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The emergence of multidrug-resistant bacterial pathogens is a growing threat to global
public health. Here, we report the development and characterization of a panel of
nine—amino acid residue synthetic peptides that display potent antibacterial activity and
the ability to disrupt preestablished microbial biofilms. The lead peptide (Peptide K6)
showed bactericidal activity against Pseudomonas aeruginosa and Staphylococcus aureus
in culture and in monocultures and mixed biofilms in vitro. Biophysical analysis revealed
that Peptide K6 self-assembled into nanostructured micelles that correlated with its
strong antibiofilm activity. When surface displayed on the outer membrane protein
LamB, two copies of the Peptide K6 were highly bactericidal to Escherichia coli. Peptide
K6 rapidly increased the permeability of bacterial cells, and resistance to this toxic pep-
tide occurred less quickly than that to the potent antibiotic gentamicin. Furthermore,
we found that Peptide K6 was safe and effective in clearing mixed P aeruginosa—S.
aureus biofilms in a mouse model of persistent infection. Taken together, the proper-
ties of Peptide K6 suggest that it is a promising antibiotic candidate and that design of
additional short peptides that form micelles represents a worthwhile approach for the
development of antimicrobial agents.

antimicrobial peptides | nanostructures | oligopeptide antibiotics

Multidrug resistance (MDR) bacterial infection is a global public health problem driven
by the increasing number of microorganisms that show intrinsic and acquired resistance
to multiple different types of antibiotics. Many MDR pathogens form biofilms, surface-at-
tached structures formed by communities of bacterial cells that are embedded in the
heterogeneous extracellular matrix. These complex structures exacerbate antibiotic resist-
ance in many ways that include altering the microenvironment where cells replicate,
impairing the penetration of antibiotics into cells, and induction of highly drug-resistant
phenotypic states (1). Polymicrobial biofilms further promote the interspecies transfer of
antibiotic resistance genes and can have synergic effects on drug resistance properties. For
example, Pseudomonas aeruginosa and Staphylococcus aureus are frequently found together
in chronic wounds and in the lungs of cystic fibrosis patients; these mixed infections are
associated with increased disease severity and healthcare costs (2—4). S. aureus increases
the resistance of P aeruginosa to tobramycin when these two organisms are grown in mixed
biofilms (5). In turn, P aeruginosa can produce 2-n-heptyl-4-hydroxyquinoline N-oxide,
a compound that protects S. aureus from the antimicrobial activity of vancomycin (6).
Thus, new antimicrobials should ideally show activity not only against problematic anti-
biotic-resistant species but also against polymicrobial biofilms such as those formed by P
aeruginosa and S. aureus.

Antimicrobial peptides (AMPs) are an exciting category of therapeutic agents that show
great promise in treating infections due to MDR organisms. However, the high cost of
manufacturing synthetic peptides has slowed the development of clinically useful AMDs.
AMPs generally contain 10 to 100 amino acid residues (7). Although shorter AMPs can
be made at a lower cost, these are generally considered to have much weaker antimicrobial
efficacy (8). In the APD3 Antimicrobial Peptide Database (9), 72 of 3,324 AMPs also
display antibiofilm activity, but only 2 of these are less than 10 residues in length (10).
Natural products such as polymyxins are modified peptides of 10 residues in length that
are potent antibacterials but are now considered antibiotics of last resort because of their
narrow spectrum of activity and relatively high toxicity (11). Thus, enhancing the potency,
spectrum, and safety of synthetic AMDPs is a major unmet challenge in the field.

AMPs that self-assemble into nanostructures can improve antimicrobial properties by
extending the in vivo half-life of the peptide and increasing its local concentration (12-16).
Recent studies reported that tryptophan (W) residues in short peptides promote the
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formation of self-assembled nanostructures (17, 18). Meanwhile,
triple tryptophan (WWW) has been reported to be a potent motif
that targets bacterial membranes (19, 20). In this study, we aimed
to develop tryptophan-based short AMPs that self-assemble into
nanostructures that show inhibitory activity against biofilm-
forming P aeruginosa and S. aureus either alone or in mixed
infection models.

Here, we report the characterization of AMPs that were based
on six center-symmetric, 9-amino acid peptides that contain
WWW or double tryptophan (WW) motifs. Among the six pep-
tides tested, one—Peptide K6—showed the most potent antibac-
terial activity against P aeruginosa and S. aureus. Peptide K6
self-assembled into nanostructured micelles and exhibited potent
antibiofilm activity against a 2 aeruginosa—S. aureus polymicrobial
biofilm formed in vitro. Moreover, Peptide K6 was safe and effec-
tive in clearing P aeruginosa—S. aureus polymicrobial biofilm in a
mouse infection model. The strong antibiotic and antibiofilm
activities of Peptide K6 warrant its further development as a
therapeutic.

