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Abstract 

Antibiotic resistance in bacteria, especially Gram-positive bacteria like Staphylococcus aureus, 

is gaining considerable momentum worldwide and unless checked will pose a global health 

crisis. With few new antibiotics coming on the market, there is a need for novel antimicrobial 

materials that target and kill multi-drug resistant (MDR) Gram-positive pathogens like 

Methicillin-resistant Staphylococcus aureus (MRSA). In this study, using a novel mixed-

bacteria antimicrobial assay we show that the star-peptide polymers preferentially target and 

kill Gram-positive pathogens including MRSA. A major effect on the activity of the star-

peptide polymer was structure, with an 8-armed structure inducing the greatest bactericidal 

activity. The different star-peptide polymer structures were found to induce different 

mechanisms of bacterial death both in vitro and in vivo. These results highlight the potential 

utility of peptide/polymers to fabricate materials for therapeutic development against MDR 

Gram-positive bacterial infections. 
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Introduction 

Since their discovery, antibiotics have been hailed as wonder drugs, saving millions of 

lives and increasing society’s quality of life 1. However, the wide overuse of antibiotics in 

humans and animals has led to the emergence of multi-drug resistant (MDR) bacterial 

infections 2. Compounding this issue is the small number of new antibiotics coming onto the 

market, as indicated in a 2014 report by the Pew Charitable Trust showing only 10 of 67 phase 

III clinical trials meeting the FDA criteria for approval for clinical application 3. Most of these 

newly approved antibiotics were slight chemical variations on existing antibiotics, and bacterial 

resistance to these new antibiotics has been rapid, with resistance developing within a few years 

or less of their release onto the market 4-6. Without novel antibiotics on the horizon through a 

nearly dry development pipeline, the management of MDR infections will become increasingly 

difficult. Without effective antimicrobial therapies it is predicted that mortality from bacterial 

infections will overtake cancer by 2050 7. Among the bacteria identified by the WHO as being 

major threats to human health, Staphylococcus aureus, and its respective multi-drug resistant 

strains such as methicillin resistant S. aureus (MRSA), are considered high priority pathogens 

for targeted drug development 8. S. aureus, a Gram-positive pathogen, is one of the most 

common causes of hospital and community-acquired infections in humans, as it is widely 

present on the human body, including the skin, nose, gut, and bloodstream 9. More importantly, 

the virulence factors and toxins released by this pathogen, as well as its wide distribution 

provide a high chance for infection and toxin-mediated disease, such as staphylococcal 

foodborne diseases and bacteraemia 10. Since the introduction of β-lactam antibiotics, the 

emergence of MRSA across the world has had a negative impact on the clinical management 

of S. aureus infections which now place a large economic burden on society 11. Although 

MRSA can still be treated in many infections by the use of powerful antibiotics – vancomycin, 
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daptomycin, linezolid and ceftaroline – there are now accounts of MRSA strains resistant to 

these last line of defence treatments 12-13. 

To combat the increasing MDR crisis associated with S. aureus- and MRSA-related 

infections, novel anti-MRSA molecules are currently under pre-clinical and clinical 

investigation 14. These novel antimicrobials inhibit peptidoglycan/cell membrane, protein 

synthesis, DNA synthesis and fatty acid synthesis. Amongst the antimicrobial materials being 

investigated to treat S. aureus/MRSA infections, amphiphilic and cationic polymers have 

emerged as a promising alternative to antibiotics as they broadly target bacterial cell envelopes 

or membranes with decreased potential for resistance onset 15-16. Additionally, polypeptide-

based antimicrobial agents have shown broad-spectrum activity and distinct modes of action 

16-18. Our group has previously developed a new class of star-shaped peptide polymers, termed 

“structurally nanoengineered antimicrobial peptide polymers” or “SNAPPs” using N-

carboxyanhydride (NCA) ring opening polymerisation (ROP) of lysine and valine NCA 

monomers. SNAPPs were found to have superior antibacterial activity against Gram-negative 

pathogens compared to other materials (natural antimicrobial peptides), and were highly 

effective against MDR species both in vitro and in vivo 19-20. Recently, several other groups 

have also shown that amphiphilic star-shaped polypeptides generated via NCA polymerisation 

are a promising new family of antimicrobial agents 21-30, as summarised in our recent reviews 

15-16. In comparison with linear, hinged and cyclic antibacterial polymers, the star architecture 

offers a highly cationic micro-environment 31, which may enhance the polypeptide’s 

antibacterial activity via stronger electrostatic interaction with the target bacterial membranes. 

It is worth noting that most reported star-shaped amphiphilic peptide polymers exhibited potent 

activity against Gram-negative nosocomial and MDR bacteria. Our previous structure-activity 

studies against Gram-negative Escherichia coli revealed the arm density and arm length in the 

star-shaped SNAPPs have direct effects on the polymer’s antimicrobial activity, with SNAPPs 
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of increasing arm number and length exhibiting enhanced activity32. To date the SNAPPs’ 

efficacy has only been demonstrated against several critical priority Gram-negative pathogens, 

for instance Acinetobacter baumannii, Escherichia coli and Pseudomonas aeruginosa 21-24. It 

is known that peptide structure and number of arms dramatically effects activity33-34. Thus, we 

hypothesize that different SNAPPs structures with different arm length and number can 

modulate their spectrum against bacteria. The key question is if such a star polypeptide can 

also be used to clear multi-drug resistant Gram-positive pathogens, such as S. aureus, a major 

pathogen challenge we are facing today. 

Although previously we have shown that SNAPPs can kill Gram-negative bacteria19, 32, 

here, we show that by modulating the SNAPPs structure and their number of arms and length, 

the rational designed SNAPPs can preferentially target and kill Gram-positive S. aureus and 

MRSA than Gram-negative E. coli in a polymicrobial assays. The therapeutic potential of 

structurally diverse SNAPPs was tested against Gram-positive MDR bacteria, S. aureus ATCC 

29213 and MRSA ATCC 33591 both in vitro and in vivo. Our comprehensive study shows that 

SNAPPs are highly potent Gram-positive bactericidal materials and that specific structural 

elements favour activity. We also show that SNAPPs kill MRSA within minutes, induce stress 

responses and cause cytoplasmic membrane disruption, membrane potential loss and 

unregulated ion efflux/influx accompanied by dysregulation of efflux pumps. 

Experimental details 

SNAPPs synthesis 

SNAPPs with varying core size (denoted as SX) and increasing degree of arm length (small/S, 

medium/M, long/L, very-long/VL) were synthesized via the grafting-from ring opening 

polymerization of NCAs as previously reported 32. Briefly, the synthesis of S16L is described 

as an example. PAMAM-G2 with surface amino groups (10 mg, 3.07×10-3 mmol, 40 µL) was 
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firstly dried under vacuum to remove traces of methanol. Subsequently, the G2 initiator was 

redissolved in anhydrous DMSO (672 µL). To this solution placed under and Argon 

atmosphere, was added a solution of Nε-(benzyloxycarbonyl)-L-lysine NCA (300.8 mg, 0.982 

mmol, 20 eq.) and D,L-valine NCA (70.3 mg, 0.49 mmol, 10 eq.) in anhydrous DMF, such that 

[NCA]0 = 55 mg/mL. The reaction was allowed to proceed under exclusion of moisture by 

positive Ar flow, with temperature control afforded by the use of an insulated ice bath. 

Conversion was monitored by 1H NMR and GPC analysis. Upon stagnation in conversion, the 

reaction mixture was quenched by addition of n-butanol in excess, followed by concentration 

in vacuo and precipitation of the polymer into ether. Deprotection of the SNAPPs was achieved 

through acid hydrolysis by treatment with HBr and trifluoroacetic acid (TFA) for 2 h as 

previously reported 32. The deprotected peptide polymer was dialyzed against distilled water 

and lyophilized prior to 1H NMR and GPC analyses for determination of amino acid 

composition and average molecular weight, respectively, prior to proceeding to biological 

testing. Detailed characterization of each SNAPP is provided in the supplementary information.  

Bacterial growth conditions 

The bacterial culture of S. aureus ATCC 29213, S. aureus ATCC33591 (MRSA) and S. aureus 

ATCC43300 (MRSA), E. faecalis ATCC 29212, MDR-E. faecalis ATCC 51575, E. coli BAA-

8739, MDR-E. coli BAA-3051, K. pneumoniae ATCC 13883, MDR FADDI-KP028 were 

inoculated in 100% Mueller Hinton broth (MHB). Briefly, 1-2 colonies of a corresponding 

bacterium strain from an agar plate was suspended in 10 mL MHB and incubated overnight at 

37°C. Then, 1 mL of the overnight culture was then re-inoculated into 20 mL of fresh MHB 

and incubated to the late exponential phase at 37°C. The late exponential phase culture was 

then used for the antibacterial assays, mode of action and in vivo studies.  
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Mixed culture CFU assay. 

