward synthetic route with fewer steps (Scheme 1A). PLL with DP of 22 and 35 were 

first synthesized and denoted as PLL22 and PLL35, respectively. Guanidinium-functionalized 

PLL was then obtained using 1,3-bis(tert-butoxycarbonyl)-2-methyl-2-thiopseudourea as the 

guanidylating agent, followed by the TFA-mediated deprotection of the Boc protecting group 

(Scheme 1A). Using PLL22-Gua as a representative example, the success of guanidinium-
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functionalization was confirmed by the appearance of peaks d (-CH3 in Boc group) and e (Boc-

NH-) at δ 1.46 and 11.46 ppm, respectively (Figure 1A). The degree of functionalization, 

determined by the integration area under peaks a and e, was 95%. The disappearance of peak e 

and d (Figure 1B) indicates complete deprotection of the Boc protecting group. GPC analysis 

revealed that PLL22-Gua and PLL35-Gua (Figure S1) had a number average molecular weight 

(Mn) of 3.3 × 103 and 4.7 ×103 g/mol, respectively. Furthermore, they had a narrow distribution 

with PDI of 1.4 and 1.3, respectively (Figure S2). In addition, PLL partly functionalized with 

guanidinium group (PLL22-Gua(64%)) was also synthesized as a comparison, and the degree 

of functionalization, determined by the integration area (peaks a and e of the polypeptide; peak 

b and b’ of the polypeptide), was 64% (Figure S3).  

 

                                   

Figure 1. 1H NMR spectra of (A) PLL22-Gua(Boc) in CDCl3 and (B) PLL22-Gua in DMSO-d6. 
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3.2. Synthesis of PLL-Gua-VitE 

 

Polymer hydrophobicity affects its antimicrobial activity.[22] To increase the hydrophobicity of 

the PLL-Gua polymer, a vitamin E group was conjugated via the ring-opening of vitamin E-

functionalized cyclic carbonate (MTC-VitE). The synthesis of PLL-Gua-VitE was similar to 

that of PLL-Gua, and the vitamin E group was conjugated onto the side chain (Scheme 1B). 

Using PLL22-Gua(Boc)-VitE as a representative example, the appearance of peak f (-CH3 in 

vitamin E), at δ 0.90-0.76 ppm, indicated the successful conjugation of vitamin E (Figure 2 and 

S4). The subsequent disappearance of peaks e and d confirmed the complete deprotection of 

the Boc groups. The vitamin E content of PLL22-Gua-VitE and PLL35-Gua-VitE was 

determined by UV-Vis spectroscopy, and found to be 15.9% and 9.2%, respectively.  

 

With an additional hydrophobic component, PLL22-Gua-VitE and PLL35-Gua-VitE were 

capable of self-assembly, forming micelles with diameters of 16 nm and 13 nm, respectively. 

Additionally, their low critical micelle concentration (CMC) values (8.3 and 11.1 µg/mL, 

respectively) suggest that these micelles have excellent stability (Figure S5). With zeta 

potential (ζ) of 8.6 ± 0.98 and 11.3 ± 1.18 mV in PBS, respectively, these micelles are capable 

of interacting with the negatively charged surface of bacterial membrane. 
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Figure 2. 1H NMR spectra of (A) PLL22-Gua(Boc)-VitE in CDCl3 and (B) PLL22-Gua-VitE in 

DMSO-d6. 

  

3.3. Synthesis of p(lys(Gua)-r-leu) 

 

Amphiphilic random copolymer p(lys-r-leu), containing both amine functional group and 

leucine group, was also synthesized via the ROP of Lys(Z)-NCA and Leu-NCA using 

benzylamine as the initiator, followed by the deprotection of the benzyl group in TFA and 

HBr/CH3COOH (Scheme S1). The successful synthesis of p(lys-r-leu) was confirmed, by 1H 

NMR spectroscopy, which contains 29 repeating units of lysine and 12 repeating units of leucin. 

As shown in Figure S6, the disappearance of peaks e (-PhH-) and d (Ph-CH2-) at δ 7.35 and 

5.25 ppm, respectively, indicated successful deprotection of P(lys(Z)-r-leu). GPC analysis of 

p(lys-r-leu) revealed that the polypeptide had a Mn of 5.1 × 103 g/mol and a narrow distribution 

with PDI of 1.1 (Figure S7A). 
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Scheme 2. Synthesis routes of p(lys(Gua)-r-leu). 

