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Abstract

Antimicrobial peptides (AMPs) are promising pharmaceutical candidates for the prevention and 

treatment of infections caused by multidrug-resistant ESKAPE pathogens, which are responsible 

for the majority of hospital-acquired infections. Clinical translation of AMPs has been limited, 

in part by apparent toxicity on systemic dosing, and by instability arising from susceptibility to 

proteolysis. Peptoids (sequence-specific oligo-N-substituted glycines) resist proteolytic digestion, 

and thus are of value as AMP mimics. Only a few natural AMPs such as LL-37 and polymyxin 

self-assemble in solution; whether antimicrobial peptoids mimic these properties has been 

unknown. Here we examine the antibacterial efficacy and dynamic self-assembly in aqueous 

media of eight peptoid mimics of cationic antimicrobial peptides designed to self-assemble, 

and two non-assembling controls. These amphipathic peptoids self-assembled in different ways, 

as determined by small angle X-ray scattering; some adopt helical bundles, while others form 

core-shell ellipsoidal or worm-like micelles. Interestingly, many of these peptoid assemblies show 

promising antibacterial, anti-biofilm and anti-abscess activity in vitro in both media and host-
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mimicking conditions, as well as in vivo. While self-assembly correlated overall with antibacterial 

efficacy, this correlation was imperfect. Certain self-assembled morphologies seem better suited 

for antibacterial activity. In particular, a peptoid exhibiting a high fraction of long, worm-like 

micelles showed reduced antibacterial, antibiofilm and anti-abscess activity against ESKAPE 
pathogens compared with peptoids that form ellipsoidal or bundled assemblies. This is the first 

report of self-assembling peptoid antibacterials with activity against in vivo biofilm infections 

relevant to clinical medicine.
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Introduction

Natural antimicrobial peptides (AMPs), and their synthetic mimics 1 have emerged as 

promising therapeutics for treating infections caused by multi-drug resistant pathogens due 

to their broad-spectrum activity against both Gram-negative and Gram-positive bacteria 2. 

AMPs are diverse, short (generally < 40 amino acids), amphipathic, positively charged (+2 

to +9 net charge) biomolecules found in all forms of life 3. In addition to their own potent 

antimicrobial activity, AMPs act synergistically in conjunction with traditional antibiotics. 

This property may reduce the induction of antimicrobial tolerance and resistance 4. We 
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have developed peptidomimetics, known as peptoids, which are synthetic oligomers that 

mimic peptide structures 5. Peptoids are based on the same sequence of backbone atoms as 

natural peptides, but are less susceptible to proteolysis and enzymatic degradation because 

their functional side chains are appended to the backbone nitrogen (N)-atom rather than 

to the α-carbon atom 6. Peptoids are therefore sequence-specific N-substituted glycines. 

Peptoid AMP mimics studied to date have consisted of a relatively small number of different 

monomers, and typically were less than ~13 monomers in length 7. N-substitution of the 

peptoid backbone prevents it from serving as a hydrogen bond donor. Nonetheless, peptoids 

with certain sequences form stable secondary structures, such as helices 8-9.

It has been previously suggested that a relatively high number of peptoid residues is 

required to achieve sufficient levels of attractive side chain interactions for self-assembly, 

since backbone-backbone hydrogen bonding is restricted and flexibility is increased in 

peptoids relative to peptides 10. Covalent attachment of lipophilic tail residues can promote 

self-assembly by enhancing intermolecular hydrophobic interactions, inducing the formation 

of micellar macromolecular assemblies 11-12. Self-assembly of short, water-soluble, linear 

peptoids has also been demonstrated in the absence of chirality, hydrogen-bonding and 

charge group deionization 10. Therefore, in some instances, increased flexibility of the 

peptoid backbone can aid self-assembly due to accommodation of π−π stacking and 

hydrogen bonding between side chains 10. Further, we previously showed in Molchanova 

et al. how sequence length, degree of halogen substitution and halogen identity all impact 

on the self-assembly of peptoids, which in turn affects the antimicrobial activity 13. In the 

present work, we explored the relationship between self-assembly and biological activity 

against ESKAPE pathogens of a series of ten peptoids 14 (with and without lipid tails or 

halogen substitution), based on the previously described Peptoid 15 referred to herein as 

TM1, and another peptoid previously referred to as Peptoid 2 or 1-C134mer 15-17 (referred to 

herein as TM5).

The ESKAPE pathogens are six species of bacteria that are the primary cause of 

nosocomial (hospital-acquired) infections exhibiting virulence and multi-drug resistance 
18. These species, including Enterococcus faecium, Staphylococcus aureus, Klebsiella 
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter sp., have 

the propensity to form biofilms through a process of surface attachment, production of 

extracellular matrix, and maturation 18. Biofilm-forming bacteria often exist in densely 

populated communities (>107 CFU/mL) and are associated with ~65% and ~80% of all 

microbial and chronic infections, respectively 19. Current treatment regimens for biofilm 

infections are not standardized, and typically feature physical or mechanical removal of the 

biofilm (debridement) followed by antibiotic therapy using broad-spectrum antimicrobials 
20. These treatments are often ineffective due to the ability of components of the biofilm 

to interfere with antibiotic activity 21 and the slower metabolic activity of organisms 

encapsulated deep within the biofilm architecture 22-23. Thus, there is an urgent need for 

new therapeutics with low induction of canonical resistance mechanisms in conjunction with 

potent antibiofilm activity 24-25.

