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1 Introduction

Antimicrobial peptide-conjugated phage-
mimicking nanoparticles exhibit potent bactericidal
action against Streptococcus pyogenes in murine
wound infection models¥

Johanna Olesk,? Deborah Donahue, & ° Jessica Ross,© Conor Sheehan,®
Zach Bennett,® Kevin Armknecht,® Carlie Kudary,f Juliane Hopf,fVictoria A Ploplis,@b
Francis J. Castellino, ©° Shaun W. LeeS and Prakash D. Nallathamby © **f

Streptococcus pyogenes is a causative agent for strep throat, impetigo, and more invasive diseases. The main
reason for the treatment failure of streptococcal infections is increased antibiotic resistance. In recent years,
infectious diseases caused by pyogenic streptococci resistant to multiple antibiotics have been rising with
a significant impact on public health and the veterinary industry. The development of antibiotic resistance
and the resulting emergence of multidrug-resistant bacteria have become primary threats to the public
health system, commonly leading to nosocomial infections. Many researchers have turned their focus to
developing alternative classes of antibacterial agent based on various nanomaterials. We have developed an
antibiotic-free nanoparticle system inspired by naturally occurring bacteriophages to fight antibiotic-resistant
bacteria. Our phage-mimicking nanoparticles (PhaNPs) display structural mimicry of protein-turret
distribution on the head structure of bacteriophages. By mimicking phages, we can take advantage of their
evolutionary constant shape and high antibacterial activity while avoiding the immune reactions of the
human body experienced by biologically derived phages. We describe the synthesis of hierarchically
arranged core—shell nanoparticles, with a silica core conjugated with silver-coated gold nanospheres to
which we have chemisorbed the synthetic antimicrobial peptide Syn-71 on the PhaNPs surface, and
increased the rapidity of the antibacterial activity of the nanoparticles (PhaNP@Syn71). The antibacterial
effect of the PhaNP@Syn71 was tested in vitro and in vivo in mouse wound infection models. In vitro, results
showed a dose-dependent complete inhibition of bacterial growth (>99.99%). Cytocompeatibility testing on
HaCaT human skin keratinocytes showed minimal cytotoxicity of PhaNP@Syn71, being comparable to the
vehicle cytotoxicity levels even at higher concentrations, thus proving that our design is biocompatible with
human cells. There was a minimum cutoff dosage above which there was no evolution of resistance after
prolonged exposure to sub-MIC dosages of PhaNP@Syn71. Application of PhaNP@Syn71 to a mouse wound
infection model exhibited high biocompatibility in vivo while showing immediate stabilization of the wound
size, and infection free wound healing. Our results suggest the robust utility of antimicrobial peptide-
conjugated phage-mimicking nanoparticles as a highly effective antibacterial system that can combat
bacterial infections consistently while avoiding the emergence of resistant bacterial strains.

significant problems in the global healthcare system, especially
in hospital-acquired infections."” It causes a wide range of
infections, varying from mild pathologies such as phar-

Streptococcus pyogenes, otherwise known as a f-hemolytic
Gram+ Group A Streptococcus (GAS), is currently one of the
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fasciitis and sepsis,*® with one-fifth of the invasive infections
being severe bloodstream infections.” S. pyogenes mainly infects
school-aged children and young adults. However, they have the
potential to infect people of all ages. In the United States alone,
11 000-24 000 people suffer from a severe GAS disease, with
almost 2000 dying directly due to S. pyogenes infections,*
making it a top 10 cause of death globally. The prevalence of S.
pyogenes infections in the USA has almost doubled, increasing
from 3.4 to 4.3 per 100 000 people in 2012 to 7.26 per 100 000
people in 2017,* mainly due to changes in virulence,® or the
development of antibiotic resistance in S. pyogenes or through
co-infection with other antibiotic-resistant bacteria such as
Staphylococcus aureus.***"