Single colonies of S. aureus and E. coli were inoculated into MHB broth and incubated 

overnight at 37°C. The following morning, 2% and 4% v/v inoculations of E. coli and S. aureus, 

respectively, were added to 10 mL of MHB and the cultures were grown for ~2.5-3 hours to 

late exponential phase. Following incubation, 1:100 dilutions of culture were stained with 

Syto9 and PI (1:1000) and counted on a Beckman Coulter Cytoflex flow cytometer. To perform 

the assay, cultures of S. aureus and E. coli were adjusted to 2 × 106 CFU/mL. Two-fold serial 

dilutions of SNAPPs were performed, starting at 100 µg/mL. Bacteria were added to a 96 well 

plate, 100µL of E. coli or S. aureus alone for the single culture experiments, 50µL of each E. 

coli and S. aureus for the mixed culture experiments (total of 100 µL). Dilutions of SNAPP 

(100 µL) were added to the bacterial cultures in the 96 well plate and the assay was incubated 

at 37°C for 90 minutes. Following the incubation, 10 × serial dilutions of each well was 

performed and 10 µL aliquots of the dilutions were spotted onto LB agar with or without 

Vancomycin (10 µg/mL) or Polymyxin B (12.5 µg/mL). Plates were incubated at 37°C for 24 

hours and the viable bacteria enumerated. 

Mixed culture flow cytometry assay. 

Single colonies of S. aureus, MRSA and E. coli were inoculated into LB broth and incubated 

37°C, 18 hr. Following incubation, 5% v/v, 5% v/v and 10% v/v inoculations of E. coli, S. 

aureus and MRSA respectively, were added to LB broth and the cultures were grown for ~1.5-

2.5 hours to approximately so as to reach late exponential phase of growth. For the assay, 4 × 

107 of each bacteria were taken from the late exponential cultures and centrifuged (7000 g, 10 

min) and resuspended in 200 μL PBS (pH 8.3). E. coli and Gram-positive bacteria (S. aureus 

and MRSA) were incubated (37 °C, 30 min) with 20μL Atto647-NHS ester (Sigma-Aldrich, 

Cat# 07376-1MG-F) and 20μL AF488-NHS ester (Lumiprobe, Cat#21820), respectively. After 

incubation, bacteria were transferred to 50 mL Falcon tubes and top up to 20ml MHB broth 
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and centrifuged (7000 g, 10 min). The fluorescently labelled S. aureus, MRSA and E. coli were 

then adjusted to 2×106 CFU/mL by resuspending each bacteria with 10 ml MHB broth. A two-

fold serial dilution of SNAPPs were performed, starting at 50 μg/mL, volume 100μL. Bacteria 

were added to the wells in the following formats, 50 μL of S. aureus, MRSA or E. coli alone 

for the single culture controls, 50 μL of each S. aureus, MRSA and E. coli for the mixed culture 

experiments (total of 100 µL), these being: S. aureus + E. coli and MRSA + E. coli all with and 

without SNAPP. The bacterial cultures/SNAPP mixtures were incubated at 37 °C for 30 

minutes. Following the incubation, 100 µL of each well was stained with Propidium Iodide (PI) 

- 1.0 mg/mL Solution in Water (Invitrogen, Cat# P3566, 1:1000) and the level of membrane 

disruption as indicated by PI+ bacteria analysed on a Beckman Coulter Cytoflex flow 

cytometer.  

Image of mixed culture 

Single colonies of S. aureus and E. coli were inoculated into MHB broth and incubated 

overnight at 37 oC. The following morning 2% and 4% inoculations of E. coli and S. aureus, 

respectively, were added to 10 mL of MHB and the cultures were grown for ~2.5-3 hours to 

approximately late exponential phase. Following incubation, 1:100 dilutions of culture were 

stained with Syto9 and PI (1:1000) and counted on a Beckman Coulter Cytoflex flow cytometer. 

1×106 CFU of each 10 bacteria was stained with FM 4-64FX dye (Thermo Fisher) as per 

manufacturer’s instructions. 1×106 of each labelled bacterium were mixed together and treated 

with 10 mg/mL of Atto488-labelled SNAPP and incubated for 90 minutes before being washed 

with DMEM. The bacteria suspension was then placed in a polylysine coated chambered 

coverglass slide (Thermo Fisher) and incubated for 60 minutes to allow the bacteria to settle 

and bind. Unbound bacteria were rinsed away with DMEM and the remaining bacteria fixed 

with 4% paraformaldehyde for 5 minutes at room temperature. The fixative was washed away 

with DMEM and the bacteria stored in SlowFade Diamond Antifade Mountant (Thermo 
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Fisher). Images were taken on the Deltavision OMX Structured Illumination Microscope V4 

Blaze (Applied Precision). Images were produced using the ImageJ processing package 

(National Institutes of Health, USA). 

Antibacterial assays  

Each SNAPP was tested for antibacterial activity against the Gram-positive bacteria S. 

aureus and MRSA in 100% MHB. The minimum inhibitory concentration (MIC) and minimum 

bactericidal concentration (MBC) were determined, and microbial flow cytometry was used to 

monitor membrane integrity/permeability to the fluorescent dye PI (minimum membrane 

disruption concentration [MDC]) for each SNAPPs as previous described 35-36. The MIC was 

determined by plotting maximal growth versus peptide concentration, according to the Lambert 

and Pearson analysis method 37-38, while MBC was confirmed via colony-forming unit (CFU) 

measuring assay. As for PG or LTA inhibition assay, a series of 50 µL dilutions of PG or LTA 

from 250 µg/mL to 4 µg/mL were added to a 96-well plate with prefilled 1×MIC of each 

SNAPPs (50 µL). After 30 min incubation, 100 µL of 2×106 cells/mL were added to the plate 

and incubation at 37°C, 90 min, followed by general MIC and MDC determination.  

In vivo peritoneal infection model. 

All experiments involving animals were performed according to protocols approved by 

the University of Melbourne, Australia. Forty-five 6-8-week-old female C57/BL6 mice (9 

groups; 5 animals per group, weighing ca. 25 g) were obtained from the Walter and Eliza Hall 

Institute of Medical Research Animal Services Unit, Melbourne, Australia. S. aureus or MRSA 

were grown as for the in vitro assays and mice were given an i.p. injection of 107 CFU of 

bacteria in PBS using a 25G needle. Mice were then treated with SNAPPs for 3 doses in MEM 

at 30min, 2 hours and 6 hours post bacterial inoculation, injecting 2.8 mg/kg mice of SNAPPs 

in PBS i.p. using a 25G needle. Mice were killed 24 hours post the bacterial inoculum, and the 
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peritoneal cavity washed with 3 mL of PBS and the peritoneal contents were aspirated. An 

aliquot of the lavage fluid was taken and serial dilutions were performed and plated onto LB 

agar to determine the residual bacterial load in the peritoneal cavity. The remainder of the 

peritoneal lavage was used to determine the neutrophil influx. Briefly, cells were harvested by 

centrifugation at 400 × g for 10 minutes before being resuspended in FACS buffer (PBS 

containing 1% (v/v) BSA and 0.05% (v/v) sodium azide). Cells were then incubated with Fc 

block (1:200; Becton Dickinson) for 20 minutes on ice before being stained with Ly6G-PE 

(1:200; Clone 1A8 (RUO), Cat# 551461, Becton Dickinson). Cells were then washed with 

FACS buffer before being analysed on the Cytoflex Flow Cytometer (Beckman Coulter). 

Neutrophils were identified as Ly6G positive cells. 

Membrane potential assay 

Membrane potential was determined by flow cytometry (CytoFLEX Flow Cytometer, 

Beckman Coulter) with a BacLight Bacterial Membrane Potential Kit (Invitrogen) as previous 

described 19, 35. S. aureus and MRSA harvested at late exponential phase of growth were diluted 

to 2 × 106 cells/mL in MHB and 100 µL of this culture was added and mixed with serial dilution 

of SNAPPs (100 µL, 0.125×MBC, 0.25×MBC, 0.5×MBC, 1×MBC, 2×MBC) in a 96-well plate. 

The protonophore carbonyl cyanide-m-chlorophenylhydrazone (CCCP, final concentration 5 

µM) was added to the non-treated bacteria to provide a depolarized population control. After 

60 min incubation at 37°C, the 30 µM 3,3’-diethyloxa-carbocyanine iodide (DiOC2) was added 

to all the tested samples, which associates in the inner membrane of bacteria and emits a green 

fluorescence in polarised (low membrane potential) bacterial cells. As the membrane potential 

becomes larger (moving towards a depolarised membrane) the DiOC2(3) dye aggregates 

causing a red shift in fluorescence. Membrane potential was determined by flow cytometer as 

a ratio of the fluorescent cells between the red and green fluorescence. Gates were drawn based 

on the controls present in normal cell population or depolarized regions (Figure S3 and S4). 
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Time-kill kinetic assay. 

Time-kill kinetics of the SNAPPs were performed against S. aureus and MRSA and 

adapted from the ASTM time-kill kinetic assay 39. The bacterial cells were harvested at late-

logarithmic phase of growth and then re-suspended into MHB corresponding to 2×106 CFU/mL 

and then incubated with 2×MBC, 1×MBC, 0.5×MBC, 0.25×MBC, 0.1×MBC SNAPPs at 37°C. 

10 µL of aliquot were removed from the treated bacterial suspensions at specific time intervals 

(0, 1, 5, 10, 15, 20, 40, 60, and 120 min) and plated on the LB-agar plates to determine CFU/mL. 