We found that while the relationship between self-assembly and biofunctionality of the 

peptoids was complex, all active antimicrobial peptoids did form stable supramolecular 
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assemblies. Several newly described supramolecular peptoid assemblies exhibited 

antimicrobial, anti-biofilm and anti-abscess activity against selected ESKAPE pathogens 

both in standard laboratory media and host-mimicking conditions in vitro and in vivo. 
This activity persisted even though small-angle X-ray scattering (SAXS) data showed 

that the peptoids adopted distinct macromolecular structures. Remarkably, certain peptoids 

retained their anti-biofilm activity in the context of polymicrobial infections comprised 

by clinical isolates of P. aeruginosa and S. aureus in host-mimicking conditions in vitro, 

while appearing to be safe and non-toxic to human cells even at concentrations as high as 

256 μg/mL. Therefore, certain self-assembling peptoids described here offer good potential 

for development as anti-infective agents for the prevention and treatment of nosocomial 

infections caused by ESKAPE pathogens.

Results

Peptoids self-assembled into different defined nanostructures

Ten different peptoid AMP mimics, which were previously reported as antivirals active 

against Herpes Simplex Virus HSV-1 and SARS-CoV-2 14, were investigated herein as 

self-assembling antibacterial AMP mimics. LL-37 is an example of a self-assembling human 

antibacterial peptide that is also active against SARS-CoV-2 26-27. Of these ten peptoids, 

four were designed with terminal N-decyl or N-tridecyl alkyl tails, while all peptoids 

comprised α-chiral, aromatic Nspe and cationic lysine-like NLys residues (Figure 1). A 

detailed discussion of how the studied library of peptoids were designed was described 

previously 14. We investigated the self-assembly of these peptoids (except TM3) and of 

the natural human antimicrobial peptide LL-37 using small-angle X-ray scattering (SAXS) 

(Figure 2). Based on theoretical model analysis (Supplementary Information section 1.2 for 

details of models), the self-assembled structures of the peptoids in aqueous solution were 

determined (Figure 3). The peptoids without alkyl chains formed helical bundles either as 

dimers, trimers or/and tetramers (Figure 2A, 3A). The 12mer peptoid TM1, which prior 

studies have shown to be helical in secondary structure in association with anionic lipid 

micelles 5, 28, assembled mostly into dimers, but also demonstrated a smaller fraction of 

monomers and larger bundles (trimers/tetramers could not be distinguished in this mixture). 

TM6, an 11-mer version of TM1 lacking one C-terminal Nspe monomer, formed dimers 

and monomers with no larger bundles. This suggests that Nspe monomers are important 

for the intermolecular assembly of this class of peptoids, as seen in prior studies 29. TM7, 

a 6-mer version comprising one-half of TM1, was the only peptoid in the series that 

exhibited Gaussian chain morphology without higher order structure (with just a 0.003% 

fraction of larger aggregates (dimensions of 110Å x 350Å x >1000Å)), consistent with 

its shorter length. Helicity also might be important for self-assembly of this class of water-

soluble peptoids due to their three-faced helical structures, and the known driving forces 

of assembly of amphipathic helices into bundles or coiled-coils to bury the hydrophobic 

side chains on two faces of the TM1 peptoid helix30. Helicity was previously found to be 

dependent on peptoid chain length 9.

The halogen-substituted peptoids TM2 and TM4 formed larger helical bundles (estimated 

to be tetramers based on theoretical modeling), likely through an effective “hydrophobic” 
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interaction between the heavy bromine para-benzyl substituent atoms. TM2 (which includes 

two Nspe monomers with bromine substitutions) included a 0.005% fraction of larger 

aggregates (dimensions of 120Å x 280Å x >1000Å), seen as a sharp upturn at low Q 

(~0.009-0.03) (Figure 2A), while TM4 did not exhibit any of these larger aggregates. 

Interestingly, the SAXS pattern of TM4 was very similar to that of the human peptide LL-37 

(included for comparison) (Figure 2A and 3A).

The scattered intensity obtained from the alkylated lipopeptoids exhibited a classical core-

shell scattering pattern with clear oscillations, thus indicating the presence of micellar 

structures, which is expected due to the enhanced intermolecular hydrophobic interactions 

when introducing the alkyl tails 11-12. Interestingly, model analysis determined that TM5, a 

C13-terminated peptoid pentamer, formed ellipsoidal micellar assembles with Rcore = 13 Å, 

an eccentricity (ε) of 1.6 and a dR of 7 Å. Peptoid TM8, a C10-terminated heptamer, also 

formed ellipsoidal micellar assemblies but with a slightly smaller Rcore = 10 Å reflecting 

the shorter aliphatic tail, an ε = 1.9, and a slightly thicker shell as shown by a dR = 9 Å. 

TM8 exhibited an upturn at low Q indicating the presence of a small (~0.08%) fraction of 

bigger aggregates (dimensions of 150Å x 280Å x >1000Å). TM9 and TM10 are brominated 

versions of TM8 with either N-decyl or N-tridecyl amino-terminal tails, which assembled 

into mixtures of ellipsoids and longer worm-like micelles. While TM9 exhibited a relatively 

small (0.1%) fraction of worm-like micelles, this fraction was significantly higher for TM10 

(0.4%).

Self-assembling peptoids inhibit the growth of ESKAPE pathogens

We previously showed that, at low micromolar concentrations (12.5 μM), TM1 inhibits 

growth of P. aeruginosa 17 and other clinically relevant Gram-negative and Gram-positive 

pathogens, including Escherichia coli, K. pneumoniae, E. faecalis and S. aureus 31. Here, 

we built on these studies using clinical isolates of the ESKAPE pathogens to assess the 

efficacy of this library of ten different peptoids, which contained eight novel compounds. 