Results

Design and Synthesis of Center-Symmetric, 9-Amino Acid Short
Peptides with WWW or WW Motifs. We designed peptides based
on known structure—function relationships and principles of self-
assembly and the following principles: 1) peptide length was set
as short as 9 amino acids to keep synthetic costs low, and the
amino acids were placed in a center-symmetric manner to keep
the cytotoxicity against mammalian cells low (21); 2) hydrophobic
residue percentage was set to 30% to 60% (which conforms to the
characteristics of antibiofilm peptides in the Antimicrobial Peptide
Database) to ensure that the peptides were amphiphilic when
combined with polar residues; 3) WWW or WW motifs were placed
in the middle or at the ends of the peptide to provide hydrophobicity
and potentiate self-assembly; and 4) arginine or lysine residues
were included to introduce positive net charges of +4 or +6.
Based on this design rationale, six peptides, designated as Peptides
K1-K6, were synthesized (Fig. 14 and SI Appendix, Table S1).
All of the peptides were carboxyamidated to increase their stability
and net charge. Their molecular weights were confirmed via
matrix-assisted laser desorption/ionization—time-of-flight mass
spectrometry (MALDI-TOF MS). The peptides were determined
to be more than 95% pure by analytical reverse-phase (RP)-HPLC,
and their measured molecular weights were in agreement with the

predicted values (SI Appendix, Table S1).

Circular Dichroism (CD) Spectra, Antibacterial Potency, and
Antibacterial Spectrum of Peptides K1-K6. Self-assembled short
peptides were reported to have unique CD spectrum patterns
(18, 22-24). Thus, we obtained the CD spectra of Peptides K1-
K6. Briefly, 64 pM in 10 mM PBS of each peptide was treated
by sonication to promote possible uniform self-assembled
nanostructures. As shown in Fig. 1B, Peptides K1 and K3-K6
exhibited two positive bands with maxima at 200 nm and 220
nm, respectively (arrowed). This was not the case for Peptide
K2. The spectra of Peptides K1 and K3-K6 were very similar to
that observed by other researchers on a short peptide that self-
assembled into nanostructures (22), suggesting that Peptides
K1 and K3-K6 likely have self-assembly activities, while K2 is
deficient in this property.

We next assessed the antibacterial activity of these peptides against
bacterial species that cause MDR infections worldwide including 2
aeruginosa, S. aureus, Escherichia coli, Klebsiella pneuwmoniae,
Streptococcus pneumoniae, and Acinetobacter baumannii (25); some of
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these clinical isolates were multidrug resistant (S/ Appendix, Table S2).
Peptides K3, K4, and K6 exhibited the broadest antimicrobial spectra
(Fig. 1C). There was some variability in the sensitivity of different
clinical isolates of the same bacterial species. For example, K. pneu-
moniae strain 727 was resistant to Peptides K3 and K6, while strain
106 showed mild sensitivity to these two peptides. We speculate that
changes in the composition of extracellular polysaccharides such as
capsule polysaccharides or lipopolysaccharide O-antigen might
account for such differences in sensitivity. Peptide K2 showed no
antibacterial activity against any tested strains. These results suggest
that the ability to form self-assembled nanostructures is important to
the antibacterial potency and spectrum of these synthetic peptides
(Fig. 1B) (26).

Peptide K6 Shows Bactericidal Activity against P. aeruginosa and
S. aureus in Monoculture or Mixed Coculture Formats. Given
reports that interactions between P aeruginosa and S. aureus promote
antibiotic resistance (27, 28), we next tested the antimicrobial
activity of the six peptides against 2 aeruginosa PAO-1, S. aureus
SP1, and a mixture of the strains (P2 aeruginosa + S. aureus) along
with two positive controls, indolicidin, and gentamicin. Indolicidin
isa 13—amino acid, tryptophan-rich AMP, which shares similarities
with Peptides K1-K6 (87 Appendix, Fig. S1), and was reported
to show potent inhibitory activity against both 2 aeruginosa and
S. aureus (29, 30). However, indolicidin did not have a high
antimicrobial activity (Minimal inhibitory concentration (MIC)
> 64 pM) against P aeruginosa (Fig. 2A), which may be explained
by strain variations and differences in experimental conditions.
Among all peptides, Peptide K6 exhibited the highest antimicrobial
activity, which was close to that of gentamicin. As such, we decided
to focus on Peptide K6 in the follow-up studies.