Antibiotics have been the primary method of treating
bacterial infections, including S. pyogenes infections. For
decades, the gold standard of treatment of S. pyogenes infec-
tions has been penicillin."* Due to irresponsible, widespread
use of antibiotics,' and the last new class of antibiotics being
introduced in 2003, bacteria have developed antibiotic resis-
tance from chronic exposure to low levels of antibiotics over
long periods, allowing the bacteria to adapt and build survival
mechanisms against antibiotics. Antibiotic resistance is an
increasingly growing global health concern. Like other bacteria,
S. pyogenes can also develop antibiotic resistance, making the
infections more challenging to treat as the treatment becomes
ineffective.’**® Although S. pyogenes has remained relatively
susceptible to B-lactam antibiotics, the resistance has increased
radically in recent years.* It has been reported that in approx-
imately 35% of pharyngotonsillitis patients, the eradication of
S. pyogenes fails due to bacterial antibiotic resistance.’® There-
fore, several studies have focused their research on developing
alternative methods against antibiotic-resistant bacteria.'”
There are various approaches that could provide the potential to
treat antibiotic-resistant bacterial infections, such as antimi-
crobial peptides, phage therapy, or nanoparticle-based systems.

The development of antibacterial nanoparticles has become
one of the most researched areas to fight antibiotic-resistant
infections.’®** An advantage of nanoparticles is that they can
be designed to be target-specific, reducing toxicity to human
cells and tissues. Metal nanoparticles have been extensively
studied and are among the most promising antibacterial
nanoparticles, showing strong antibacterial effect via various
mechanisms of action,* including the generation of reactive
oxygen species (ROS), the release of cations, bacterial
membrane binding, and disruption due to their positive charge,
and biomolecular damage by interacting with biomolecules,
such as lipopolysaccharides.>**® Heavy metal nanoparticles,
such as silver nanoparticles, generate ROS with high affinity to
thiol (-SH) carriers such as cysteine.”*** This affinity breaks the
disulfide (-S-S-) bridges of the proteins and disrupts enzymatic
functions, leading to cell death. The antibacterial properties of
silver have been a widely researched area due to its long history
of usage in treating infections,” with silver nanoparticles being
the most effective against bacteria.*® Silver nanoparticles have
unique physicochemical properties, such as size distribution,
agglomeration, surface chemistry, and ion release, that influ-
ence their biological activity.”® Silver nanoparticle have the
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ability to adhere to bacterial cell walls and membranes, pene-
trate the cells and bind with bacterial biomolecules, causing
their disruption and intracellular damage.*' More impor-
tantly, silver nanoparticles generate ROS and free radicals that
trigger the oxidative stress of the bacterial cell and interfere with
bacterial signal transduction pathways.*® However, silver-
generated ROS have been shown to exhibit significant toxic
effects on human cells despite their counterbalancing by the
activation of the eukaryotic antioxidant network, which severely
limits silver nanoparticle use for treating infections.***

More recent studies have focused on the synergistic anti-
bacterial effect exhibited by the nanoparticles and antimicro-
bial peptides (AMPs) to enhance the overall antibacterial
effect.’”**%¢ All these studies focused on electrostatic immobi-
lization of the AMPs on silver nanoparticles, unlike ours, which
has the AMP chemisorbed on gold-silver nano turrets on a silica
core. AMPs are an important novel source of antibacterial
compounds as an alternative to conventional antibiotics. They
are usually positively charged short peptides, existing as part of
the innate immune system of humans, animals, and plants.
AMPs exhibit a broad antibacterial spectrum with complex
mechanisms induced by the direct interactions of the peptides
with bacterial membranes, leading to membrane disruption or
entry into the bacterial cell and interactions with intracellular
components.>®” Acting through various mechanisms reduces
the possibility of bacteria developing resistance towards AMPs
compared to antibiotics.”® To make AMPs more biocompatible
and increase their effectiveness and stability, researchers have
created synthetic AMPs and developed combinations of nano-
particles and AMPs to induce synergistic effects.*