TM1 inhibited growth of all ESKAPE pathogens at 1.56-12.5 μg/mL (Table 1). TM2 

inhibited E. faecium and P. aeruginosa at the same concentrations as TM1 (1.56 and 

12.5 μg/mL, respectively), but higher concentrations were needed to inhibit the growth 

of the other bacterial species. Similarly, TM4 inhibited E. faecium and P. aeruginosa at 

lower concentrations (0.78 and 6.25 μg/mL, respectively) than TM1, but equal or higher 

concentrations were needed to inhibit other species. TM5 inhibited growth of E. faecium, 

S. aureus and P. aeruginosa at concentrations equal to or less than those for TM1, whereas 

TM8 showed equal or improved activity toward E. faecium, A. baumannii and P. aeruginosa. 

In contrast, TM3, TM7, TM9 and TM10 exhibited equal or worse inhibitory activity toward 

all ESKAPE pathogens. This is intriguing since TM9 and TM10 formed worm-like micelles, 

which seems to be detrimental to the activity of these peptoids against ESKAPE pathogens.

No apparent cytotoxicity of peptoids in vitro using primary human gingival cell cultures

Peptoids TM1, TM2, TM3, TM4, TM5, TM6, and TM9 (which we considered to be of 

interest as lead antibacterial compounds) exhibited no apparent cytotoxicity in vitro when 

applied to the apical surface of 3-dimensional tissue models of primary human gingival 

epithelial cells grown at the air-liquid interface, at concentrations as high as 256 μg/mL 
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(Figure S4). These results are similar to those described for TM4, TM5, and TM9 with oral 

epithelial cells in a recently published paper 14.

Certain peptoids exhibit antibiofilm activity against ESKAPE pathogens

We further investigated the anti-biofilm activity of TM peptoids against all ESKAPE 
pathogens (Figure 4). At 1.56 μg/mL, TM1 exhibited slight but significant inhibition of 

biofilm formation by S. aureus, K. pneumoniae, A. baumannii, P. aeruginosa and E. cloacae 
relative to a PBS control. At 6.25 μg/mL, TM1 reduced the biomass of pre-formed biofilms 

for S. aureus, K. pneumoniae and P. aeruginosa and reduced metabolic activity of all 

ESKAPE pathogens in the biofilm growth state.

TM2 inhibited biofilm formation by E. faecium and E. cloacae only, but slightly reduced 

the biomass of pre-formed biofilms for K. pneumoniae and P. aeruginosa and attenuated 

biofilm metabolic activity for all species except P. aeruginosa. TM3 and TM4 only exhibited 

significant biofilm inhibition against E. cloacae and showed minor reduction of pre-formed 

biofilm biomass for S. aureus and/or P. aeruginosa. However, these peptoids reduced biofilm 

metabolic activity for E. faecium, S. aureus and K. pneumoniae. TM5 inhibited biofilm 

formation by K. pneumoniae and P. aeruginosa but reduced biofilm biomass of S. aureus and 

K. pneumoniae and reduced biofilm metabolic activity for the same pathogens as well as for 

E. faecium and P. aeruginosa.

TM8, TM9 and TM10 inhibited biofilm formation by all pathogens except E. faecium 
and A. baumannii, although the effect for TM9 against S. aureus biofilm formation was 

not significant. The biomass of S. aureus and K. pneumoniae pre-formed biofilms was 

impacted across these peptoids and metabolic activity was reduced for all pathogens except 

P. aeruginosa as well as, in the case of TM10, E. faecium, A. baumannii and E. cloacae.

Peptoids exhibited superior anti-biofilm activity against S. aureus in both mono- and 
polymicrobial biofilms

The host environment is an important factor to consider for the assessment of novel 

therapeutic treatments. It has become increasingly recognized that the host environment 

affects drug activity 32-33. Therefore, we selected P. aeruginosa and S. aureus to represent 

Gram-negative and Gram-positive organisms, respectively, to further assess peptoid activity 

under host-mimicking conditions. Tissue culture medium supplemented with serum and 

glucose (DMEM-FBS-G) was used to assess antimicrobial and anti-biofilm activity of 

the peptoids. Overall peptoid antimicrobial activity was enhanced against S. aureus under 

these conditions (Table S1). In order to assess the anti-biofilm activity of the peptoids, 

we performed eradication experiments of monomicrobial P. aeruginosa, S. aureus and 

polymicrobial P. aeruginosa-S. aureus preformed biofilms in DMEM-FBS-G. While none 

of the peptoids reduced the biomass of P. aeruginosa biofilms significantly under these 

conditions (Figure 5A), all of the peptoids showed >50% biomass reduction against S. 
aureus at all concentrations tested (Figure 5B). Intriguingly, all of the peptoids achieved 

a reduction of polymicrobial biofilm mass by ~50%, except for TM9 (Figure 5C). We 

further determined 31.25 μg/mL as a potential, effective anti-biofilm concentration across 

all investigated peptoids against both mono- and polymicrobial biofilms (Figure 6). At this 
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concentration, TM1, TM5, TM6 and TM8 reduced 17-25% of P. aeruginosa biomass when 

compared to the PBS-treated control biofilms (Figure 6A). Intriguingly, TM8 reduced P. 
aeruginosa significantly by 1,000-fold and although not significant, TM1 (p = 0.09) and 

TM6 (p = 0.22) also visually reduced P. aeruginosa bacterial numbers by ~1,000-fold and, 

100-fold, respectively (Figure 6B). Against S. aureus, all of the peptoids visually reduced 

biomass by at least 70% except TM6, which had a 28% reduction. TM8 was the only 

peptoid that significantly reduced S. aureus biomass (by 81%) (Figure 6C). S. aureus cells 

were significantly reduced by at least 10,000-fold in wells treated with TM1, TM2 and TM6 

(i.e., CFU recovery below limit of detection) (Figure 6D).