Following incubation for 12–14 h at 37°C, colonies were then counted. Two independent 

experiments were performed to calculate the mean value of CFU formation. 

Fluorometric efflux activity determination 

The designed direct efflux activity assay was determined by utilising flow cytometry 

(CytoFLEX Flow Cytometer, Beckman Coulter). S. aureus and MRSA were harvested and 

washed at the late exponential phase to prepared 2 × 106 cells/mL in PBS only. 100 µL of 

bacteria culture in PBS was added to pre-filled 96-well plate with serial dilution of SNAPPs 

(50 µL in PBS) for 30 min incubation at 25°C, as well as three control groups filled with PBS. 

Then, a 50 µL EtBr solution (4 µg/mL in PBS) was added to the mixture for an additional 30 

min incubation at 25°C. After the second incubation, the bacterial cells were pelleted by 

centrifugation (4500 g, 10 min) and the pellet was resuspended into 100 µL PBS to remove 

extracellular SNAPPs/EtBr remaining in the culture. Then the SNAPPs treated wells added 

with additional 50 µL PBS and 50 µL glucose solution, which can reenergise the efflux pump 

and lead accumulated EtBr to efflux out of the cells, while three control groups were added 

with 50 µL CCCP (10 µg/mL) + 50 µL PBS or 50 µL CCCP + 50 µL glucose (10%) or 50 µL 

glucose + 50 µL PBS. After mixing, the plate was subjected to flow cytometry analysis. As 

intracellular EtBr-DNA binding resulted in fluorescence (excitation and emission filters of 
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528/2 and 590/2 nm respectively), gates were drawn based on controls and fluorescent 

wavelength. 

Isothermal calorimetric titration analysis (ICT) 

Microcalorimetric measurements of SNAPPs binding to LPS, LTA or PG were performed on 

a Malvern MicroCal PEAQ isothermal titration calorimeter (ITC). The E. coli LPS with 

SNAPPs,; S. aureus LTA or S. aureus PG with SNAPPs were separately dissolved in 20 mM 

HEPES (pH 7.0). The control experiments, background interaction, were performed by titrating 

LPS. LTA or PG (32.5 µM) into 20 mM HEPES with 13 × 3 µL injections at 150 s intervals 

from a 42 µL injection syringe, where the contents were stirred constantly at 750 rpm at 37 °C. 

The ITC binding experiments were determined by titrating LPS, LTA or PG (32.5 µM) into 

SNAPPs (1.63 µM in 20 mM HEPES) with 13 × 3 µL injections. The total heat signal from 

each injection was determined as the area under the individual peaks and plotted versus the 

[cell membrane components]/[SNAPPs] molar ratio. The normalised data were analyzed to 

determine number of binding sites (n), and molar change in enthalpy of binding (ΔH) by 

nonlinear least-squares regression analysis in terms of an equation series that define two sets 

of independent sites. 

ROS production determination 

ROS production induced by SNAPPs treatment was analysed by using CellROX deep 

red reagent with flow cytometry using protocols previously described19. Briefly, the cells were 

harvested and viable cells were diluted into 2 × 106 cells/mL in MEM. A 100 µL aliquot of 

bacteria culture in MEM was added to pre-filled 96-well plate with serial dilution of SNAPPs 

(100 µL in PBS, 0.25×MBC, 0.5×MBC, 1×MBC, 2×MBC) for a 90 min incubation at 37°C. 

The bacterial culture was then stained with CellROX deep red reagent (C10422, Thermo Fisher 

Scientific Australia) and Syto9 reagent (S34854, Thermo Fisher Scientific Australia) and 
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subjected to CytoFLEX Flow Cytometer (Beckman Coulter). The CellROX® Deep Red 

reagent will become fluorescent after the oxidation by intracellular ROS (Figure S5). Gates 

were drawn based on the controls present in untreated cell population without significant ROS 

generation of the Syto9 labelled bacteria (Green channel 525-40 nm), while the CellROX deep 

red reagent labelled bacterial population (Red channel 660-10 nm) represent ROS generation. 

Helium Ion Microscopy 

The morphologies of bacterial strain methicillin-sensitive S. aureus ATCC 29213 and 

MRSA after treatment with S8m and S16m was observed using Helium Ion Microscopy (HIM, 

Zeiss, Germany). The samples were prepared in the following steps. Firstly, 100 µL of 4×MBC, 

2×MBC, 1×MBC, 0.5×MBC S8m and S16m in PBS solution were added to each well of 96-

well microplates, 100 µL pure PBS was used as untreated control. Afterwards, 100 µL MHB 

with 1×107 cell/mL bacteria was added to each well. After 90 min incubation, 10 µL of both 

treated and untreated bacteria were pipetted on clean glass cover slides, then put them into oven 

with temperature of 37 °C for 20-30 min to dry. The dried samples were transferred to 12-well 

plate, 2.5% glutaraldehyde (v/v) was added to each well to fix the bacteria cells for 1 h and 

wash with PBS gently, then gradient ethanol solution (30%, 50%, 60%, 70%, 80%, 90%, 95% 

and 100%) was used for dehydration for 10 mins each time. The prepared samples were dried 

in the fume hood, overnight, before use. The coverslips were then mounted onto standard pin 

stubs using double-sided adhesive carbon tape and inserted into the HIM in preparation for 

imaging. No further sample preparation was required. Imaging was performed using a 25 keV 

He+ ion beam with a typical beam current of 0.8-1.0 pA. Charge neutralisation was achieved 

in situ via a low energy electron flood gun optimised for each sample. 
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Results 

SNAPPs preparation and antimicrobial activity. 

A SNAPP library was synthesized via NCA ROP, employing polyamidoamine (PAMAM) 

dendrimer cores of different generations (G0, G1, G2), to furnish star polypeptides with 4, 8, 

and 16 arms, respectively using our previously described methods 32. The dendritic 

macroinitiators with free primary amine functionality allowed the facile ring opening 

polymerization of lysine and valine NCAs at reduced temperatures; furthermore, by altering 

the monomer to initiator ratio we were able to fabricate SNAPPs of different arm lengths. Thus, 

we obtained SNAPPs SXS, SXM, SXL, SXVL where X denotes the number of arms and the 

subscripts provide an indication of the length of the arm (small, 5-12 amino acids (aa), medium, 

12-18aa, large, 18-25aa, very large, 25-31aa). Examples of the characterization of S16M are 

provided in Figure S1 and S2. The resultant SNAPP polypeptide library was readily water 

soluble upon hydrolytic cleavage of the protecting group in the lysine side chain, furnishing 

peptide polymers ranging in molecular weight from 3 kDa to 53 kDa and their physiochemical 

properties characterised (Table S1). The SNAPPs could be stably stored in aqueous solutions 

for testing against Gram-positive and Gram-negative bacteria in the in vitro antimicrobial 

assays. 

We initially compared the antimicrobial activity of our previously identified potent 

Gram-negative bactericidal SNAPP, S16 (S16M). against WHO critical and high threat Gram-

negative and Gram-positive bacteria (Table 1). Antibacterial activity was measured in 

undiluted/unmodified Mueller-Hinton broth (MHB) with activity presented as minimum 

inhibitory concentration (MIC) or minimum bactericidal concentration (MBC) 35-36, providing 

SNAPP efficacy on inhibiting bacterial growth (MIC) and bactericidal activity (MBC). 

Although the SNAPPs can form aggregates in MHB medium, we have previously shown this 

only partially effects that antimicrobial activity19, S16M and S8M were found to have sub-
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micromolar activity against the Gram-positive antibiotic susceptible and multi-drug resistant 

(MDR) strains of S. aureus and Enterococcus faecalis (Table 1). This activity was equivalent 

or stronger than that found for the Gram-negative MDR strains of Escherichia coli and 

Klebsiella pneumoniae. We then tested the SNAPP analogue S8M and found it too was highly 

active against the antibiotic sensitive and MDR strains of S. aureus and E. faecalis when 

compared with the Gram-negative strains tested.  

Table 1. The antibacterial activity of SNAPPs against Gram-positive and Gram-negative 

bacteria.  

Bacteria SNAPP S8M  SNAPP S16M   
MIC90 

(μg/mL (μM)) 
MBC 

(μg/mL (μM)) 
MIC90 

(μg/mL (μM)) 
MBC 

(μg/mL (μM)) 
S. aureus 22.1±0.3 (0.94) 31.5±0.9 (1.35) 39.7±3.1 (0.97) 35.4±0.7 (0.86) 
MRSA 12.0±0.2 (0.51) 24.7±4.1 (1.06) 22.4±0.7 (0.55) 36.2±4.2 (0.88) 

E. faecalis 23.5±0.35 (1.00) 15.9±0.18 (0.68) 20.4±0.42 (0.50) 16.5±0.01 (0.40) 
MDR-E. faecalis 20.6±0.34 (0.88) 16.0±0.05 (0.68) 23.6±0.17 (0.57) 16.7±0.21 (0.41) 

E. coli 13.5±1.13 (0.58) 14.0±0.08 (0.60) 12.8±0.01 (0.31) 8.2±0.04 (0.34) 
MDR-E. coli 25.8±0.99 (1.10) 15.5±0.14 (0.66) 26.0±0.09 (0.63) 15.3±0.33 (0.37) 

K. pneumoniae 32.7±12.59 (1.40) 31.5±2.55 (1.35) 48.0±2.47 (1.17) 28.2±0.11 (0.69) 
MDR-K. pneumoniae 98.2±12.77 (4.20) 63.2±0.67 (2.70) 51.4±0.96 (1.25) 54.3±0.01 (1.32) 
 

Following on from these findings that SNAPPs had potent Gram-positive activity on parity 

with activity towards Gram-negative bacteria we hypothesised that in a mixed culture assay 

SNAPPs may preferentially target one bacteria over the other. Generally, it is rare for bacteria 

to be found in vivo as a single species and are typically found in/on the human body as 

polymicrobial communities 40. Such polymicrobial infections are managed by non-specific 

treatment with antibacterial agents, which can damage beneficial commensal microbes. 