 

The guanidinium-functionalization of p(lys-r-leu) was done in a similar fashion as for PLL 

(Scheme 2), as confirmed by the appearance of peaks d (-CH3 in Boc group) and e (Boc-NH-) 

at δ 1.45 and 11.46 ppm, respectively (Figure S8), with a degree of functionalization of 93%. 

The complete Boc-deprotection in DCM/TFA was confirmed by the disappearance of peaks d 

and e. The resulting polypeptide p(lys(Gua)-r-leu) had a Mn of 4.5 × 103 g/mol and a narrow 

distribution, with PDI of 1.2 (Figure S7B). Interestingly, p(lys-r-leu) and p(lys(Gua)-r-leu) did 

not form micelles, even at the concentration of 1000 g/mL. 

 

3.4. In vitro antimicrobial activity 

 

The in vitro antimicrobial activity of the synthesized guanidinium-functionalized polypeptides 

was evaluated against a range of microbes, including Gram-positive bacteria (S. aureus and 

MRSA), Gram-negative bacteria (E. coli, A. baumannii, P. aeruginosa and K. pneumoniae) and 

yeast C. albicans. The results are summarized in Table 1. All guanidinium-functionalized 
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polypeptides exhibited broad-spectrum antimicrobial activity with MIC of 15.6-125 µg/mL. 

The guanidinium-functionalized PLL polymers were more effective as compared to their non-

functionalized counterparts, especially against S. aureus, MRSA, A. baumannii, K. pneumonia 

and C. albicans. This highlights the importance of the guanidinium functionalization. A similar 

finding was also reported in recent studies of other polymer systems by A. Kuroki et al. [19] and 

K. E. S. Locock et al.[23] Both MIC and MBC of PLL22-Gua (64%) against MRSA were 15.6 

µg/mL, which were the same as those of PLL22-Gua. This indicates that 64% guanidination did 

not affect the antimicrobial performance of the polypeptide. Increasing the hydrophobicity of 

PLL-Gua, through the addition of vitamin E group in its side chain, offered no significant 

enhancement in antimicrobial activity, but it led to reduced bactericidal activity against S. 

aureus, MRSA, K. pneumonia and C. albicans probably because the micelle formation of PLL-

Gua-VitE prevented its hydrophobic component from interacting with bacterial membrane. 

Similarly, no significant improvement was observed in the antimicrobial activity of p(lys(Gua-

r-leu), as compared to PLL-Gua, despite the introduction of the hydrophobic leucine moiety. 

This phenomenon was also observed in our earlier study with guanidinium-functionalized 

polycarbonates.[24] Interaction of the hydrophobic components with proteins present in the 

growth medium might prevent it from inserting into bacterial membrane. In addition, the length 

of the polypeptides did not appear to impact their antimicrobial activity. Therefore, subsequent 

work was focused on PLL-Gua with DP of 22. The (MBC or MFC)/MIC ratio (R) of 

antimicrobial agents could be used to evaluate their bactericidal/fungicidal potential. A polymer 

is of good bactericidal/fungicidal potential if their R values do not exceed 4.[25] The R values 

of the guanidinium-functionalized polypeptides (PLL-Gua) were less than 4 against Gram-

positive bacteria. As such, we believe that PLL-Gua would be a good candidate for treatment 

of Gram-positive bacterial infection in vivo. 
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Table 1. MIC and MBC(µg/mL) of synthesized antimicrobial agents against various types of 

microbes. R = (MBC or MFC)/MIC. R ≤ 4 signifies bactericidal/fungicidal activity. 

 

3.5. Hemolytic activity and cytotoxicity 

 

Hemolytic activity has been widely used as an initial metric of toxicity for membrane-active 

antibacterial polymers.[26] As shown in Figure S9 and Table 2, PLL22-Gua and PLL35-Gua 

remained non-hemolytic (HC50 > 4000 µg/mL) after guanidinium-functionalization. Their low 

hemolytic activity indicated the high selectivity of PLL-Gua especially towards Gram-positive 

bacteria and yeast over mammalian cells. It was also observed that the introduction of 

hydrophobic vitamin E and leucine increased the hemolytic activity of the polypeptides and 

thus reduced selectivity. A similar phenomenon was also reported in other polymer systems.[21, 

27] Interestingly, the functionalization of p(lys-r-leu) with guanidinium functional groups also 

led to an increase in its hemolytic activity. Considering the high hemolytic activity of random 

copolymers p(lys-r-leu) and p(lys(Gua)-r-leu), subsequent studies were focused on the 

hydrophilic and amphiphilic homopolymers instead.  