Overall, a >50% reduction of biomass was observed for all peptoids against P. aeruginosa-S. 
aureus polymicrobial biofilms (Figure 6E). TM1 and TM2 reduced biomass significantly 

(p=0.003) by 73% and (p=0.04) by 66%, respectively. Biofilms treated with TM4 showed 

higher biomass staining, but significantly (p=0.04) reduced S. aureus within the biofilm 

below the limit of detection of 102 CFU/mL. TM1 and TM6 also reduced S. aureus within 

the biofilm significantly (p=0.03 and p=0.002, respectively) below the limit of detection, 

however, the majority of peptoids reduced viable S. aureus within the biofilm by ~10,000 

fold, thus indicating that the biofilms were P. aeruginosa dominant. By comparison, the 

majority of the peptoids reduced P. aeruginosa by ~10-fold within the polymicrobial biofilm. 

TM1 and TM6 were the only peptoids that significantly reduced P. aeruginosa, by 100-fold 

(p=0.02) and 1,000-fold (p=0.001), respectively (Figure 6F).

Peptoids reduced S. aureus abscess size and bacterial load in vivo

We formed skin abscesses in mice using P. aeruginosa and S. aureus as representatives of the 

Gram-negative and Gram-positive ESKAPE pathogens (Figure 7). One hour post infection, 

peptoids were administered at their maximum tolerated dose (2.5 mg/kg for TM1, TM2, and 

TM4, and 1.25 mg/kg for TM5, and TM8; Table S3) and compared to a PBS control. TM1 

reduced P. aeruginosa abscess size by a factor of ~2 (from 79.6 mm2 to 36.8 mm2) and 

significantly reduced bacterial load ~5-fold (from 4.9 x 108 CFU/mL to 8.2 x 107 CFU/mL). 

TM4 also reduced abscess sizes ~2-fold to 35.5 mm2 but did not significantly impact on 

bacterial load (3.2 x 108 CFU/mL). Other peptoids did not significantly impact on abscess 

size or bacterial load in vivo when compared to the PBS control. Intriguingly, more peptoids 

maintained their activity toward S. aureus infection in vivo. TM1 and TM2 showed the 

greatest reduction of abscess size (>90%, from 47.2 mm2 to 4.6 and 2.7 mm2, respectively), 

respectively, and also the greatest reduction in bacterial load (by >10,000-fold, from 2.3 x 

108 CFU/mL to 4.9 x 104 for TM1, and by >100,000-fold to 8.5 x 102 CFU/mL for TM2). 

TM4 and TM5 also reduced abscess size by ~80% to 5.6 and 10.2 mm2, respectively, and 

reduced bacterial load by ~1,000-fold. TM8 insignificantly reduced S. aureus abscess size as 

well as bacterial burden.

Discussion

Antimicrobial resistance is rapidly accelerating, thus creating an urgent need for new 

antibacterial drugs. Here, we explored a family of peptoids comprising two well studied 

compounds TM1 and TM5, and eight peptoids (TM2-TM4, TM6-TM10) which are 
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variants and molecular hybrids of TM1 and TM5. We used these peptoids to treat 

ESKAPE pathogens, and investigated their activity against Gram-negative P. aeruginosa and 

Gram-positive S. aureus under host-mimicking conditions and in a very-challenging high-

density cutaneous mouse abscess infection model. These peptoids varied in chain length 

(6mer-12mer), net positive charge and hydrophobicity by inclusion of varying numbers of 

Nspe monomers, covalently bound alkyl chains and halogen substitutions.

The majority of these peptoids exhibited antimicrobial activity against all ESKAPE 
pathogens, except for the 6-mer TM7, which was found to have no antimicrobial or anti-

biofilm activity (Table 1, Figure 4). This correlated with TM7 being the only peptoid 

not found to self-assemble to some degree in solution, which was likely due to its short 

length. All of the other peptoids investigated by SAXS revealed strong intermolecular 

interactions promoting self-assembly into larger bundled or micellar structures(Fig 1). The 

critical micellar concentrations (CMCs) as estimated by modeling of SAXS data generally 

seem to be below the MIC range (in the order of 1 μg/ml) , which supports our hypothesis 

that sufficient self-assembly contributed to both antimicrobial and anti-biofilm activity of 

peptoids. Self-assembly into defined multimers have rarely been observed in natural AMPs 

despite of their amphiphilic properties.34 However, one exception is the human cathelicidin 

LL-37 27, 35, which formed larger tetrameric helical bundles according to the current study 

(Figures 2, 3). In a previous study TM1, TM6 and LL-37 were all found to cross bacterial 

membranes, bind to DNA, and also rapidly aggregate bacterial ribosomes in vitro and in 
vivo, and these phenomena have therefore been suggested as key mechanisms of killing 

for both cationic, amphipathic peptoids and peptides 36. We hypothesize that these newly 

discovered supramolecular peptoid assemblies disassociate when they come in contact with 

anionic bacterial membranes, explaining the rapid bacterial membrane permeabilization that 

has been observed for these peptoids (unpublished data, manuscript in preparation).

Other peptoids with intriguing activity are TM3 and TM10; both exhibited antimicrobial 

activity against P. aeruginosa that was comparable to TM1 (the antimicrobial activity of 

TM3 and TM10 was at least 4-fold decreased against other ESKAPE pathogens). TM10 is a 

lipopeptoid with similar structure to TM5, TM8 and TM9 (Figure 1, Figure 3), however 

TM10 forms a higher proportion of worm-like micelles (TM5 and TM8 formed only 

ellipsoidal micelles, while TM9 formed a mixture of 90 % ellipsoidal and 10 % worm-like 

micelles, and TM10 60 % ellipsoidal and 40 % worm-like micelles). We hypothesize that 

worm-like physical morphology, if too stable, can inhibit antibacterial and antiviral activity, 

which may therefore account for TM10’s reduced activity when compared to its analogs 

TM5, TM8, and TM9, which exhibited antimicrobial activity within 2-4-fold of TM1. 