Here, we discuss the significant antibacterial activity and
high biocompatibility of modularly assembled phage-
mimicking nanoparticles (PhaNPs) capped with a rationally
designed, cysteine-modified, antimicrobial peptide (Syn-71)
(Fig. 1). Our nanoparticle design was based on the structure
of tailless bacteriophages, taking advantage of assembling
antibacterial components hierarchically in order to maximize
the desired antibacterial effects while minimizing the toxicity of
the particles to human cells. PhaNPs are composed of a silica
core with silver-coated gold nanospheres distributed on the
silica surface to mimic the protein turret on the surface of
bacteriophages.*® The combination of hierarchically arranged
materials allows the PhaNPs to inhibit bacterial growth and kill
pathogenic bacteria. It was shown that this hierarchical design
is highly bacteriostatic (99.9% retardation in Staphylococcus
aureus USA300, Pseudomonas aeruginosa FRD1, Enterococcus
faecalis, and Corynebacterium striatum) while showing little
toxicity to mammalian cells. We have made the PhaNPs rapidly
bactericidal by chemisorbing synthetic antimicrobial Syn71
peptide on to the gold-silver nanodots on the PhaNPs. Syn71
peptide is highly bactericidal to the human pathogen S. pyo-
genes, but its therapeutic window is limited by its toxicity to
human cells at doses higher than 8 uM.***! By incorporating the
peptide onto the overall PhaNPs design, we hypothesized that
we would be able to increase the rapidity of bactericidal activity
of our nanoparticles towards S. pyogenes while keeping the
cytotoxicity of the nanoparticles towards mammalian cells

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The overall experimental workflow. (A) A visual representation
of the modular assembly of PhaNP@Syn71 synthesis workflow, (B) in
vitro bacteria growth inhibition testing workflow, (C) in vivo mouse
wound infection model experimental workflow, (D) antibacterial
mechanisms of PhaNP@Syn71 is through the synergistic effect of
PhaNPs and Syn71. Bacterial membrane penetration by Syn71 peptides
on PhaNP@Syn71 enhances the period of contact of PhaNPs with the
bacteria, disrupting the bacterial integrity. Illustrations are not to scale.

minimal. The antibacterial effect of the PhaNP@Syn71 was
tested in vitro and in vivo against S. pyogenes. In vitro results
displayed dose-dependent bactericidal activity (up to >99.99%).
Cytocompatibility testing of PhaNP@Syn71 on HaCaT human
skin keratinocytes showed significantly low cytotoxicity, the
toxicity levels being comparable to the vehicle level even at the
highest concentration tested (up to 64 uM), demonstrating the
biocompatibility of our designed nanoparticle system with
human cells. In vitro evolution of resistance studies indicated
a cutoff sub-MIC dosage above which there was no evolved
resistance of S. pyogenes to PhaNP@Syn71 after repeated expo-
sure of ~1000 generations of S. pyogenes to PhaNP@Syn71. In
vivo studies on a mouse wound infection model exhibited
immediate wound size stabilization compared to wound flaring
in controls while showing no toxicity to the surrounding
mammalian cells and mouse organs. Our results suggest that
PhaNP@Syn71 has opened the door for a new class of anti-
bacterial nanocarriers that can sterically separate and orient
antimicrobial peptides to be a highly effective antibacterial
system to combat bacterial infections without antibiotics and
prevent the emergence of antibiotic resistance.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2 Materials and methods
2.1 Materials