 

In addition, the cytotoxicity of PLL22 and PLL22-Gua was also evaluated at their MBC (125 and 

15.6 µg/mL for PLL22 and PLL22-Gua, respectively) using L929 and HEK293 cells as model 

Polymers 

Gram-positive Gram-negative Yeast 

S. aureus MRSA E. coli P. aeruginosa A. baumannii K. pneumoniae C. albicans 

MIC MBC R MIC MBC R MIC MBC R MIC MBC R MIC MBC R MIC MBC R MIC MFC R 

PLL22 15.6 62.5 4 31.3 125 4 31.3 31.3 1 62.5 125 2 >1000 >1000 - 250 >1000 >4 250 500 2 

PLL35 15.6 31.3 2 15.6 250 16 15.6 15.6 1 62.5 125 2 1000 1000 1 125 1000 8 500 500 1 

PLL22-Gua 15.6 15.6 1 15.6 15.6 1 15.6 500 32 62.5 500 8 62.5 62.5 1 62.5 500 8 31.3 31.3 1 

PLL35-Gua 15.6 15.6 1 15.6 31.3 2 31.3 250 8 62.5 125 2 62.5 250 4 62.5 500 8 31.3 31.3 1 

PLL22-Gua-

VitE 

31.3 125 4 31.3 62.5 2 62.5 500 8 125 500 4 125 250 2 125 >1000 >8 31.5 62.5 2 

PLL35-Gua-

VitE 

31.3 125 4 31.3 62.5 2 62.5 500 8 125 1000 8 125 125 1 125 >1000 >8 31.3 62.5 2 

p(lys-r-leu) 7.8 15.6 2 31.3 >1000 >32 125 1000 8 15.6 250 16 31.3 62.5 2 500 >1000 >2 62.5 >1000 >16 

p(lys(Gua-

r-leu) 

15.6 62.5 4 15.6 31.3 2 15.6 31.3 2 31.3 125 32 31.3 62.5 2 62.5 >1000 >16 15.6 1000 64 
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cells. As shown in Figure S10, the viability of L929 and HEK293 cells was above 80% after 

24 h of incubation with PLL22-Gua, further indicating the high selectivity of PLL22-Gua towards 

bacteria over mammalian cells. The results also showed that PLL22-Gua was more compatible 

with the cells than PLL22.  

 

Table 2 Hemolysis assay against rat RBCs in vitro. 

 Entry aHC50(µg/mL) aHC10(µg/mL) 

 

Hydrophilic 

polymer 

PLL22 >4000 >4000 

PLL35 >4000 >4000 

PLL22-Gua >4000 >4000 

PLL35-Gua >4000 >4000 

Amphiphilic 

polymer 

PLL22-Gua-VitE 125 15.6 

PLL35-Gua-VitE 125 15.6 

Random 

copolymer 

p(lys-r-leu) 1000 125 

p(lys(Gua)-r-leu) 125 15.6 

a) HC50 or HC10 was the minimum concentration at which at least 10% or 50% of the maximum 

lysis was observed in the hemolysis assays. 

 

3.6. Killing kinetics 

 

The killing kinetics of PLL22, PLL22-Gua and PLL22-Gua-VitE against S. aureus, MRSA, E. 

coli and C. albicans at 1 × MIC, 2 × MIC and 4 × MIC was examined in vitro. The killing 

kinetics of vancomycin, which is a clinically used antibiotic for the tretament of MRSA 

infection, was studied at 1 × MIC, 2 × MIC and 4 × MIC aganist MRSA as a comparison. The 

MIC of vancomycin aganist MRSA was 1.0 µg/mL. Generally, the polypeptides demonstrated 

fast killing kinetics, with the rate of bacterial eradication being concentration-dependent 

(Figure 3 and S11). This was also observed with antimicrobial polycarbonates.[28] These 

polypeptides killed S. aureus much faster than E. coli and C. albicans at the same concentration. 