Therefore, it is important to study the effect of the presence of bystander bacteria, which may 

bind SNAPPs to varying degrees, and the effect they may have on the effectiveness to target 

the desired bacteria. We initially conducted confocal microscopy to show preferential binding 

of SNAPP S16M to either a representative Gram-positive bacterium, S. aureus, or Gram-

negative bacteria, E. coli, (labelled with FM 4-64FX, a lipophilic styryl dye that fluoresces 
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intensely upon binding to the cytoplasmic membrane (red)). The bacteria were mixed in equal 

numbers and treated with Atto488-labelled S16M (green). E. coli and S. aureus were 

differentiated from each by morphology, rod versus cocci respectively, and binding of SNAPP 

was identified as a yellow overlay. SNAPP S16M was found to preferentially bind to the Gram-

positive S. aureus in a mixed culture with Gram-negative E. coli (Figure 1). S. aureus is seen 

as the predominately yellow cocci compared to the red (no SNAPP) rods of E. coli. 

 

Figure 1. Labelled S16M treated mixed culture of S. aureus (cocci shape) and E. coli (rod 

shape). The S16M was labelled with Atto488 (green), while the bacteria culture was stained 

with the fixable FM 4-64FX dye (red). 

Bactericidal activity of S8M and S16M in mixed cultures. 

Here, we designed a mixed-culture assay of representative Gram-negative bacteria, E. coli or 

K. pneumoniae with the Gram-positive species, S. aureus. Following harvesting at late 
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exponential phase of growth, a co-inoculum of equal numbers of E. coli (or K. pneumoniae) 

and S. aureus was incubated with a serial dilution of either S8M or S16M and the CFU for each 

bacteria determined by using selective media to determine preferential killing. Figure 2 shows 

that when E. coli (or K. pneumoniae) and S. aureus were mixed and treated with either S8M or 

S16M, there was no change in the ability of either SNAPP in their ability to kill S. aureus in 

polymicrobial culture compared to the S. aureus monoculture. However, in a polymicrobial 

culture there was a reduced ability of S8M and S16M, in killing K. pneumoniae whereas there 

was an increased ability to kill E. coli (Figure 2). This differential in Gram-negative bacterial 

killing (K. pneumoniae and E. coli) and not Gram-positive (S. aureus) in a polymicrobial 

culture indicates that SNAPPs preferentially target Gram-positive bacteria as activity to Gram-

negative bacteria can fluctuate depending on the presence of other bacteria. At the low 

concentration of SNAPPs, the preferential killing of S. aureus over E. coli was 12-20 fold. This 

species preference may be due to the surface charge (zeta potential) of the bacteria as S. aureus 

has a more negative zeta potential of -37.1mV compared with E. coli of -12.7mV 41. As 

SNAPPs have a strong positive charge due to the lysine residues in the polymer arms they 

would be more attracted to the great negatively charged S. aureus than E. coli. This finding 

provides insight into the structure/function relationship of the SNAPPs which may be used to 

modify their design to improve efficacy in future studies.  
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Figure 2. SNAPPs preferentially killed S. aureus in a polymicrobial MBC assay. MBC assays 

were performed on a 1:1 mixture of E. coli and S. aureus (A & B), or K. pneumoniae and S. 

aureus (C & D), while the LB agar plate containing Polymyxin B for the CFU of S. aureus (+E. 

coli or + K. pneumoniae) and LB agar plate with Vancomycin showed the CFU of E. coli or 

K. pneumoniae (+S. aureus). The solid blue and red lines represent E. coli (or K. pneumoniae) 

monoculture and S. aureus monoculture. A). The difference of CFU counts under S8M 

treatments of mixed culture of E. coli and S. aureus. B). The difference of CFU counts under 

S16M treatment of mixed culture of E. coli and S. aureus. C). The difference of CFU counts 

under S8M treatments of mixed culture of K. pneumoniae and S. aureus. D). The difference of 

CFU counts under S16M treatment of mixed culture of K. pneumoniae and S. aureus. 

To further investigate the finding of the preference of S8M and S16M to target S. aureus 

in the presence of E. coli (Figure 2), we developed a flow cytometry-based assay to monitor 

simultaneously the ability of either S8M or S16M to disrupt the cell membranes of bacteria in a 
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mixed inoculum of S. aureus/E. coli and MRSA/E. coli (Figure 3). Following harvesting at late 

exponential phase of growth, equal numbers of Atto647-labelled E. coli with either 

Alexafluor488-labelled S. aureus or MRSA were incubated with a serial dilution of either S8M 

or S16M, and the level of membrane disruption of each bacterium was determined using 

propidium iodide (PI) by microbial flow cytometry. Figure 3 clearly shows that 

incubation/treatment of the mixed bacterial cultures with S8M and S16M induced greater cell 

lysis of S. aureus than E. coli within the 30 minutes of the assay incubation. Furthermore, the 

MDC values of the labelled S. aureus or MRSA were always lower in a mixed culture with E. 

coli (Table S2). In a mixed S. aureus/E. coli culture S8M induced 24% more killing of S. aureus 

and 27% less killing of E. coli when compared with the killing of single bacterial cultures. S8M 

also induced 10% more killing of MRSA and 42% less killing of E. coli in the mixed cultures 

when compared with the killing of single bacterial cultures. (Table S2). Although S16M also 

showed a preference towards S. aureus or MRSA over E. coli in a mixed culture, the preference 

was weaker than that displayed by S8M, inducing only 4% more killing of S. aureus and 47% 

less killing of E. coli. Furthermore, S16M produced no significant increase in killing of MRSA 

and only 12% less killing of E. coli in the respective mixed culture (Table S2). It was noted 

that there was variation in the activity between S16M and S8M, particularly for S. aureus and 

MRSA, indicating that SNAPP structure may play a role in the targeting and activity of the 

SNAPPs. 
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Figure 3. Representative flow cytometry graphs of the proportion of bacteria following 

treatment with S8M or S16M in a mixed culture assay. Atto647 labelled E. coli were separating 

in vertical direction, while the S. aureus (A) or MRSA (B) were labelled with AF488 in 

horizontal direction. The PI positive population were gated with channel (525-40 nm for 

AF488 and 660-10 nm for Atto647) in comparison with SNAPP untreated samples.  

Effect of SNAPP structure on activity towards antibiotic-sensitive and MDR strains of S. 

aureus. 

To investigate whether SNAPP structure affected antibacterial activity against S. aureus and 

MRSA the in vitro activity (MIC, MBC and membrane disruption concentration (MDC)) of 

the S4, S8 and S16 analogues was determined (Table 2). For the S4 analogues, the S4S had 

significantly (p<0.01) weaker activity against S. aureus and MRSA compared to S4M, S4L and 

S4VL, whilst S4M had significantly (p<0.01) weaker activity than S4L and S4VL. The increase 
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in arm length for S4VL compared to S4L did not result in a significant improvement in 

antimicrobial activity. Taken together the longer arm S4 analogues S4L and S4VL had 5-8 fold 

greater activity than the short arm counterparts S4S and S4M against S. aureus and MRSA 

(Table 2). No significant difference in activity was found for the S8 or S16 analogues (Table 

2), indicating that arm length and arm number in these higher order SNAPPs has little effect 

on activity against S. aureus or MRSA. In comparing the activity induced by SNAPP analogues 

of the same arm length but differing arm number, S4M and S4L had significantly (p<0.01) 

weaker activity compared to S8M or S16M and S8L or S16L, respectively. The weaker activity 

observed with the S4 analogues compared to S8 and S16 analogues could be mitigated by an 

increase in arm length, as the activity of S4VL was comparable to the activity of the S8 and S16 

SNAPP M and L analogues. 

All the SNAPP analogues were found to induce membrane disruption of S. aureus and MRSA 

as indicated by the uptake of PI in the microbial flow cytometry assays (Table S3). The S8 and 

S16 analogues as well as the S4 analogues S4L and S4VL had the lowest and comparable (not 

significantly different) MDC values (Table 2). For S4 analogues, arm length had a significant 

effect on their ability to disrupt the cytoplasmic membrane with activity following the pattern 

S4s < S4M < S4L = S4VL. The MDC value of S4M was significantly (p<0.05) weaker than the 

S8 and S16 analogues with the same arm length (S8M and S16M), indicating that an increase in 

arm number of the SNAPPs enhances membrane disruption. In addition, MIC was found to be 

equivalent to MBC, indicating the action of the SNAPPs is bactericidal (Table 2). With MDC 

being equivalent to MIC and MBC values, it suggests the mode of action for the SNAPPs 

leading to bacterial cell death was disruption and/or alteration of function of the cytoplasmic 

membrane of S. aureus and MRSA. Moreover, we further determined their activity against 

another MRSA strain ATCC43300, which also showed strong inhibition and bactericidal 

activity (Table 2).  
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Table 2. The antibacterial activity of SNAPPs against S. aureus and MRSA.  