Furthermore, TM10 also recently demonstrated lower anti-viral activity when compared 

to TM9 14. Given the structural similarity of TM9 and TM10, which differ only in the 

lengths of their alkyl chains (C10 for TM9, C13 for TM10), these results suggest that 

both hydrophobicity and micellar aggregation number contribute to the biological function 

of peptoids. In line with this, the activity of the YGAAKKAAKAAKKAAKAA (AKK) 

peptides conjugated to fatty acids of varying lengths was lost when the minimal active 

concentration exceeded the CMC 37. While the conjugation of the AKK peptide with 

fatty acid tails increased their affinity for anionic lipid membranes, the self-assembled 

structure (obtained at concentrations above the CMC) apparently could inhibit the efficient 
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binding of the peptide to bacterial cell membranes 37, and we hypothesize also intracellular 

mechanisms of action, although those were not mentioned in that report. Thus, for 

alkylated AMPs, optimal activity may require a proper balance between hydrophobicity 

and self-assembly, which is different for various biological activities (e.g. TM10 showed 

no antibiofilm activity against P. aeruginosa). However, as this hypothesis is based only on 

results obtained with TM10 together with limited literature references, further studies are 

warranted that focus more specifically on how morphology and stability of self-assembled 

structures affects bioactivity, especially as regards the antibacterial activity of the ellipsoidal 

micellar vs. more extended wormlike structures.

This study suggests that the chemical structure of antimicrobial peptoids is not the only 

factor that needs to be considered when assessing biological activity: we must also consider 

their propensity to self-assemble in a physiological aqueous environment. Moreover, various 

features of the host environment including pH, nutrient availability and the presence of 

albumin also can impact on peptoid activity 38. The host environment is known to affect 

bacterial virulence 39 and antibiotic efficacy 33 and can also affect interspecies interactions. 

Under physiologically relevant conditions, peptoid antimicrobial activity was enhanced 

against S. aureus when compared to results in nutrient-rich laboratory medium (Table S1). 

Furthermore, the peptoids exhibited potent anti-biofilm activity against S. aureus in mono- 

and polymicrobial biofilms but were less active vs. P. aeruginosa (Figure 5, Figure 6).

The higher antimicrobial and anti-biofilm activity of these cationic peptoids toward S. 
aureus compared to P. aeruginosa could be attributed at least partially to acidification 

observed in the S. aureus-inoculated wells (Figure S5). It is known that many AMPs, 

including several that have successfully completed clinical trials 40, have pH-dependent 

activity. This may be caused by protonation of amino acid residues, which can influence 

their interaction with bacterial membranes 41 and other targets and thereby promote peptide 

synergy with other membrane targeting antibiotics and host defense molecules 42-43. In an 

analogous manner, the net positive charge of the presently described cationic peptoids may 

have increased under the low pH (acidic) conditions observed 44-45, thus increasing their 

affinity for the slightly anionic (lipo)teichoic acids in the cell wall of S. aureus.

TM1 and TM6 retained significant activity toward P. aeruginosa and S. aureus polymicrobial 

biofilms, whereas other peptoids studied herein were less effective towards at least one 

of the species compared to their respective activity in monomicrobial infection (Figure 

6). TM1 and TM6 are self-assembling peptoids that form a mixture of monomers and 

mainly dimeric helical bundles. However, they lack halogen substitution and an alkyl tail, 

both of which are known to increase hydrophobicity and, consequently, the tendency for 

supramolecular assembly 11, 13, 46. In contrast, peptoids with halogen substituents, such 

as TM2 (half-substituted with bromination of every other phenyl ring) and TM4 (fully 

substituted), did not exhibit any anti-biofilm activity against P. aeruginosa in monomicrobial 

or polymicrobial biofilms (Figure 6). Previously, it was observed that a library of peptoids 

similar in structure to the peptoids studied here (and also based on TM1-analogs) were 

effective against polymicrobial biofilms comprising Candida albicans, E. coli and S. aureus 
47. However, as here, C. albicans was less susceptible to the peptoids in polymicrobial 

biofilms than monomicrobial biofilms. These data highlight the complexity of treating 
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infections based on polymicrobial biofilms, and how the interactions between species may 

impact the effectiveness of treatment strategies using AMPs and peptoids.

The addition of a terminal alkyl tail to peptoids was shown here to enable the 

supramolecular assembly of core-shell micellar structures, obviously with a significantly 

higher aggregation number than for the helical bundles formed by TM1 and TM6. Peptoids 

TM5, TM8 and TM9 all formed ellipsoidal micellar assemblies, with aggregation numbers 

of approximately 98, 103 and 117 peptoids on average, respectively. These high aggregation 

numbers are remarkable and suggest that there are intermolecular interactions beyond 

hydrophobic forces, for example potential hydrogen bonding between NLys groups and π−π 
stacking between Nspe groups. Judging from the aggregation number alone, the physical 

stability of these ellipsoids would be substantial. This may be beneficial for the effective 

drugability of these peptoids, since these supramolecular peptoid assemblies seem to act as 

a sort of vehicle-free self-controlled delivery system 48. This approach is advantageous in 

that it allows for the elimination of any need for physical encapsulation or for the covalent 

conjugation of pharmaceutical excipients 49. In the subcutaneous abscess infection model 

presented in this study, mice were injected with peptoids dissolved in PBS without the 

inclusion of excipients or of delivery vehicles, thus demonstrating this benefit.