For example, while PLL22-Gua, at 2 × MIC, was able to eradicate S. aureus completely within 



  

24 

 

0.5 h, it had to take 3 h to completely eradicate C. albicans and even after 3 h, it had only 

resulted in a 2-lg reduction for E. coli. However, for E.coli., imipenem, which is a clinically 

used antibiotic for the treatment of Gram-negative bacterial infections, at 4 × MIC only showed 

a 2-lg reduction in bacterial counts within 3 h in our previous study,[7] while the guanidinium-

functionalized polypeptides at 4 × MIC eradicated the bacteria more rapidly (100% killing 

efficiency for PLL22-Gua and PLL22-Gua-VitE at 2 h and 1 h, respectively). For MRSA, 

vancomycin at 4 × MIC only showed a 0.5-lg reduction in bacterial counts within 3 h (Figure 

S11), while while the treatment with the polypeptides even at 1 × MIC led to at least a 2-lg 

reduction within 3 h (Figure 3). PLL22, PLL22-Gua and PLL22-Gua-VitE at 4 × MIC completely 

eradicated the bacteria in 3 h, 0.5 h and 1 h, respectively (Figure 3). Apparently, the 

polypeptides exhibited faster killing kinetics than the antibiotics. Comparing PLL22-Gua and 

PLL22, it is evident that the presence of guanidinium-functionalized group enhanced killing 

kinetics. Among the three polypeptides, PLL22-Gua exhibited the fastest killing kinetics against 

S. aureus at 1 × MIC, MRSA at 4 × MIC and C. albicans at 2 × MIC and 4 × MIC. For example, 

at 1 × MIC, PLL22-Gua required 1.5 h, while PLL22 and PLL22-Gua-VitE took 2.5 and 2.0 h, 

respectively, to achieve a 6-log reduction in bacterial counts. In a study reported by Dufour et 

al., clinically used antibiotics showed a slow bactericidal effect and a high endotoxin release 

profile.[29] Therefore, for clinical applications, it is important to remove bacteria as soon as 

possible to prevent sepsis. Collectively, PLL22-Gua presented itself as an excellent 

antimicrobial candidate.  
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Figure 3. Killing kinetics of PLL22, PLL22-Gua and PLL22-Gua-VitE against S. aureus, MRSA,  

E. coli, and C. albicans within 3.0 h. Killing kinetics was rapid and polypeptide concentration-

dependent. Tthe polypeptides exhibited faster killing kinetics than the antibiotic vancomycin 

(Figure S11). 

 

3.7. Mechanistic study-Nitrocefin assay  

 

Nitrocefin, containing a β-lactam ring, is susceptible to β-lactamase and undergoes a rapid color 

change from yellow to red upon hydrolysis.[30] SHV-18, a β-lactamase produced by K. 

pneumoniae, resides in the periplasmic space. Therefore, a compromised bacterial outer 
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membrane would lead to the hydrolysis of nitrocefin since the compromised membrane allows 

nitrocefin to permeate. Polymyxin B, capable of disrupting the bacterial membrane,[31] was used 

as the positive control, whereas saline was served as the negative control.  

 

As shown in Figure 4A, PLL22 at 1 × MIC and 2 ×MIC caused the same extent of nitrocefin 

hydrolysis as polymyxin B at 3 h post incubation. This indicated that PLL22 killed bacteria by 

disrupting their membrane and the extent of disruption was time- and concentration-dependent. 

On the other hand, PLL22-Gua only caused ~50% nitrocefin hydrolysis relative to polymyxin 

B, even after 4 h of incubation (Figure 4B). This suggests that like guanidinium-functional 

polycarbonate,[8] PLL22-Gua killed bacteria mainly by membrane translocation. This explains 

why an increase in the concentration of PLL22-Gua from 1 × MIC to 2 × MIC did not result in 

an increase in nitrocefin hydrolysis. Similar to PLL22, nitrocefin cleavage caused by PLL22-

Gua-VitE was time- and concentration-dependent (Figure 4C). The results implied that PLL22-

Gua-VitE eliminated bacteria by membrane disruption, which was similar to PLL22, likely due 

to the presence of hydrophobic VitE.  
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Figure 4. Mechanistic studies of (A) PLL22, (B) PLL22-Gua and (C) PLL22-Gua-VitE at 1 × 

MIC and 2 × MIC against β-lactamase SHV-18 producing K. pneumoniae over a period of 4 h. 