SNAP
Ps 

MW 
kDa 

S. aureus MRSA ATCC 33591 MRSA ATCC43300 
MIC 
(µM)a 

MBC 
(µM)a 

MDC 
(µM)a 

MIC 
(µM)a 

MBC 
(µM)a 

MDC 
(µM)a 

MIC 
(µM)a 

MBC 
(µM)a 

MDC 
(µM)a 

S4S 3.3 32.3±1.0 39.0±0.9 15.9±2 28.0±2 37.3±2.8 25.8±3.5 — — — 
S4M 8.8 3.1±0.2 4.1±.06 1.5±0.2 2.7±0.1 3.0±0.2 1.8±0.5 — — — 
S4L 14.1 1.7±0.2 1.8±0.2 0.5±0.1 0.9±0.2 1.6±0.2 0.7±0.04 — — — 
S4VL 19.2 1.1±0.1 1.4±0.1 0.4±0.1 0.8±0.1 0.7±0.1 0.5±0.03 — — — 
S8M 23.4 1.0±0.01 1.0±0.03 0.4±0.08 0.6±0.01 0.9±0.2 0.5±0.01 1.5±0.1 2.3±0.02 2.8±0.1 
S8L 43.4 0.8±0.02 0.8±0.01 0.4±0.01 0.7±0.05 0.7±0.05 0.6±0.1 - - - 

S16M 41.1 1.0±0.1 0.8±0.01 0.4±0.01 0.6±0.01 0.8±0.1 0.4±0.03 1.0±0.04 1.4±0.04 1.5±0.04 
S16L 52.6 0.7±0.02 0.9±0.02 0.4±0.02 0.6±0.03 0.7±0.02 0.5±0.1 - - - 
Methi
cillin 

0.38 4.9±0.1 57.7±4.1 n.o.b >328 >328 n.o.b >328 >328 n.o.b 

Genta
micin 

0.48 — — — — — — ≥70  n.o.b 

a - the data were analysed in duplicate assays, n =2, and values in µg/mL are provided in 
Table S3; b - n.o. -membrane disruption was not observed. 

Time-kill kinetics of S8M and S16M 

It is evident from the above data that the SNAPPs are potent antimicrobial agents. To further 

explore the antimicrobial efficiencies of the SNAPPs, we adapted the ASTM time-kill kinetic 

assay 39 to determine the SNAPP’s bactericidal kinetics, where our adaption was the inclusion 

of a series of SNAPP concentrations (2×MBC, 1×MBC, 0.5×MBC, 0.25×MBC, 0.1×MBC) to 

be incubated with S. aureus and MRSA for specific time points. It should be noted that the 

minimum time to sample and plate for CFU analysis per test was 1 min. At the 2×MBC 

concentration S8M reduced S. aureus survival within 1 min by 2.68 log (>99%) and MRSA 

survival by 1.34 log (>95%) (Figure 4A, B). At 1×MBC a one-min incubation with S8M was 

found to reduce S. aureus survival by 2.16 log (>99%) and MRSA survival by 1.17 log (>93%) 

(Figure 4A, B). A 2×MBC concentration of S16M at one-min reduced survival of S. aureus 

and MRSA by a similar level to that of S8M (2×MBC), being 2.68 log (>99%) and 2.05 log 

(>99%) respectively (Figure 4C, D). However, within 1 min the activity of S16M at 1×MBC 

was significantly (P<0.05) weaker than that of S8M (1×MBC), reducing survival by 0.15 log 

(>29%) and 0.1 log (>20%) respectively (Figure 4C, D). Using a 3-log (99.9%) reduction in 

survival and zero CFU as a basis for bactericidal activity and sterility, respectively, a 1×MBC 
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concentration of S8M was both bactericidal and induced sterility for S. aureus at 10 mins. For 

MRSA the same occurred at 5 and 30 minutes, respectively. At the same concentration of 

1×MBC, S16M took longer than S8M to be bactericidal and induced sterility for S. aureus at 10 

and 90 mins, whereas for MRSA the same required 60 and 90 minutes. Taken together, S8M 

possesses a faster killing rate for both S. aureus and MRSA than S16M which is an important 

parameter to be considered for clinical applications and drug development. 

 

Figure 4. Time kill-kinetics assay for SNAPPs against S. aureus and MRSA. Survival of S. 

aureus (A) and MRSA (C) incubated with S8M at differing times and concentrations. Survival 

of S. aureus (B) and MRSA (D) incubated with S16M at differing times and concentrations. 

Data representative of 2 biological replicates with 2 technical replicates/assay.  

Membrane potential studies 

The cytoplasmic bacterial membrane plays a vital role in nutrient uptake, waste material 

excretion, micro-environment regulation, and is a major energy source for bacterial cells as the 
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ion motive force enables the transport of ions across the membrane 42. Given that SNAPPs 

disrupt the membrane of S. aureus and MRSA, we hypothesised that SNAPPs would depolarise 

the cytoplasmic membrane and that this would correlate to the bactericidal concentration (MBC) 

of each SNAPP. To test this hypothesis, we analysed the ability of SNAPPs to alter the 

membrane potential of S. aureus and MRSA using a microbial flow cytometric method to 

evaluate membrane potential changes as we have previously described 19, 35. S. aureus and 

MRSA were incubated with each SNAPP analogue at serial MBC concentrations (2×MBC, 

1×MBC, 0.5×MBC, 0.25×MBC, 0.1×MBC 0.06×MBC), followed by staining with the 

membrane potential (ion sensitive/responsive) fluorophore 3,3’-diethyloxacarbocyanine iodide 

(DiOC2(3)) and the membrane potential changes were compared to control bacteria that were, 

untreated and treated with the proton ionophore, carbonyl cyanide m-chlorophenyl hydrazone 

(CCCP) (Figure 5). The flow cytometry graphs show that all the SNAPPs had a strong effect 

on membrane potential of S. aureus and MRSA in comparison with the normal membrane 

potential state (without CCCP) and fully depolarized state (with CCCP) bacteria (Figure S3 

and S4). Figure 5 clearly shows that all of the S8 and S16 analogues induced complete 

membrane depolarisation of S. aureus and MRSA at 0.5×MBC concentration. At 0.25×MBC, 

the S8M and S16L also resulted in complete membrane depolarisation, but S8L and S16M only 

resulted in partial depolarisation, indicating that the arm length and arm number for the S8 and 

S16 play a role in their ability to depolarise bacterial membranes. At concentrations below 

0.25×MBC, only the S16L induced membrane depolarisation that was significantly (p<0.05) 

higher than the untreated control. For the S4 analogues, arm length was found to be critical in 

effecting membrane potential with increasing arm length positively correlating to membrane 

depolarisation for both S. aureus and MRSA (Figure 5). Of the S4 analogues, only S4VL 

induced complete depolarisation of S. aureus and MRSA cytoplasmic membrane below the 

MBC value, at 0.5×MBC. The S4S, S4M, and S4L all induced partial membrane depolarisation 
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at 0.5×MBC, which increased at 1× and 2×MBC, with the pattern of activity being S4S < S4M 

< S4L << S4VL. Complete membrane depolarisation was achieved at 1×MBC for the S4L and at 

2×MBC for the S4M. Taken together these data suggest that arm number in a SNAPP has a 

greater role than arm length in membrane potential depolarisation, although this may have an 

optimal point around an 8 arm SNAPP. It also shows that arm length can mitigate to some 

extent a reduction in arm number of a SNAPP, to effect complete depolarisation. Further, it 

indicates that by controlling arm number and length it is possible to optimise the SNAPPs to 

induce complete membrane depolarisation. It is known that the interaction of cationic 

antibiotics with the cytoplasmic membrane can cause K+ leakage and lead to membrane 

potential changes 43. While a similar effect may occur upon treatment with SNAPPs, membrane 

depolarisation is not the only mechanism leading to bacterial cell death as bacteria are known 

to alter their membrane potential temporarily to survive an external stimuli or stressors 42, 44. 