Our murine abscess model of infection provides insights into the activity of peptoids in 

human skin infections. The high densities of bacteria in this model make treatment very 

challenging, since antibiotics do not work well against high density infections. Peptoids 

exhibited significant reduction of bacterial burden under physiologically relevant conditions, 

when tested against S. aureus and little reduction of P. aeruginosa reflective of our in 
vitro anti-biofilm data (Figure 5, Figure 6). The pH of the murine skin abscess remained 

slightly acidic throughout the course of infection (Figure S6). Although P. aeruginosa did 

not influence the pH of in vitro media when compared to the sterile control (Figure S6), the 

antibacterial activity of TM1 was reduced (2-fold) by adjusting the pH to 5.4-5.9 (Table S2). 

This might at least partially explain why TM1 reduced the P. aeruginosa bacterial load only 

modestly (~10-fold) in vivo (Figure 7). However, peptoids TM1 and TM4 did substantially 

reduce the sizes of abscesses formed by P. aeruginosa when compared to untreated controls, 

indicating that the anti-abscess activity of peptoids is distinct from their direct antimicrobial 

activity. This could involve an inhibition of inflammation, as several naturally occurring 

AMPs have demonstrated previously 50, or the inhibition of other host-mediated responses 

to high-density infections not yet explored. None of TM1, TM2 or TM4 caused toxic 

side-effects at a concentration of 2.5 mg/kg, whereas TM5 and TM8 did. Thus, TM5 and 

TM8 were administered intra-abscess at a lower concentration of 1.25 mg/kg. Since activity 

of peptoids could be concentration-dependent, comparison of peptoids used at different 

concentrations was limited.

This constitutes the first report of discrete, limited supramolecular peptoid assemblies with 

antibacterial activity, and further demonstrates that supramolecular assembly has complex 

effects on bioactivity. This new understanding of how the self-assembly of antimicrobial 

peptoids can affect both their in vitro and in vivo activity against ESKAPE pathogens 

can assist us with future molecular design projects. It is notable that many of the best 

antibacterial peptoids studied here, also exhibit antiviral properties, which is also true of the 

Nielsen et al. Page 10

ACS Infect Dis. Author manuscript; available in PMC 2022 March 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



human host defense peptide LL-37 itself. Finally, our results reveal that several of the novel 

peptoids reported here simultaneously possess antimicrobial, anti-biofilm and anti-abscess 

activity in standard laboratory media as well as in host- mimicking conditions. Since the 

selected peptoids studied here retained their activity in diverse, physiologically relevant 

conditions, they should be considered for further therapeutic development, particularly for 

treating high-density skin wound infections. We also confirm that these peptoids exhibit 

no apparent cytotoxicity in vitro with primary human cells at concentrations of up to 256 

μg/mL, making them exciting drug candidates as a novel class of anti-infectives.

Materials and Methods

Source of Peptoids and stock solutions

The peptoids TM1-10 (see Figure 1) were synthesized manually as previously described 
14 (Supplementary Information subsection 1.1 for details). Peptoids were dissolved in 

phosphate buffered saline (PBS), pH=7.5 (Gibco) and prepared at 2.5 mg/mL stock solutions 

prior to storage at −80°C.

Small Angle X-ray Scattering (SAXS)

Unless noted otherwise, SAXS experiments were performed at ALS beamline 12.3.1 LBNL 

Berkeley, California, USA 51, with a detector distance of 2 meter and X-ray wavelength of 

λ=1.27 Å, covering a Q range of 0.009 Å−1 to 0.4 Å−11. The data set was calibrated to an 

absolute intensity scale using water as a primary standard. All experiments were performed 

at 20°C and data were processed as previously described 52.

TM7 and TM10 were measured using a Bruker NANOSTAR equipped with a microfocus 

X-ray source (IμS Cu, Incoatec, Germany) and a VÅNTEC-2000 detector. Raw scattering 

data was calibrated to absolute intensity scale using water as a primary standard and radially 

averaged in order to obtain the 1D scattered intensity profile as a function of the scattering 

vector, with a wavelength of 1.54 Å. The modelling fit analysis of the scattering data is 

explained in detail in subsection 1.2 of the Supplemental Information.

Bacterial strains and growth conditions

Bacterial strains used in this study were E. faecium #2-1 (BEI resources, NR31909), 

S. aureus USA300 LAC 53 K. pneumoniae KPLN649 54, A. baumannii AB5075 55, P. 
aeruginosa LESB58 56 and E. cloacae 218R1 57. All organisms were streaked onto Lysogeny 

Broth (LB) or double Yeast Tryptone (dYT) agar plates from frozen stocks and grown 

at 37°C. When needed, overnight liquid subcultures were grown from a single colony 

with shaking (250 rpm) for no more than 16 h. Bacterial growth was monitored using a 

spectrophotometer (Eppendorf, Missisauga, ON).

Cytotoxicity assay

Normal human gingival epithelial cells, obtained from MatTek (EpiGingival) were grown 

at an air-liquid interface at 37°C. Serial dilutions of peptoid were prepared from stocks, 

resulting in a final concentration of 64-256 μM. Peptoid (100 μl) was applied to the 

apical surface of cultures for 3 h. Cell viability was quantified using the CyQUANT MTT 
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Cell Viability Assay (ThermoFisher), following the manufacturer’s instructions. OD540 was 

scanned and survival relative to untreated cultures (%) was calculated. The experiment was 

performed in triplicate. Ethanol was used as a positive control.

Biofilm growth conditions

A. baumannii, P. aeruginosa and E. cloacae biofilms were grown in MHB for 18-24 

h. S. aureus biofilms were grown in MHB incubated shaking (200 rpm) for 24 h. K. 
pneumoniae and E. faecium biofilms were grown in TSB supplemented with 0.1% and 

1% glucose respectively for 48 h. For host-mimicking conditions, P. aeruginosa and S. 
aureus biofilms were grown in Gibco high glucose Dulbecco’s minimal Eagle’s medium 

(DMEM) supplemented with 5% fetal bovine serum (FBS) (USA origin) and 1% glucose 

(G) (Sigma-Aldrich), referred to as DMEM-FBS-G. Biofilms were formed as previously 

described 58 with minor modifications (see subsection 1.3 in Supplemental Information).