The O.D. value was obtained by subtracting the absorbance value, at 500 nm, at 0 h from the 

absorbance values, at 500 nm, at each time point. The experiment was performed with 6 

replicates, and the results were expressed as mean O.D. reading  standard deviations shown 

by the error bars. PLL22, PLL22-Gua-VitE and the membrane-disruptive antibiotic polymyxin 

B caused significant membrane disruption, while PLL22-Gua induced relatively low membrane 

disruption.  
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3.8. Mechanistic study-CLSM analysis 

 

The changes in membrane permeability could also be investigated by CLSM using PI staining. 

If the membrane integrity is compromised, PI will be able to penetrate the cell and bind to 

bacterial DNA, resulting in enhanced fluorescence intensity.[32] K. pneumoniae and MRSA 

were used as representative Gram-negative and Gram-positive bacteria, respectively. As shown 

in Figure 5A and B, red fluorescence was not observed in the saline-treated K. pneumoniae and 

MRSA, implying that their bacterial membrane was intact. In contrast, the red fluorescence was 

observed in most bacterial cells (both K. pneumoniae and MRSA), which were treated with 

PLL22 at 2 × MIC for 1 h, indicating that their membrane integrity was compromised. This 

membrane-disruptive behavior was also observed in other synthetic antimicrobial polymers 

containing quaternary ammonium groups.[21]  

 

However, both K. pneumoniae and MRSA treated with PLL22-Gua showed little red 

fluorescence, further signifying that PLL22-Gua killed bacteria via membrane translocation 

mechanism. This was also observed with guanidinium-functional polycarbonates.[27] There 

might be other mechanisms of action involved, which would be further explored in the future. 

On the other hand, red fluorescence was observed in part of bacterial cells after incubation with 

PLL22-Gua-VitE for 1 h, indicating the polymer caused membrane disruption to some extent. 

The CLSM observations of K. pneumoniae are consistent with results from the nitrocefin 

staining assay (Figure 4).  
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Figure 5. CLSM images of (A) K. pneumoniae cells and (B) MRSA incubated with PLL22, 

PLL22-Gua and PLL22-Gua-VitE, at 2 × MIC, for 1 h. The treatment with PLL22 or PLL22-Gua-

VitE led to membrane disruption, allowing the red PI dye to penetrate into the bacterial cells 

(see PI-stained cells), while bacteria treated with PLL22-Gua showed little red fluorescence, 

further signifying that PLL22-Gua killed bacteria via membrane translocation mechanism.  
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3.9. Evaluation of bacterial resistance 

 

Antibiotic-resistant “superbugs” were predicated to cause more than 10 million death per year 

by 2050.[33] Therefore, it is important to evaluate the frequency of resistance in bacteria after 

PLL22-Gua treatment. MRSA (106 CFU/agar) was streaked on LB agar plates, containing 

various concentrations of PLL22-Gua, to determine the MBCagar, where 99.9% bacteria killing 

was achieved. As shown in Figure 6A, the MBCagar of PLL22-Gua was 1500 µg/mL. After that, 

MRSA suspension (107 CFU/agar) was then streaked onto a LB agar plate containing 1500 

µg/mL of PLL22-Gua (Figure 6B). The experiment was conducted in triplicates. There was no 

resistant colony on the plates, so the frequency of resistance to PLL22-Gua was determined to 

be less than 1/(3 × 107) = 3.3 × 10-8. The extremely low resistance frequency demonstrated the 

potential application of PLL22-Gua as an antimicrobial agent to combat antimicrobial resistance 

in vivo.  
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Figure 6. Determination of MBCagar of PLL22-Gua (A) and frequency of resistance in MRSA 

after PLL22-Gua treatment (B). MBCagar of PLL22-Gua was determined to be 1500 µg/mL. The 

MRSA suspension (107 CFU/agar) was streaked on the agar containing 1500 µg/mL of the 

polypeptide, and incubated overnight. No colonies were seen on the agar plate. The experiment 

was conducted in triplicates. Thus, the frequency of resistance in MRSA after the polypeptide 

treatment was estimated to be <3.3 × 10-8. 