 

Figure 5. Membrane potential of S. aureus (A) and MRSA (B) treated by SNAPPs. CCCP (a 

proton ionophore) was applied as the positive control to depolarise cells and untreated samples 

were used for negative control to show normal cell population. (* p<0.05), n=2. 
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Reactive oxygen species generation 

Bacteria alter their membrane potential due to environmental stressors such as exposure to 

antimicrobial materials, adjuvants and antibiotics. This alteration leads to the induction of a 

stress response in bacteria and the generation of reactive oxygen species (ROS). This response 

aids bacterial survival or achieve the induction of cell death via the oxidative damage-mediated 

pathway 42, 44-45. The ability of antimicrobial materials to generate ROS that cause oxidative 

damage to cell wall components, DNA, RNA and cellular macromolecules, is a mechanism for 

enhancing bacterial cell death 46. To investigate if the SNAPP analogues were able to induce 

ROS production, S. aureus and MRSA were incubated with SNAPPs, and ROS production was 

determined by microbial flow cytometry using CellROX® Deep Red as previously described 

19, 35. For both S. aureus and MRSA, the S4 analogues did not induce significant amounts of 

ROS (Figure 6), although S4VL did induce a significant (p<0.05) amount of ROS at 1×MBC 

for S. aureus (Figure 6A). In contrast, the S8M, S8L, S16M and S16L all induced a strong ROS 

response in S. aureus and MRSA at the sub-lethal concentration of 0.5×MBC and above (1× 

and 2×MBC). Further, the S16M and S16L were able to induce significant (p<0.05) ROS 

production at 0.25×MBC (Figure 6). There was a significant (p<0.05) decrease in the S8 and 

S16 analogues induction of ROS at 2×MBC which might be caused by rapid cell lysis and 

death during the incubation period at this concentration, resulting in the bacteria having a 

shorter period to form a stress response and produce ROS. The ability of SNAPPs to induce 

ROS at sub-lethal concentrations indicates that SNAPPs facilitate the induction of an oxidative 

damage-mediated death pathway and enhance ROS accumulation in bacteria, heightening their 

antimicrobial efficacy 47.  
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Figure 6. SNAPPs induced ROS production of the percentage of S. aureus (A) and MRSA (B) 

cells stained with CellROX® red deep reagent. The representative graphs from flow cytometry 

of ROS analysis are provided in Figure S5. All data are expressed as mean ± standard 

deviation as indicated by the error bars (n = 4). *p<0.05, **p<0.01, Student’s t test, significant 

difference from the untreated control. 

Effect of peptidoglycan and lipoteichoic acid on SNAPP antibacterial activity 

From the MDC data (Table 2) it is apparent that the SNAPP analogues do efficiently interact 

with the cytoplasmic membrane of S. aureus and MRSA. As Gram-positive bacteria possess a 

thicker peptidoglycan (PG) layer than Gram-negative species then this thicker PG layer may 

contribute to the preferential attraction of the SNAPPs for the Gram-positive species. To affect 

the cytoplasmic membrane integrity the SNAPPs have to pass through the outer cell wall layer 

of the Gram-positive bacterium. We postulated that the SNAPPs may interact with 

peptidoglycan (PG) and/or lipoteichoic acid (LTA), the major components of the bacterial cell 

wall (Figure S6)42 giving them a mechanism of attachment and entry into the bacterium, and 

this interaction may play a critical role in SNAPP efficacy against Gram-positive species.  

To investigate whether SNAPPs interact with PG or LTA we co-incubated (30 mins) 

each SNAPP at their respective MIC with a serial dilution of PG or LTA (from S. aureus cell 
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envelope) prior to addition of S. aureus or MRSA. The inhibitory concentration (IC50) was then 

determined (Table 3 and Table S4) and the inhibition curves are shown in Figures S7, S8, S9 

and S10. Both LTA and PG incubation with SNAPPs resulted in a decrease in the ability of 

SNAPPs to kill S. aureus and MRSA (Table 3 and Table S4), with the biggest decrease in 

antibacterial activity seen when SNAPPs were incubated with LTA. The inhibitory action of 

LTA and PG was significantly (p<0.05) greater for MRSA than against S. aureus, as evidenced 

by the reduced antibacterial activity. Only a slight variation in the fold decrease in activity of 

SNAPPs incubated with PG was found, indicating that PG interaction is weak or may be 

generic for the SNAPPs. In contrast, LTA had a greater effect on inhibiting SNAPP 

antimicrobial activity towards S. aureus than PG, with a strong inhibitory activity observed 

with S8M, S8L and S16M. For anti-MRSA activity LTA inhibited S8M the most. As well as 

inhibiting activity, PG and to a greater extent LTA, inhibited the SNAPPs’ ability to disrupt 

the cytoplasmic membrane (Table S4), indicating that the SNAPPs’ ability to traverse the outer 

cell wall layer of S. aureus and MRSA was reduced. 

It is known that PGs are polymeric carbohydrates interlinked by tetrapeptide residues 

to provide rigidity, while LTAs are amphipathic compounds with repeating lipidated glycerol 

phosphate, which intercalate into the cytoplasmic membrane (chemical structure illustrated in 

Figure S6) 48. The loss of the membrane disruption caused by SNAPPs can be explained by the 

strong electrostatic interactions with the negatively charged moieties present on free LTA. This 

in turn would decrease the subsequent electrostatic interactions with bacteria, allowing them to 

maintain their membrane integrity. Together with the full loss of the SNAPPs’ antibacterial 

activity in the presence of LTA (Figure S9 and Figure S10 A&C), the data suggested that 

SNAPPs bind to the amphipathic LTA, as a means of initial interaction before interacting with 

the cytoplasmic membrane. We hypothesise the strong interaction affinity of SNAPPs with 

LTA may allow the translocation of SNAPPs across the PG layer to the cytoplasmic membrane, 
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inducing pore formation, membrane lysis and cell death. The data above and the calculated 

therapeutic index (TI) of SNAPPs (Table S5), indicate that both S8M and S16M have the greatest 

impact on S. aureus and thus potential as lead clinical candidates and were chosen as the lead 

SNAPPs in the following studies. 

Table 3. Effect of lipoteichoic acid and peptidoglycan on SNAPP antibacterial activity against 

S. aureus and MRSA ATCC 33591. 

 
 

SNAPP 

Lipoteichoic acid Inhibitory Concentration (IC50, μM) 
 

S. aureus  MRSA ATCC 33591 
IC50a Fold decrease  IC50a Fold decrease 

S4S >37.90 >2.6  >37.90 >2.9 
S4M 4.4±0.10 3.1  >14.20 >11.5 
S4L 1.5±0.03 1.8  5.9±0.80 14.0 
S4VL 1.0±0.10 1.9  4.6±0.20 15.1 
S8M 2.4±0.10 5.0  4.1±0.01 16.1 
S8L 1.2±0.10 3.6  2.3±0.06 8.5 

S16M 1.4±0.02 3.0  >3.00 >11.1 
S16L 0.4±0.06 1.6  2.3±0.07 9.8 

      
 
 

SNAPP 

Peptidoglycan Inhibitory Concentration (IC50, μM) 
 

S. aureus  MRSA ATCC 33591 
IC50a Fold decrease  IC50a Fold decrease 

S4S 15.8±1.00 1.1  33.9±0.30 2.7 
S4M 2.6±0.05 1.9  2.6±0.04 2.2 
S4L 0.8±0.10 1.0  0.9±0.10 2.2 
S4VL 0.6±0.02 1.1  0.6±0.01 1.9 
S8M 0.9±0.20 1.8  0.5±0.02 2.1 
S8L 0.5±0.01 1.6  0.5±0.02 2.1 

S16M 0.6±0.02 1.2  0.6±0.01 2.2 
S16L 0.8±0.03 3.3  0.5±0.05 2.0 

a = Data expressed as micro-molar concentrations calculated from three biological replicates 

containing two technical replicates per assay.  

Determination of the binding interaction of SNAPPs with isolated bacterial cell wall 

components by ITC 

In order to determine the binding affinity of SNAPPs with the membrane components from 

Gram-negative and Gram-positive bacteria, we performed isothermal titration calorimetry (ITC) 

to characterise their thermodynamic interaction by using direct titration of E. coli LPS; S. 

aureus LTA or S. aureus PG into SNAPPs. As Figure S11 shows, the titration curves indicated 
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an exothermic reaction upon the injection of LPS, LTA or PG into SNAPPs, except for the S. 

aureus PG into S8M, where no binding activity was observed (Figure S11E). The determination 

of the KD for each of the biomolecular interactions showed that both S16M and S8M had very 

low binding affinity constants (KD), in the nanomolar range, towards E. coli LPS and S. aureus 

LTA, with around 1 binding site, indicating both SNAPPs had very strong binding to both LPS 

and LTA (This ability of S8M to bind to the surface of S. aureus and move quickly through the 

PG layer to the site of action as compared to S16M is reflected in the time kill and flow 

cytometry data that showed that S8M acts faster than S16M to kill S. aureus. Furthermore, 

circular dichroism analysis showed that S8M has a higher propensity to form an α-helical 

structure than S16M in a hydrophobic environment (20 % TFE) (Figure S19 and Table S6) 

which would enhance its antimicrobial activity upon interacting with the highly hydrophobic 

inner membrane of Gram-positive bacteria. Despite the high binding to bacterial components 

and forming α-helical structures in hydrophobic environments, both SNAPPs had a very low 

effect on red blood cells (Figure S20) and with a haemolytic concentration >500μg/mL 

suggesting the SNAPPs have a high therapeutic index and a strong preference for bacteria 

rather than mammalian cells. 