AMPs have a unique advantage over antibiotics because they
are less likely to induce resistance (31). We used a standard end
point dilution assay monitoring growth for 24 d to determine
whether P aeruginosa, S. aureus, and P aeruginosa + S. aureus
develop resistance against Peptide K6. Starting from day 2, bac-
teria used in the MIC assay were subcultured from the culture
grown at the highest sub-MIC of antimicrobial agents on the
previous day. As shown in Fig. 2B, P aeruginosa + S. aureus mixed
cultures developed higher resistance (MIC = 1,024 pM at day 24)
against gentamicin compared with the monocultures of either
organism (MIC < 256 pM) during the entire 24-d time course
(Fig. 2 C and D); this result is consistent with the observed syn-
ergistic interactions between P aeruginosa and S. aureus that appar-
ently enhance antibiotic resistance in polymicrobial infections
(28). Notably, all of P aeruginosa, S. aureus, and P aeruginosa +
S. aureus remained sensitive (MIC < 32 pM) to Peptide K6 during
the entire 24-d period (Fig. 2 B-D), demonstrating a significant
advantage of Peptide K6 over gentamicin regarding bacterial resist-
ance development.

We carried out bactericidal killing assays to determine how
rapidly Peptide K6 kills 2 aeruginosa and S. aureus cells. At 1x
MIC (4 pM), Peptide K6 killed all 2 aeruginosa and S. aureus cells
within 60 min and 360 min, respectively (Fig. 2 £and F). At 2x
MIC (8 pM), Peptide K6 killed all 2 aeruginosa and S. aureus cells
within 30 min and 360 min, respectively (Fig.2 G and A).
Notably, Peptide K6 killed P aeruginosa much more rapidly than
S. aureus, suggesting that either the peptidoglycan layer of Gram-
positive S. aureus may represent a barrier to penetration of Peptide
K6 or alternatively, Peptide K6 attacks a uniquely Gram-negative
target in P aeruginosa such as its outer membrane or its lipopol-
ysaccharide in addition to a target present in both bacterial species
such as the inner membrane. Thus, Peptide K6 has bactericidal
activity against P aeruginosa and S. aureus individually or in mixed
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Fig. 1. Characteristics of peptides with nine residues. (A) Scheme chemical structural formula and sequence of the designed peptides. (B) Circular dichroism
spectrum of Peptides K1-K6. (C) Minimal inhibitory concentration (MIC) values of peptides and gentamicin against bacteria isolated from clinical infection were
determined as described in Materials and Methods and shown in a color code for the dilution of a standard stock of the indicated peptide (1 to 64 pM) that

showed complete growth inhibition.

culture, and development of resistance to Peptide K6 occurred
less rapidly than it did to the potent conventional antibiotic
gentamicin.

Peptide K6 Self-Assembles into Nanostructured Micelles. Recent
studies reported that Trp residues in short peptides promote the
formation of self-assembling nanostructures (17, 18, 32). Peptide
K6 contains two WW motifs and two positively charged KK motifs
at both ends that flank a central W residue. This configuration was

PNAS 2023 Vol.120 No.4 e2219679120

predicted to form cation—z bonds and hydrophobic interactions
between the W aromatic rings (Fig. 34) that could lead to the
self-assembly of a micelle-like structure through amphipathic
interactions. Scanning electron microscopy (SEM) was used to
test whether self-assembled Peptide K6 in PBS at pH 7.4 was
detectable. Indeed, nanostructured micelles, with an average
diameter of 174 + 48.82 nm, were observed (Fig. 3 B and C).
These observations are with the idea that the WW and KK motifs
in Peptide K6 promote the self-assembly of micelle-like structures
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Fig. 2. Peptide K6 exhibited high antimicrobial activity and low potential to develop resistance. (A) Minimal inhibitory concentration (MIC) of peptides and
antibiotics against single bacterium/mixed bacteria. (B-D) Resistance development of mixed bacteria (B), P. aeruginosa (C), and S. aureus (D) to Peptide K6 and
the antibiotic gentamicin. (E-H) Time course of Peptide K6 killing at its MIC against P. aeruginosa (E) and S. aureus (F) in mixed cultures; Peptide K6 at 2x its MIC
against P. aeruginosa (G) and S. aureus (H) in mixed cultures.

as predicted. In contrast, Peptide K2 was predicted to have the Cell Surface Display of Peptide K6 Causes Disruption of the Gram-