Antimicrobial activity of peptoids

Bacterial susceptibility to peptoids was determined across ESKAPE pathogens using the 

broth microdilution assay 59 in microtiter plates (Falcon, #351172). Details are included in 

subsection 1.4 in Supplemental Information.

Antimicrobial activity of peptoids under host-mimicking conditions

MIC of peptoids were determined using an adapted microdilution broth method 59 in 

polypropylene 96-well plates (Greiner Bio-One, #655201) using MHB (Oxoid) and DMEM-

FBS-G. Details are included in subsection 1.5 in Supplemental Information. All tests were 

performed in triplicate following the Clinical and Laboratory Standards Institute guidelines 
59-60.

Minimal biofilm inhibition (MBIC) and eradication (MBEC) assays of ESKAPE pathogens

Biofilm formation conditions across species are included in subsection 1.6 of the 

Supplemental Information. Data from three biological replicates (n = 3) are presented as 

the percentage of biofilm, relative to the vehicle control (PBS) at the lowest concentration 

of tested peptoid (6.25-12.5 μg/mL). Biofilm inhibition and eradication was measured by 

crystal violet (CV) staining and/or 2,3,5-triphenyl tetrazolium chloride (TTC) reduction as 

previously described 61.

Biofilm eradication experiments under host-mimicking conditions

The eradication methodology was adapted from Haney et al. 62 with minor modifications 

(see subsection 1.7 in Supplemental Information). For eradication experiments with 31.25 

μg/mL peptoids, biofilms were scraped with a sterile cotton swab, submerged in 1 mL 

of MHB, vortexed and further used for serial dilutions. Dilutions were plated onto LB 

agar for bacterial enumeration. For polymicrobial cultures selective agar plates were used: 

Pseudomonas cetrimide agar (Oxoid) to select for P. aeruginosa and 7.5% NaCl plates to 

select for S. aureus. Experiments were repeated three times with five technical replicates 

each.
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Ethics statement

Animal experiments were performed in accordance with the Canadian Council on Animal 

Care (CCAC) guidelines and were approved by the University of British Columbia Animal 

Care Committee (protocol A19-0064) and the University of Otago Animal Welfare Office 

(protocol 19-125). Details are included in subsection 1.8 of the Supplemental Info.

Subcutaneous abscess infection

Peptoid susceptibility of P. aeruginosa and S. aureus was assessed in vivo using a 

subcutaneous abscess model, as previously described 63. Modifications are described in 

subsection 1.8 of the Supplemental Info.

For in vivo pH measurements, mice were subcutaneously injected with 50 μl of P. 
aeruginosa, S. aureus or a mixture (1:1) of P. aeruginosa and S. aureus (corresponding to 

1.25-2.5 × 107 CFU). One h post-infection, mice were punctured with an 18G needle and the 

InLab Nano Combination Electrode was inserted to measure the voltage (mV). This process 

was repeated daily and mice were euthanized on day three.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgment:

JEN, HJ and RL gratefully acknowledge NordForsk (Project no. 82004) for financial support. JEN also 
acknowledge financial support from UiO:Life Science and the Norwegian PhD School of Pharmacy. NM and 
HJ were also funded by the Danish Council for Independent Research, Technology and Production (Project 
no. 4005-00029). AEB, JF, JSL and JEN acknowledge funding from the U.S. Public Health Services (an NIH 
Pioneer Award to Annelise Barron, NIH/NIA grant # 1DP1 OD029517-01). MAA holds a UBC Killam Doctoral 
Scholarship, Four-Year Fellowship and CIHR Vanier Graduate Scholarship. We also gratefully acknowledge 
funding to REWH from the Canadian Institutes for Health Research grant FDN-154287 and Michael Smith 
Foundation for Health Research grant 17774. REWH holds a Canada Research Chair in Health and Genomics 
and a UBC Killam Professorship. DP acknowledges funding from the University of Otago Research Grant, the 
Otago Medical Research Foundation Grant (AG388) and Maxwell Biosciences. We also thank Dr. Allan Gamble at 
the University of Otago for his help with the pH microelectrode experiments. We also thank Erika Figgins at the 
University of Louisville for support with the in-vitro cytotoxicity experiments. Parts of this work was conducted at 
the Advanced Light Source (ALS), a national user facility operated by Lawrence Berkeley National Laboratory on 
behalf of the Department of Energy, Office of Basic Energy Sciences, through the Integrated Diffraction Analysis 
Technologies (IDAT) program, supported by DOE Office of Biological and Environmental Research. Additional 
support comes from the National Institute of Health project ALS-ENABLE (P30 GM124169) and a High-End 
Instrumentation Grant S10OD018483. We thank Dr. Gregory Hura and Kathryn Burnett at ALS for support during 
the SAXS experiment. Work at the Molecular Foundry was supported by the Office of Science, Office of Basic 
Energy Sciences, of the U.S. Department of Energy under Contract No. DE-AC02-05CH11231. We gratefully 
acknowledge Dr. Michael Connolly and Dr. Behzad Rad at the Molecular Foundry for assistance with peptoid 
synthesis and sample preparation equipment. We acknowledge use of the Norwegian national infrastructure for 
X-ray diffraction and scattering (RECX).