Table 4). For both LPS and LTA S16M had slightly strong binding (lower KD) than S8M, and 

significantly S16M had strong binding for PG, whereas S8M did not interact with PG and no 

binding was observed. These results suggest that S16M tends to have stronger affinity for the 

major cell wall components of both Gram-negative and Gram-positive bacteria than S8M. These 

differences in binding affinities suggest different mechanisms of action for each SNAPP in 

killing bacteria. For S16M in killing E. coli (Gram-negative) as well as disrupting the inner 

membrane (primary site of action) it would have a greater disrupting effect on the LPS layer 

(outer layer/membrane)19 than S8M, which in turn would affect the bacteria as a whole leading 

to lower MICs and MBCs. Similarly, S16M has a stronger affinity for the components of the 
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outer layer (LTA and PG) of S. aureus which would retard it and so, slowing S16M course to 

the inner membrane. In contrast, S8M has the ability to target S. aureus after binding to LTA 

and with no affinity to PG, then moves, unimpeded, to the inner membrane where it disrupts it, 

leading to cell death. This ability of S8M to bind to the surface of S. aureus and move quickly 

through the PG layer to the site of action as compared to S16M is reflected in the time kill and 

flow cytometry data that showed that S8M acts faster than S16M to kill S. aureus. Furthermore, 

circular dichroism analysis showed that S8M has a higher propensity to form an α-helical 

structure than S16M in a hydrophobic environment (20 % TFE) (Figure S19 and Table S6) 

which would enhance its antimicrobial activity upon interacting with the highly hydrophobic 

inner membrane of Gram-positive bacteria. Despite the high binding to bacterial components 

and forming α-helical structures in hydrophobic environments, both SNAPPs had a very low 

effect on red blood cells (Figure S20) and with a haemolytic concentration >500μg/mL 

suggesting the SNAPPs have a high therapeutic index and a strong preference for bacteria 

rather than mammalian cells. 

Table 4. ITC assay data for the binding affinity of SNAPPs to E. coli LPS; S. aureus LTA or 

S. aureus PG. n as the number of binding sites and KD is binding affinity constant.  

 N (sites) N (sites) KD (M) 
S8M E. coli LPS 0.802 1.54E-08 

S16M 1.12 8.59E-09 
S8M S. aureus PG N/A N/A 

S16M 0.726 7.43E-08 
S8M S. aureus LTA 1.19 6.07E-08 

S16M 1.51 1.60E-08 

SNAPP interactions with S. aureus and MRSA by Helium ion microscopy  

Though multiple imaging methods are currently used to observe the interaction between 

antibacterial agents and cells via the use of fluorescence, we previously showed that attachment 

of fluorescent dyes to target compounds affects the physical properties and bioactivity of the 

compounds under investigation 19, 35. The use of surface scanning microscopy, such as the 
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helium ion microscope (HIM) enables the direct study and analysis of biological samples with 

minimum sample damage at sub-nanometer resolution 49. HIM also provides high spatial 

resolution, surface sensitivity, and the ability to image insulating surfaces such as biological 

specimens without the need for conductive coating that could otherwise mask the cell 

membrane damage. To directly observe the interactions between SNAPPs and bacterial cells, 

HIM was performed on an ORION NanoFab (Zeiss, Peabody MA) to study the morphologies 

of S. aureus and MRSA after their treatment with S8M and S16M at different concentrations 

(2×MBC, 1×MBC, 0.5×MBC, 0.25×MBC). The bacteria samples were loaded onto glass 

coverslips after 90 min incubation with SNAPPs, similar to our previous description33, 50.  

As can be seen in Figure 7 there are distinct morphological changes in S. aureus and 

MRSA upon treatment with S8M and S16M at 1×MBC and 2×MBC concentrations, which 

resulted in membrane fragmentation, cytoplasmic content release and cellular disruption being 

observed in both bacteria. In contrast to untreated S. aureus and MRSA which have smooth 

spherical surfaces, SNAPP-treated bacteria displayed a rough and wrinkled cell surface, and 

membrane rupture at a sub-lethal dose of 0.5×MBC (Figure 7). Even at a much lower 

concentration (0.25×MBC), we observed cells that had clear signs of membrane distress. 

Interestingly, in several of the images, especially for MRSA, it is evident that there are small 

(80-100nm) spherical structures surrounding the damaged/rupturing bacteria, which are 

possibly membrane vesicles that have recently been reported to be produced by S. aureus 51. 

This membrane vesicular response by MRSA and S. aureus to SNAPPs at low concentrations 

may be a method of defence against cytoplasmic membrane antimicrobials, as it could be 

hypothesized this would be an effective way to shed membrane lytic materials. These visual 

images of S. aureus and MRSA showing physical deformation and rupturing occurring at the 

same doses of SNAPP that have effects on the bacterial integrity/functioning (such as 
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generation of ROS, membrane disruption, efflux pump inhibition and cell death), demonstrate 

that SNAPPs dramatically affect bacterial cell integrity. 

 

Figure 7. HIM of the S. aureus and MRSA treated by S8M and S16M at different concentrations 

with untreated S. aureus or MRSA as controls. 

Efflux pump inhibition 

Membrane potential is one of the main free energy sources powering efflux pumps 

through the transmembrane proton motive force (PMF) 52. This is one of the mechanisms that 

is rapidly adapted in resistance to increase bacterial survival against antibiotics 53. The high 

binding and depolarisation induced by S8M and S16M and their interaction with membrane 

components suggests they may also have an impact on efflux pump activity. Given the 

importance of porin/efflux pumps and the mechanism of some traditional antibiotics acting as 

ionophores, we further hypothesised that the S8M and S16M may abolish the PMF driving the 
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efflux pump by membrane depolarisation. To verify this, we designed a flow cytometric assay 

based on the ethidium bromide (EtBr, a fluorophore) accumulation method of assessing efflux 

pump activity 54-56, where the relative intracellular accumulation of EtBr reflects the efflux 

pump activity of a bacterium at a given time point. Higher levels of EtBr fluorescence within 

cells after a specific treatment are indicative of a decrease in efflux activity, and vice versa 57.  

Bacteria at late exponential phase of growth were harvested, washed and then incubated 

in PBS containing no glucose to remove an energy source for efflux pumps. Bacteria were then 

incubated with the permanent proton ionophore (CCCP) or SNAPP or no treatment, then 

washed and resuspended in a glucose-containing buffer to re-energise the cells and efflux pump 

activity. The fluorescence intensity (EtBr+ bacteria) was then measured by flow cytometry to 

determine the effect of treatment on EtBr efflux. As can be seen in Figure 8, S. aureus or 

MRSA incubated with CCCP were unable to excrete EtBr upon addition of glucose compared 

to cells not treated with CCCP. S. aureus treated with S8M at 0.25 × MBC had higher EtBr 

concentrations and were unable to excrete EtBr when glucose was re-introduced into the media; 

a similar trend was observed for S16M starting at 0.5 × MBC (Figure 8A, 6B). By normalising 

the EtBr efflux fluorescence intensity with standard EtBr fluorescence background (CCCP-

treated bacteria without glucose), we can clearly observe that the EtBr inside MRSA was 

unable to be excreted in presence of 0.5 × MBC S8M or S16M, which is slightly higher than S. 

aureus with S8M (Figure S12). The inability of S. aureus or MRSA to excrete EtBr after S8M 

or S16M treatment indicated that SNAPPs bound firmly to the bacterial membrane to dissipate 

the PMF and inhibit the efflux activity. 
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Figure 8. EtBr efflux assay of S. aureus (A) and MRSA (B) under the treatment of S8M and 

S16M (*p<0.05), n=2. A), EtBr efflux assay in S. aureus; B), EtBr efflux assay in MRSA.  

Proposed mode of action against Gram-positive bacteria 

Based on the detailed studies of the SNAPP antimicrobial activity towards Gram-

positive bacteria, we propose a multistep model as to their mode of action, which involves 

binding to LTA and insertion of the SNAPPs into the cytoplasmic membrane. As illustrated in 

Figure 9, the interaction between SNAPPs and PG slightly contributes to their membrane 

interaction and can relate to their mode of actions, which is similar to some antimicrobial 

peptides and vancomycin58. Previously, we have shown the S16M can neutralise E. coli 

lipopolysaccharides (LPS) in vitro, a critical step for the SNAPP’s action against Gram-

negative bacteria19. Based on the structure similarity between LTA and LPS59, the current 

results of high binding affinity with LTA (as indicated by external LTA inhibiting the 

antibacterial activity of SNAPPs) suggest the initial stage of SNAPP action toward Gram-

positive species involves LTA binding thus targeting the SNAPPs to the bacterial surface. This 

is then followed by moving through the PG layer and then insertion into the cytoplasmic 

membrane to locally destabilise the membrane. As S16M strongly interacts with PG whereas 

S8M has no interaction, S16M would be retarded in the outer layer more than S8M and so have 
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a slower killing time. With imbedding into the inner membrane this interaction of the multi-

peptide chains of SNAPPs may form a channel leading to ion efflux and bacterial membrane 

depolarisation, resulting in membrane fragmentation, rupture and cell lysis. Additionally, both 

S8M and S16M can act as ionophores to inhibit efflux pump activity to increase the intracellular 

concentration of SNAPPs. Furthermore, the ROS production under SNAPP treatment can 

likewise disrupt bacteria and lead to cell death. 

 

Figure 9. Illustrated mechanism of the SNAPPs against Gram-positive bacteria. 