lowest level of self-assembly based on the CD spectrum (Fig. 1B8), ~ Negative Cell Envelope. We sought an orthogonal approach to
suggesting that the formation of nanostructured micelles correlates ~ confirm the relative potency of our synthetic peptides by tethering
with bactericidal activity. them to a bacterial cell surface protein. For these experiments,
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Fig. 3. Peptide K6 can form nanoparticles. (A) Conceptual graphs with the main self-assembled driving force of Peptide K6. (B) SEM images of Peptide K6 were
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we used a system developed by Brown (33) that allows display
of tandem peptides on a surface-exposed loop of the LamB outer
membrane protein of E. coli. LamB is a highly abundant protein
in E. coli, with an estimated 30,000 molecules of this protein
exposed on the cell surface (34). We displayed the Peptides K2,
K5, and K6 in an extracellular surface—exposed loop of LamB by
creating a genetic fusion where the respective fusion proteins are
expressed under the control of the /ac promoter and Lacl system,
which is IPTG inducible in E. coli. The three fusions contained
2 to 3 identical repeats of the Peptides K2, K5, or K6 displayed
in tandem with identical spacer sequences. The LamB fusion
protein displaying the Peptide K6 showed statistically more growth
inhibition in an inducer-dependent fashion than the Peptide K2,
while the Peptide K5 showed some inhibition that did not reach
statistical significance (Fig. 4 A and B). These differences were
further enhanced by comparing IPTG-induced cultures with
those grown in glucose in order to repress the lac promoter (Fig. 4
Cand D). We also performed assays to determine whether LamB
fusions displaying Peptides K2, K5, and K6 were bactericidal after
inducing their expression for 2 h (S Appendix, Fig. S2) and found
that the LamB-KG6 fusion protein was approximately 100-fold
more bactericidal than the LamB-K2 fusion protein. Furthermore,
when tested as synthetic peptides, Peptide K6 was approximately
20-fold more toxic than Peptide K2 for E. coli in MIC assays (Fig. 4
E and F). To confirm that Peptide K6 was more toxic to E. coli
than the Peptides K2 and K5, we also used imaging of cells stained
with the dye propidium iodide (PI), which monitors the integrity
of the cell membrane. Virtually, all £. coli cells exposed to Peptide
K6 showed a profound loss of membrane integrity compared with

PNAS 2023 Vol.120 No.4 e2219679120

the untreated cells or those exposed to the less potent Peptides K2
and K5 (Fig. 4G). Given these findings confirming that Peptide K6
had the most potent antimicrobial activity, we carried out further
studies of this peptide as described below.

Peptide K6 Has Antibiofilm Activity against Mixed P. aeruginosa-
S. aureus Biofilms. Some AMPs have a direct antibiofilm activity
(35, 36). A biofilm clearance assay was used to test whether
Peptide K6 has a direct antibiofilm activity. Although gentamicin
shows antimicrobial activity against a mixture of planktonic 2
aeruginosa—S. aureus (Fig. 2A), it does not have a direct antibiofilm
activity and thus was useful as a control to assess the antibiofilm
properties of Peptide K6. At concentrations <32 pM, gentamicin
had little impact on preestablished mixed P aeruginosa—S. aureus
biofilms. In contrast, at concentrations of 8 to 16 pM, Peptide K6
largely removed the biofilm (Fig. 5 A and B), demonstrating that
this micelle-forming peptide has biofilm-disrupting properties.
Microbial biofilms consist of bacterial cells and an extracellular
matrix composed of nucleic acids, carbohydrates, and proteins
(37). We next sought to visualize these components in biofilms
either untreated or treated with Peptide K6 or gentamicin.
Specifically, Hoechst 33342, fluorescein isothiocyanate—labeled
concanavalin A (FITC-ConA), and SYPRO orange were used to
stain the nucleic acids, carbohydrates, and proteins, respectively.
As shown in Fig. 5C, Peptide K6 removed a major portion of
extracellular carbohydrates and proteins as well as nucleic acids
compared with the untreated group, while gentamicin had little
observable effect on their concentration in the biofilm. These
results suggest that Peptide K6 was able to disperse biofilms more
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Fig. 4. Peptide K6 showed bactericidal activity for E. coli when surface displayed on the outer membrane protein LamB or as a synthetic peptide. (A and B)
Elevated expression of Peptide K6 reduces cell viability. Growth curves of E. coli OMNIMAX harboring an IPTG-inducible plasmid expressing K2, K5, or K6. Peptides
are expressed as repeated sequences: K2 and K5 have 3 repeats, and K6 has 2 repeats. Linker sequences between repeats are LQTQATS. Cells were grown in LB
medium supplemented with 25 pg/mL chloramphenicol and 0.01 mM, 0.1 mM, or 1 mM IPTG (A). Mean area under the curve (AUC) values + SD retrieved from
growth curves. Significant differences are indicated by an asterisk («xP < 0.05; n = 4) (B). (C and D) Growth curves of E. coli OMNIMAX harboring an IPTG-inducible
plasmid expressing K2, K5, and K6. Peptides are expressed as repeated sequences: K2 and K5 have 3 repeats, and K6 has 2 repeats. Linker sequences between
repeats are LQTQATS. Cells were grown in LB medium supplemented with 25 pg/mL chloramphenicol 0.2% glucose (uninduced) or 1 mM IPTG (induced) (C).
AUC values + SD retrieved from growth curves. Significant differences are indicated by asterisks (xP < 0.05; n = 4) (D). (E) Minimal inhibitory concentrations of the
Peptides K2, K5, and K6 against E. coli OMNIMAX were determined. About 150 pL LB with 2-fold dilutions of peptides (starting at 0.02 mM for K5 and 0.2 mM for
the others) were incubated with ODgq, = 0.02 of E. coli OMNIMAX. Plates were incubated for 16 h at 37 °C with no agitation. No growth was determined as less
than 50% ODyg, of the control without peptides. Significant differences are calculated to a theoretical value for K2 of 0.21 (xP < 0.05; n = 4). (F) Peptide K6 rapidly
kills. 10-fold dilutions of E. coli OMNIMAX were plated on LB subsequent to 30 min of treatment with the respective peptides or PBS in PBS at 37 °C. (G) Synthetic
Peptide K6 rapidly kills E. coli. Phase-contrast and propidium iodide (Pl)-stained cells and a merged image are shown for E. coli cells treated with control (PBS)
or 0.1 mM of Peptide K2 or K6 in PBS for 10 min. Pl-positive cells lost membrane integrity and are considered nonviable.