 

3.10. In vivo antimicrobial efficacy in a MRSA-induced murine wound infection model 

 

To demonstrate the potential application of PLL22-Gua in treating MDR infection in vivo, 

PLL22-Gua was applied to treat MRSA-induced wound infection in a murine model (Figure 

S12). Vancomycin, which is a clinically used antibiotic for the treatment of MRSA 

infections,[34] was used as a positive control. MRSA (6 ×108 CFU/skin) was applied to the 

wound sites for 1 h, followed by a 4-dose treatment of PLL22-Gua or vancomycin solution over 

a period of 2 days (2 doses/day). To assess the in vivo bactericidal effect of PLL22-Gua, the 

infected skin tissues were collected, homogenized, and cultured on the LB agar plates for CFU 

counting (Figure 7A). In the saline-treated group, the bacterial load decreased by 0.71 lg CFU 
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on Day 3, indicative of a stable bacterial burden. Conversely, the treatment with PLL22-Gua 

resulted in substantially higher log-reduction of 2.07 lg CFU, 2.26 lg CFU, and 2.30 lg CFU 

with doses of 10 mg/kg (0.2 mg/mouse), 20 mg/kg (0.4 mg/mouse), and 40 mg/kg (0.8 

mg/mouse), respectively (Figure 7A). The percentage of bacteria removal was 99.1%, 99.4% 

and 99.5% when PLL22-Gua was applied at doses of 10 mg/kg (0.2 mg/mouse), 20 mg/kg (0.4 

mg/mouse), and 40 mg/kg (0.8 mg/mouse), respectively, demonstrating excellent in vivo 

antimicrobial efficacy. The treatment efficacy of the polypeptide was comparable with that of 

vancomycin (1.87 lg CFU reduction, i.e. removal of 98.6% bacteria). With the mitigation of 

resistance development and the in vivo antimicrobial activity, PLL22-Gua is a potentially 

promising antimicrobial agent for the treatment of MRSA-caused skin infection.  

 

Figure 7. (A)  In vivo antibacterial efficacy of vancomycin and PLL22-Gua demonstrated in a 

MRSA-induced wound infection murine model. (B) H&E staining of skin samples harvested 

from the control and PLL22-Gua treated mice (200 mg/kg, 4 mg/mouse). The results were 

expressed as mean lg (CFU/skin)  standard deviations shown by the error bars (n=6-7). PLL22-

Gua demonstrated excellent in vivo antimicrobial efficacy, which was comparable with 
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vancomycin. The treatment removed more than 99% MRSA from the wound. H&E staining of 

the skin and tissue (Figure S14) samples showed complete and normal structures, without any 

significant pathological abnormalities. 

 

 

3.11. Acute dermal toxicity 

 

Acute dermal toxicity is another important metric, especially for dermally administered 

substances. In this assay, a solution of PLL22-Gua, mixed with 1% HPMC for bio-adhesive 

improvement, was applied onto the skin of the mice. The dose of PLL22-Gua used was 200 

mg/kg (4 mg/mouse), which is much higher than the effective dose required for treatment. The 

mice were then observed over a period of 14 days, for any abnormalities, as recommended by 

the Organization for Economic Cooperation and Development (OECD) guidelines. During the 

period of observation, the mice showed no abnormalities in their skin, fur, eyes, and respiratory 

system. In addition, they did not exhibit any abnormal behavior traits. The PLL22-Gua-treated 

mice also showed no significant difference in their body weight, as compared with the control 

group (Figure S13). Moreover, almost complete fur regeneration was observed in both groups 

of mice (Figure S13), indicating the non-toxic nature of PLL22-Gua. H&E staining of the skin 

(Figure 7B) and tissue (Figure S14) samples showed complete and normal structures, without 

any significant pathological abnormalities. This proves that the use of PLL22-Gua is safe and 

promising for the treatment of MRSA-induced wound infection. 

 

4. Conclusion 

In this study, novel guanidinium-functionalized polypeptides were successfully synthesized. 

Particularly, PLL-Gua showed excellent broad-spectrum antimicrobial efficacy especially 

against S. aureus, MRSA, and C. albicans, enhanced killing efficiency and faster killing 

kinetics as compared to the other polypeptides reported in this study and antibiotics. In addition, 

PLL-Gua did not exhibit hemolytic activity even at the concentration of 4000 µg/mL and 
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showed negligible cytotoxicity against human cell lines at its bactericidal concentration, 

demonstrating high selectivity over mamalian cells. The treatment of MRSA with PLL22-Gua 

showed extremely low frequency of resistance. PLL22-Gua killed bacteria mainly by membrane 

translocation. More importantly, PLL22-Gua demonstrated antimicrobial activity, which was 

comparable with vancomycin, in an MRSA-induced wound infection murine model, without 

inducing acute dermal toxicity. The polypeptide PLL22-Gua is a potentially promising 

antimicrobial agent for the prevention and treatment of MRSA-caused skin infection. 
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