In vivo efficacy of S8M and S16M against S. aureus and MRSA infection 

The major concern with antibiotic-resistant bacteria is their ability to cause systemic 

infections. Therefore, to further evaluate the efficacy of SNAPPs we have established an in 

vivo infection mouse model with S. aureus and MRSA. To evaluate the ability of S8M and S16M 

to control bacterial growth in vivo, mice were infected with a single peritoneal inoculation of 
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S. aureus or MRSA. Mice were then treated with 2.8 mg/kg of S8M or S16M at 0.5 h, 3 h and 6 

h, or 50 mg/kg methicillin at the same time points. Mice that received either S8M or S16M had 

a significant reduction in peritoneal bacterial load, for both S. aureus and MRSA, when 

compared with the untreated infected control group (Figure 10A). For both S8M and S16M-

treated mice the reduction in CFU counts of 1.8 log (>98%) in both S. aureus and MRSA-

infected mice was achieved, indicating that both SNAPPs have in vivo bactericidal activity. 

The protection afforded by treatment with either SNAPP (S8M and S16M) was accompanied by 

a significant (p<0.05) neutrophil infiltrate into the peritoneal cavity of the treated animals 

which was not observed in the bacterial infection-alone or methicillin-treated groups (Figure 

10B). Representative graphs of the flow cytometric analysis of neutrophils are provided in the 

supporting information (Figure S15-18). Treatment with methicillin resulted in sterility in the 

S. aureus-infected mice; however, for MRSA-infected mice there was an increase in CFU (0.25 

log; 22%) when compared with the control infected group (Figure 10A). These results validate 

the model but also indicate that upon external pressure (such as methicillin) MRSA has 

enhanced growth in vivo. 

 

Figure 10. In vivo efficacy of SNAPPs S8M and S16M in a mouse peritonitis model. (A) CFU 

of S. aureus ATCC 29213 and MRSA ATCC 33591 found in the peritoneal wash of infected 
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mice 24 h after mock (MEM) treatment or treatment with methicillin (50 mg/Kg) or S8M or 

S16M (2.8 mg/kg). (B) Numbers of peritoneal neutrophils in the mild peritonitis model with 

mice 24 h after infection with S. aureus ATCC 29213 and MRSA ATCC 33591 found in the 

peritoneal wash of infected mice 24 h after mock (MEM) treatment or treatment with 

methicillin (50 mg/kg) or S8M or S16M (2.8 mg/kg). All data are expressed as mean ± s.d. 

(indicated by error bars), based on values obtained from five biological replicates (n=5). 

*p<0.05 **p<0.01, ***p< 0.001, Student’s t-test, significant difference from the mock (MEM) 

control group test groups. 

The results of the peritoneal infection model indicate that both S8M and S16M control a 

peritoneal infection of both antibiotic-susceptible and resistant S. aureus strains. This reduction 

in bacterial load correlated with an increase in the neutrophil influx into the peritoneum. It is 

unclear if the observed reduction in bacterial load was a result of the direct killing of bacteria 

by both S8M and S16M or an increase in the bacterial killing by the recruited neutrophils, or a 

combination of both. Our previous work on SNAPPs demonstrated that direct killing and 

indirect activity via neutrophil recruitment was involved in combating Gram-negative 

infections in vivo, in these studies SNAPPs were shown to not induce inflammatory mediators, 

but did induce a localised increase in ATP which is a known neutrophil recruitment factor32. It 

has been shown that antimicrobial peptides are often more effective in vivo than in vitro and 

that this boosted activity has been accredited to the immunomodulatory properties of AMPs 

that affect neutrophil or macrophage differentiation, activation and phagocytic ability5, 60. A 

study conducted in our lab using MDR Gram-negative bacteria has shown that binding of 

inflammatory LPS by S16M inhibits macrophage NF-κB and inflammasome activation19. 

However, these anti-inflammatory effects may be specific for SNAPPs and not for other 

antimicrobial peptides which promote the immune response5, 60. It is clear, however, that the 
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data in this investigation indicate that SNAPPs have an immunomodulatory role and enhance 

the bactericidal activity of neutrophils.  

Discussion 

Though SNAPPs have exhibited a remarkable efficiency to combat Gram-negative 

pathogens 19, 32, our designed mixed culture studies of E. coli and S. aureus or MRSA showed 

the preferential targeting of Gram-positive bacteria by SNAPPs and in particular S8M over 

S16M which has been shown to favour Gram-negative bacteria. The strain-preference and 

promising potency of SNAPPs through their structure design offers guidance for the future 

development of clinical therapeutics in combating antimicrobial resistance. We have developed 

a series of star-shaped polymers, SNAPPs, potent against virulent Gram-positive MDR bacteria, 

including S. aureus and MRSA, followed by a detailed study of their mechanism. From the 

assessed SNAPP panel, the S8M and S16M SNAPPs were found to possess greater antimicrobial 

activity with S8M being a lead candidate for clinical development against S. aureus and MRSA 

infections. Our studies showed that the initial interaction process of SNAPP killing involves 

binding to LTA on the cell surface of S. aureus and MRSA, followed by translocation and 

insertion into the cytoplasmic membrane, leading to membrane depolarisation, inhibition of 

efflux pump and ROS production within minutes of SNAPP contact. A thermodynamic 

interaction ITC assay with direct titration of E. coli LPS; S. aureus LTA or S. aureus PG against 

SNAPP S8M and S16M showed that the S16M had higher binding affinity for the outer layer 

components of E. coli and S. aureus than S8M thus causing more disruption in the cell envelope 

of Gram-negative bacteria but being retarded in Gram-positive bacteria outer layer. This has 

the consequence that S16M has a slower killing time than S8M S. aureus and as such S8M has 

high antimicrobial efficacy than S16M. In addition, the more helical S8M and S16M (determined 

by circular dichroism in Figure S19 and Table S6) than the shorter armed SNAPPs 32 can 

separate their amphiphilic moieties and provide an increased concentration of positive charges 
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in the microenvironment of the cell wall, possibly assisting cytoplasmic membrane targeting 

and insertion. The higher α-helical contents of both S8M and S16M in hydrophobic environment 

(Figure S19) may expose the positive charged Lys residue which can contribute their strong 

binding affinity with negatively charged cell components of Gram-positive bacteria (Figure 

S11). Such interaction with cells will then lead the membrane destabilization and damage, as 

shown in HIM images (Figure 7) with a clear visualisation of their membrane interaction at 

sub-lethal and lethal doses. The bactericidal kinetic analysis further implied the membrane 

depolarisation, efflux pump inhibition and ROS occurred simultaneously, which led to the cell 

death of S. aureus and MRSA in under a minute at high concentrations of SNAPP. Importantly, 

both S8M and S16M can significantly reduce CFU by 98.5% (2-log reduction) in both S. aureus 

and MRSA-infected mice, which corresponded with a neutrophil increase indicating that 

SNAPPs may have an immunomodulatory function. Given the awareness of 

selective/targetable antibacterial therapy by using peptide-based polymers, polymer based 

delivery system or photothermal therapy-derived treatment have been applied to deliver 

antibiotic specifically or synergistic antimicrobials for argetable treatment to combat bacterial 

infections61-62. Our current work demonstrated the multi-modal mechanisms of action with 

preferentially strong binding to LTA (Gram-positive), which showed  prospective potency of 

the SNAPP structure with less haemolytic activity provide a promising direct approach to target 

S. aureus, and especially MRSA, with less potential to induce de novo resistance in combating 

the emerging threat of antimicrobial resistance. 

Conclusion 

Multi-drug resistant (MDR) pathogens are a recognised threat to public health, and the 

development of novel antibiotic alternatives to combat the infections caused by Gram-positive 

MDR bacteria, such as methicillin-resistant S. aureus (MRSA), is urgently needed. In this work, 

we investigated a novel antibacterial agent, the Star-Shaped “Structurally Nanoengineered 
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Antimicrobial Peptide Polymers” (SNAPPs) against Gram-positive bacterial infections. In a 

mixed culture antimicrobial assay S16M (16 arms) and to a greater extent S8M (8 arms) 

preferentially killed S. aureus or MRSA rather than E. coli. A panel of SNAPPs with different 

number of arms (4, 8 and 16 arms) and different arm lengths were fabricated and their 

antibacterial activity against Gram-positive S. aureus and MRSA was investigated. The results 

showed that both arm number and length were found to be critical in the SNAPP’s 

antimicrobial activity against S. aureus and MRSA, with the medium arm length for the 8-arm 

(S8M) and 16-arm (S16M) being the most active. The S8M strongly interacted and bound with 

S. aureus lipoteichoic acid and killed S. aureus and MRSA within 10 and 30 minutes compared 

to S16M’s 60 and 30 minutes (respectively), suggesting specific mechanisms of attachment and 

killing. Both S8M and S16M can induce membrane depolarisation, reduce efflux pump activity 

and induce reactive oxygen species. In the mouse acute peritonitis model both S8M and S16M 

protected animals from S. aureus and MRSA infection,  enabling a 2-log reduction (>99%) in 

infection, indicating in vivo bactericidal activity. These data indicate that by tuning SNAPP 

architecture it is possible to target specific bacteria, which would significantly aid in the 

development of polypeptide-based antibacterial agents as well as peptide mimetic polymers 

against Gram-positive bacterial pathogens in polymicrobial environment.  
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