efficiently than gentamicin through its more potent ability to We also found that Peptide K6 was superior to gentamicin in
attack an extracellular biofilm matrix. Although Peptide K6 and  its ability to inhibit de novo formation of a P aeruginosa—S. aureus
gentamicin exhibited a similar MIC level against planktonic polymicrobial biofilm (S7 Appendix, Fig. S3A). To provide additional
P aeruginosa—S. aureus mixture, Peptide K6 was superior to insights into the antibiofilm activity of Peptide K6, we performed
gentamicin in its ability to disperse these two bacterial species,  plate-based assays for swimming, swarming and twitching motility
polymicrobial antibiofilm activity. behaviors because these have previously been implicated in biofilm
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tubes. (C) Content of an extracellular matrix of established mixed biofilms treated with Peptide K6 or gentamicin. Results were measured using a fluorescence

microscope.

formation (38, 39). Peptide K6 significantly decreased all motility
behaviors (SI Appendix, Fig. S3B), suggesting that the peptide
might inhibit biofilm formation at sub-MIC concentrations by
disrupting flagella and type IV pilus-dependent movement of
P aeruginosa cells.

Peptide K6 Disrupted the Integrity of Cell Membrane of
P. aeruginosa and S. aureus. To investigate the cell biologic effects
of Peptide K6, we used SEM to compare the appearance of bacterial
cells in untreated biofilm samples to those treated with Peptide
K6. In untreated samples, the bacilli (2 aeruginosa) and cocci
(S. awureus) had intact cell structures. In contrast, Peptide K6
treatment led 2 aeruginosa and S. aureus cells to appear shrunken
(Fig. 6A), suggesting that the peptide disrupts the cell envelop
integrity of both Gram-negative and Gram-positive bacterial cells.

To test whether Peptide K6 causes an increase in the permea-
bility of the bacterial cell membrane, we imaged live and dead
cells in biofilm samples that were treated with Peptide K6 or PBS.
All bacteria should stain with the cell membrane—permeable dye
(Hoechst 33342, blue), while only dead bacteria should be stained
with the nonpermeable fluorescent red dye PI. After 1 h, a larger
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proportion of both P aeruginosa and S. aureus showed red fluo-
rescence compared with the PBS group, demonstrating that
Peptide K6 was able to disrupt the integrity of the cell membrane
of both Gram-negative and Gram-positive bacteria (Fig. 65).

Determination of Mammalian Cell Lytic and Cytotoxic Activity
of the Peptide K6. Low mammalian cell toxicity is a prerequisite
for AMPs that are intended for clinical use. We carried out a
hemolytic assay on mouse erythrocytes and a cytotoxicity assay on
RAW264.7 mouse macrophages to assess the toxicity of Peptides
K1-K6. In the hemolytic assay, at the concentrations tested
(4 to 64 uM), Peptides K1-K6 exhibited less than 10% lysis of red
blood cells (S7 Appendix, Fig. S4), which is generally considered
an acceptable level of hemolytic activity (32). In the cytotoxicity
assay, at the concentrations tested (4 to 64 pM), all peptides
except Peptide K5 exhibited less than 20% cytotoxicity against
RAW?264.7 macrophages, which is generally an acceptable level
for this cell line (32). Given the properties of the Peptide K6 in
our in vitro potency and biofilm disruption assays, this AMP
was prioritized for testing in a mouse model of biofilm-based
infection.
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Fig. 6. Peptide K6 can permeabilize bacterial cell membranes in biofilms. (A) SEM images of established mixed biofilm treated with Peptide K6. (B) Live/dead
fluorescence images of established P. aeruginosa or S. aureus biofilm treated with Peptide K6. Hoechst can stain live and dead cells and emits blue fluorescence,

whereas Pl only binds to DNA from dead cells and emits red fluorescence.