Abbreviations

A. Baumannii Acinetobacter baumannii

AMP antimicrobial peptide

C. Albicans Candida albicans
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CFU colony forming unit

CMC critical micellar concentration

CV crystal violet

DMEM Dulbecco’s minimal Eagle’s medium

DNA deoxyribonucleic acid

dYT double Yeast Tryptone

E. Cloacae Enterobacter cloacae

E. Faecium Enterococcus faecium

ESKAPE Enterococcus faecium, Staphylococcus aureus, Klebsiella 

pneumoniae, Acinetobacter baumannii,; Pseudomonas 

aeruginosa, and Enterobacter sp.

FBS fetal bovine serum

K. pneumoniae Klebsiella pneumoniae

LB Lysogeny Broth

MHB Mueller Hinton Broth

NLys N-(4-aminobutyl)glycine

Nspe (S)-N-(1-phenylethyl)amine

P. aeruginosa Pseudomonas aeruginosa

PBS phosphate buffered saline

S. Aureus Staphylococcus aureus

SAXS small angle X-ray scattering

TTC 2,3,5-triphenyl tetrazolium chloride
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Figure 1. 
Chemical structures of the peptoids, TM1-10, included in this study, as previously presented 

in ref (13).
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Figure 2. 
Comparison of small angle X-ray scattering data of peptoids (4mM) and LL-37 plotted 

together with best fit (red line) using models described in the supplementary information. 

Peptoids could be distinguished according to their class, and are presented as groups of 

peptoids and peptide (A) or lipopeptoids (B).
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Figure 3. 
Morphology of peptoid/peptide aggregates based on best fit analysis of SAXS data. 

A) Monomers or helical bundles B) Core-shell ellipsoidal or worm-like micelles. The 

percentage of larger aggregates referrers to the presence of very small fraction of larger 

filaments seen from the sharp upturn at low Q in the scattering patterns.

*Structure above the critical micelle concentrations (CMC), which was undetectably low (in 
the order of 1 μg/ml).
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Figure 4. 
Biofilm inhibition and eradication of ESKAPE pathogens at the lowest concentration of 

peptoid tested. In MBIC assays, 1.56 μg/ml of peptoid was used. In MBEC assays, 6.25 

μg/ml of peptoid was used to treat A. baumannii but 12.5 μg/ml was used to treat all other 

species relative to PBS (%). Biofilm inhibition was measured by crystal violet (CV) staining, 

and eradication was measured by CV staining and tetrazolium chloride (TTC) reduction. 

Results from three independent experiments (n = 3) are displayed as mean using a grey-scale 

gradient where green indicates less biofilm (<75%) and red indicates more biofilm (> 

120%).
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Figure 5. 
Effect of peptoids under host-mimicking conditions on mono- and polymicrobial biofilm 

eradication. (A) P. aeruginosa LESB58 (5 × 105 CFU/ml) and (B) S. aureus USA300 LAC 

(2.5 × 107 CFU/ml) mono- and (C) polymicrobial biofilms were grown for 20-24 h in 

DMEM-FBS-G prior to treatment with peptoids. Biofilms were stained with crystal violet 

(0.1%) after an additional 24 h. Values were normalised to the biofilm growth control, 

which is indicated by the dotted line. Data from three independent experiments (n = 3) are 

presented as the mean ± SEM.
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Figure 6. 
Effect of peptoids on mono- and polymicrobial biofilms. Peptoids (31.25 μg/ml) were used 

to treat biofilms comprising (A,B) P. aeruginosa LESB58 (5 × 105 CFU/ml), (C,D) S. 
aureus USA300 LAC (2.5 × 107 CFU/ml) or (E,F) both species. Biofilms were grown for 

20-24 h in DMEM-FBS-G prior to treatment and re-incubated for another 20-24 h. (A,C,E) 

Biofilm was quantified by CV staining (%) and (B,D,F) and bacterial recovery from biofilms 

(CFU/ml) determined on selective agar plates. The dotted line indicates the limit of detection 

(LOD) at 102 CFU. Data from three independent experiments each (n = 3) are shown as 

(A,C) mean ± SEM or geometric mean ± geometric SD. * P < 0.05, ** P < 0.01 according to 

Kruskal-Wallis test with Dunn’s correction.
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Figure 7. 
In vivo activity of maximum tolerated concentration of peptoids against clinical isolates of 

P. aeruginosa (A,B) and S. aureus (C,D). Mice were subcutaneously inoculated with ~2.5-5 

x 107 CFU P. aeruginosa LESB58 or ~3-5.5 x 107 CFU S. aureus USA300 LAC and treated 

with peptoid or PBS one h later. After three days, mice were euthanized, abscesses measured 

(A,C), and then collected for bacterial enumeration (B,D). Results displayed as median with 

whiskers to min and max (A,C) or geometric mean ± geometric SD (B,D). * P < 0.05, ** 

P < 0.01 different from PBS according to Kruskal-Wallis test. n = 10. Limit of detection 

(LOD) displayed as dotted line at 102 CFU.
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Table 1.

Minimum inhibitory concentration (MIC; μg/ml) of peptoids against ESKAPE pathogens in Mueller-Hinton 

Broth (MHB) except for E. faecium #1-1, which was determined in TSB supplemented with 1% glucose.

TM1 TM2 TM3 TM4 TM5 TM7 TM8 TM9 TM10

E. faecium #2-1 1.56 1.56 6.25 0.78 1.56 25 0.78 3.13 12.5

S. aureus USA300 LAC 1.56 6.25 50 6.25 1.56 100 3.13 1.56 12.5

K. pneumoniae KPLN649 6.25 12.5 50 12.5 25 >100 12.5 50 >100

A. baumannii AB5075 3.13 25 >100 3.13 12.5 >100 3.13 6.25 100

P. aeruginosa LESB58 12.5 12.5 25 6.25 3.13 50 6.25 12.5 25

E. cloacae 218R1 6.25 100 >100 12.5 25 >100 12.5 12.5 50
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