Peptide K6 Displayed Low Systemic Toxicity but Cleared a Mixed
P. aeruginosa-S. aureus Infection in a Mouse Model of a Biofilm-
Associated Infection. In order to test the in vivo safety of Peptide
K6, 10 mg/kg or 20 mg/kg was subcutaneously injected into the
skin on the back of mice. Serum levels of alanine aminotransferase
(ALT), aspartate aminotransferase (AST), uric acid (UA), urea, and
creatinine (CREA) from both doses were within normal range and
did not differ from the control group, indicating that the tested
concentrations of Peptide K6 did not cause acute damage to the
liver or kidney (Fig. 7A). Furthermore, histological examination
revealed no abnormalities in the heart, liver, spleen, kidneys, or
lungs in all test groups (Fig. 7B), suggesting the Peptide K6 has
lictle toxicity.

To assess the in vivo efficacy of Peptide K6 in the therapeutic
treatment of an existing polymicrobial biofilm, a subcutaneous
catheter mouse model was employed. In this infection model,
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1-cm catheters were preincubated in a mixture of P aerugino-
sa—S. aureus (or PBS as mock) for 24 h to allow the formation of
P aeruginosa—S. aureus polymicrobial biofilm on the catheters. The
biofilm-coated catheters were then subcutaneously implanted into
the back of nude mice, followed by injection of Peptide K6 or
PBS once a day for 5 d (Fig. 7C). Atday 6, Fig. 7D, the skin tissue
of the Peptide K6 treatment group (biofilm + Peptide K6) recov-
ered similarly to the noninfected control catheters (mock), while
mice in the control group (treated only with PBS) displayed copi-
ous amounts of pus and tissue damage, consistent with ongoing
infection. The bacteria adherent to each catheter were enumerated
by determining CFU released after mild sonication of the
implanted devices. As shown in Fig. 7, Peptide K6 significantly
reduced the number of both P aeruginosa and S. aureus that col-
onized the catheters. Furthermore, the skin tissue adjacent to the
catheters was collected and evaluated by histological staining or
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Fig. 7. Peptide K6 was safe and efficient in clearing P. aeruginosa-S. aureus biofilm in mice. (A) Renal and liver function-related indexes reflecting nephrotoxic
and hepatotoxic injury after intraperitoneal injection of 10 or 20 mg/kg Peptide K6, respectively. Error bars represented the SD from the mean of 3 biological
replicates. (B) Histological analysis of the heart, lung, kidney, spleen, and liver tissues by H&E staining of the treatment groups that received different concentrations
of Peptide K6. (C) Schematic of the experimental protocol for a biofilm-associated catheter mouse model. (D) Effects of Peptide K6 on the dorsal skin of mouse
infected with the biofilm-associated catheter. (£) Bactericidal activity of Peptide K6 against persister cells derived from catheter biofilms. (F) Effects of Peptide
K6 on the IL-6 level in the skin tissue. Data were shown as the mean + SD (n = 8). (G) Histopathological H&E staining of the skin tissue. Black arrows indicated
the inflammatory cell infiltrates, and blue arrows indicated necrotic cells. (H) Numbers of inflammatory cells in histopathological H&E staining of the skin tissue.
Data were shown as the mean + SD (n = 8). (/) Effects of Peptide K6 on the Neu% in the mouse serum. Data were shown as the mean + SD (n = 8).
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homogenized and analyzed for IL-6, a marker of acute inflamma-
tion. Compared with PBS controls, Peptide K6 treatment reduced
the levels of IL-6 (Fig. 7F) and the numbers of infiltrated inflam-
matory cells (black arrows in Fig. 7 G and H) in the skin tissue.
Moreover, in mice exposed to biofilm-coated catheters, Peptide
K6 treatment reduced neutrophil levels in blood compared with
untreated controls (Fig. 71), suggesting that Peptide K6 treatment
reduced systemic inflammation compared with the untreated
group. Taken together, these findings demonstrate the in vivo
efficacy of Peptide K6 in disrupting an established P aeruginosa—S.
aureus biofilm implanted on a foreign device in a murine model
of polymicrobial infection.

Discussion

P aeruginosa and S. aureus are often MDR pathogens associated
with nosocomial and community-acquired infections. Both are
particularly troublesome agents that can be deadly in patients with
chronic obstructive pulmonary disease or cystic fibrosis (40).
Immunosuppressed individuals and burn patients are also prone
to lethal infections due to these organisms. Moreover, polymicro-
bial infections that include biofilms populated by P aeruginosa
and S. aureus frequently display enhanced drug resistance against
many antibiotics (6, 28, 41). However, polymicrobial models are
often overlooked for the development of antimicrobial agents (42).
For example, the novel designed self-assembled AMPs mentioned
in this paper all focused on the action on a single strain without
considering the antimicrobial activity of multibacterial coexistence
(32). Although activity of colistin~AMP combinations against
P aeruginosa and Staphylococcus double-species biofilms has been
performed in vitro, in vivo activity studies are still lacking (43).
Here, we employed both in vitro and in vivo polymicrobial models
to screen for synthetic, AMPs that can target these two challenging
MDR pathogens. It is known that changes in sequence permuta-
tion and amino acid composition in antimicrobial peptides can
substantially alter their activity spectrum (44). Thus, peptide
libraries can be extended and optimized to contain very potent
antimicrobial compounds. In this study, we particularly focused
on peptides that contained multiple tryptophan (W) motifs in
that these have been reported to have an affinity for bacterial cell
membranes and assemble into nanostructures (12-16) and
designed a panel of short peptides with potential nanostructures
and anti-polymicrobial biofilm activity. To obtain the ideal pep-
tide, we synthesized peptides that had a high hydrophobic ratio
(>50%) with a net charge of +4 in order to keep the charge and
hydrophobicity in balance (45, 46) or a higher net positive charge
of +6 with only 33.3% of its residues being hydrophobic. This
composition of residues is similar to the peptide composition of
polymyxin B, which is a 10-residue, cyclic natural product lipo-
peptide present in the library of 72 antibiofilm peptides.

During the screening of a panel of newly designed center-sym-
metric, 9—amino acid short peptides with WWW or WW motifs,
we discovered that Peptides K3, K4, and K6 exhibited broad-spec-
trum antibacterial activity against all six leading bacterial species
that are associated with worldwide MDR problem (Fig. 1C).
While our charge and hydrophobic composition principles were
successful for these 4 AMPs, others AMPs that had similar pre-
dicted properties were far less active. For example, Peptides K1,
K2, and K5 showed low antimicrobial potency, and this suggested
that the sequence of the AMP was also contributing to its antimi-
crobial potency perhaps by affecting higher-order secondary/ter-
tiary conformations or oligomeric nanostructures.

Peptide K6 exhibited that the lowest MIC against P, aeruginosa
and S. aureus was found to self-assemble into nanostructured
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micelles (Fig. 3C). Like Peptide K6, other octapeptides rich in
tryptophan have recently been reported to form nanostructured
micelles (32); however, the average diameter of Peptide K6 micelles
we observed was much larger (174 nm vs. <40 nm) when com-
pared with these previously described octapeptides. Furthermore,
Peptide K6 was able to disrupt the integrity of bacterial cell mem-
brane in as early as 1 h at a lower MIC concentration (Fig. 65)
than the previously described nanostructure peptides (47).

We also showed that a dimer of Peptide K6 was strongly bac-
tericidal when expressed as an externally exposed loop on the
LamB outer membrane protein of E. coli. This suggests that if
properly localized, even two units of Peptide K6 might have potent
bactericidal activity. We appreciate that this fusion protein may
display toxicity during its transport through the inner membrane
or during its insertion in the outer membrane as well. Nonetheless,
the toxicity displayed by the LamB—Peptide K6 fusion protein
may allow both the selection of modestly resistant mutants of E.
coli and biochemical interaction studies that could together pro-
vide a better understanding of the mechanism of action and targets
of the Peptide K6 AMP antibiotic for this bacterial species.
Synthetic Peptide K6 was also highly toxic for . coli compared
with the Peptide K2. Further work will be needed to establish
whether the self-assembly of the Peptide K6 into micelles is a key
feature of the antimicrobial activity of Peptide K6 and its low
toxicity toward mammalian cell lines.

Our studies also showed that it is less likely for 2 aeruginosa and
S. aureus to develop resistance against Peptide K6 compared with
gentamicin (Fig. 2 B-D). This property is a potential advantage of
Peptide K6 over the aminoglycoside antibiotic gentamicin, which
can induce resistance in P aeruginosa through the upregulation of
drug efflux pumps. If Peptide K6 indeed works at the level of the
bacterial cell envelop, then resistance due to drug efflux may be
less of a worry in the clinical development of Peptide K6. Although
cationic aminoglycoside antibiotics are potent, these broad-spec-
trum antibiotics suffer from side effects including nephrotoxicity
when used in patients systemically. Thus, acrosolized formulations
of gentamicin have been adopted because this drug is not absorbed
through pulmonary mucosal surfaces. Despite the mildly cationic
nature of Peptide K6, our preliminary analyses suggest that sub-
cutaneous administration of Peptide K6 did not display either local
(i.e., injection site) or systemic toxicity in the form of kidney or
liver damage (Fig. 7 A and B). Furthermore, unlike gentamicin,
Peptide K6 exhibited a direct antibiofilm activity (Fig. 5) in vitro
at relatively low concentrations. This feature of Peptide K6 might
provide another rationale for its further development as a clinically
useful antibiotic particularly for MDR organisms.

Insertion of a peripheral venous catheter is one of the most com-
mon medical invasive procedures used in hospitals and is frequently
associated with nosocomial infections as a result of bacterial colo-
nization of these foreign bodies within patients (48, 49). We
adopted a P aeruginosa and S. aureus mixed biofilm-coated catheter
model in mice (50) that allowed us to evaluate Peptide K6 for
treatment efficacy of a polymicrobial infection under in vivo con-
ditions. Our data showed that a dose of Peptide K6 at 10 mg/kg
per day for 5 d significantly reduced the inflammation and bacterial
load in the host, while no acute toxicity was observed (Fig. 7),
demonstrating both in vivo safety and effectiveness of Peptide K6.
Future studies will focus on determining the in vivo safety of the
use of Peptide K6 for an extended time and investigating whether
Peptide K6 composed of D-amino acids enhances its in vivo efficacy.
Taken together, Peptide K6 showed strong antibiotic and antibio-
film activity against a model polymicrobial infection. Thus, Peptide
KG6 is a promising candidate for further evaluation and improvement
as an antibiotic for MDR pathogens of clinical significance.
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Materials and Methods

Bacterial Strains and Growth Conditions. Bacterial strains (listed in S/
Appendix, Table S2) were provided by the First Affiliated Hospital of Sun
Yat-sen University, and the growth conditions were shown in S/ Appendix,
Materials and Methods.

AMP Synthesis. Peptides were synthesized by GLBiochem Ltd. (Shanghai, China)
using a solid-phase peptide synthesis strategy. The crude peptide was purified by
RP-HPLC; the final purities of the peptide were >95%, and the molecular weights
were analyzed by MALDI-TOF MS (Linear Scientific Inc., USA). Additional details
are provided in S/ Appendix, Materials and Methods.

SEM Characterization of Peptides. For the preparation of SEM samples, 10 pL
Peptide K6 concentration of 4 pM in PBS was dropped on tinfoil after sonicating
for 30 min and sprayed with gold after drying. All samples were observed using
a Gimini SEM 500.

Clearance of Established Biofilm Detection. The clearing effect of Peptide K6
on a biofilm formed by mixed bacteria was detected by crystal violet staining, and
solubilized crystal violet was detected spectrophotometrically at its absorbance
maximum (595 nm).The change of extracellular polymeric substances presentin
preformed biofilm was determined by staining extracellular polymeric substances
using Hoechst (0.5 pg/mL) for nucleic acids, SYPRO orange (diluted in 5,000
times) for proteins, and FITC-ConA(5 pg/mL)for carbohydrates and visualized by
afluorescence microscope (Eclipse Ti2-E; Nikon). Additional details are provided
in S/ Appendix, Materials and Methods.

Growth Curve Measurement of LamB Peptide Expressing E. coli. Growth
kinetics were essentially performed as previously described (51, 52). Briefly, £.
coli OMNIMAX expressing peptides of interest as part of LamB were grown in a
preculture for ~16 h in LB, 0.2% glucose with aeration, and shaking at 37 °C.
Precultures were adjusted to OD600 = 0.05 in LB with 0.2% glucose or IPTG
(0.017 mM, 0.1 mM, and 1 mM). The 0D600 was monitored every 10 min in a
microplate reader at 37 °C with shaking.

In Vivo Safety Assay. Twelve six-week-old female athymic NU/NU nude mice
(Crl:NU-Foxn1™) purchased from Charles Rivers Laboratories (Beijing, China)
were randomly divided into three groups (4 mice in each group). Blood was
collected to detect the levels of ALT, AST, urea, CREA, and UA in the serum.
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Mouse organs (heart, liver, spleen, lung, and kidney) were stained with
hematoxylin and eosin (H&E) for histological analysis. Additional details are
provided in S/ Appendix, Materials and Methods.

Subcutaneously Implanted Catheter Infection Model. A model for
biofilm-contaminated catheters was developed based on the observations
of the catheter biofilm model infected by S. aureus (50). This animal study
was performed according to protocols and guidelines approved by the
Laboratory Animal Welfare and Ethics Committee of the Guangzhou Institute
of Biomedicine and Health, Chinese Academy of Sciences (N2022002).A1-cm
central venous catheter with preformed biofilm was implanted into the skin on
the back of the mice, and the wounds were sutured. After 24 h, PBS or Peptide
K6 (10 mg/kg) was injected at the site of the implanted catheter in the back
of the mice for five consecutive days. Mice were killed on the sixth day, and
the catheter, EDTA anticoagulant blood, and skin tissue from the infection site
were collected. Samples were processed in four parallel pipelines as shown
in SI Appendix, Materials and Methods.

Detailed information on all other methods, including CD spectroscopy charac-
terization, MIC measurement, bactericidal assay, inhibition of biofilm formation
measurement, motility assay, SEM characterization of biofilms, fluorescence
microscopy, hemolysis/cytotoxicity assay, and statistical analysis, is available in
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