Streptococcus pyogenes strain AP53 Covs+; LB broth (Miller;
Sigma-Aldrich); agar (Sigma-Aldrich); 200 proof ethanol (VWR);
20% v/v ammonium hydroxide (NH,OH; BDH); tetraethyl
orthosilicate (TEOS; Sigma Aldrich, 99% GC grade); 3-amino-
propyltriethoxysilane (APTES; Sigma Aldrich, 99%); sodium
hydroxide (NaOH; Sigma Aldrich, >97%); sodium citrate dihy-
drate (C¢HsNaz;O,-2H,0; Sigma Aldrich, >99%); tetrakis(hy-
droxymethyl)phosphonium chloride (80% purity) (THPC; Sigma
Aldrich, 80% in water); gold chloride (anhydrous; Sigma
Aldrich); silver nitrate (AgNO3; Sigma Aldrich, 99% ACS grade);
hydroquinone (Sigma Aldrich, >99% reagent grade); deionized
water (DI water); 4% buffered paraformaldehyde (VWR),
phosphate-buffered saline (PBS) without calcium and magne-
sium (1X; Cytiva); rhodamine B isothiocyanate (Sigma-Aldrich);
AFdye488-Maleimide (Fluoroprobes), Cys-Syn71 peptide (CAG-
TEKIFQRLKKTIQEGKKIAKRWW, GenScript).

2.2 Nanoparticle synthesis

2.2.1 Silica core synthesis. To synthesize silica (SiO,) core
nanoparticles, the sol-gel (Stéber) method of hydrolysis and
condensation of TEOS was used, yielding monodispersed silica
nanoparticles with a diameter of 25 nm. In a 100 ml glass
beaker with a magnetic stir bar, 30 ml of ethanol, 6 ml of DI
water, and 1.8 ml of 20% v/v NH,OH were added. The mixture
was stirred with an even vortex and 1.125 ml of TEOS was added
to the mixture. The mixture was left to stir at room temperature
(22 °C) overnight (minimum of 12 h). The SiO, cores were
centrifuged at 9000 RCF for 30 min at room temperature to
settle the SiO, nanoparticles in the pellet and separate the
supernatant. The nanoparticle-containing pellet was washed
with 10 ml ethanol, sonicated (pulse for 20 s at 40% amplitude),
and rinsed with 30 ml ethanol by centrifugation twice.

2.2.2 Red fluorescent silica core synthesis. Red-fluorescent
silica cores were synthesized using the same procedure as Section
2.2.1 with one modification. Rhodamine B isothiocyanate-
aminopropyltriethoxy silane (0.125 mL) was mixed with 1 ml of
TEOS and utilized instead of 1.125 ml of TEOS.

2.2.3 Silica core silanization. The silica cores were amine-
functionalized by adding 25 ml ethanol, 5 ml DI water, and
1 ml APTES with the silica cores pellets into a 100 ml beaker.
The solution was stirred overnight with a smooth vortex at room
temperature, yielding SiO,-APTES cores. The solution was
centrifuged at 9000 rpm for 30 min at room temperature to
separate the supernatant. The SiO,-APTES nanoparticle pellets
were washed with 10 ml ethanol, sonicated (pulse for 20 s at
40% amplitude), and rinsed with 30 ml ethanol by centrifuga-
tion. After discarding the supernatant, the pellet was resus-
pended in 10 ml of DI water, sonicated (pulse for 20 s at 40%
amplitude), and transferred into a 100 ml beaker with addi-
tional 20 ml DI water.

2.2.4 Gold nanosphere synthesis. Gold nanospheres with
a diameter of 5 nm were synthesized using a modified proce-
dure of alkaline reduction.*” Into a 250 ml beaker 43.16 ml DI
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Table 1 Syn-larvacin peptide antibacterial effect against S. pyogenes. Minimum Inhibitory Concentration (MIC) and Minimal Bactericidal

Concentration (MBC) are shown for each Syn-larvacin variant

Peptide variant Sequence (N-C) MIC (uM) MBC (uM)
Scaffold sequence AGKETIRQFLKKKIQEKGKRATIAW 8 64
Syn-larvacin-27 AGKETIFQRLKKKIQEKGKRAWIAW  0.125 0.5
Syn-larvacin-31 AGTEKIFQRLKKWIQEGKKIAKRAW  0.25 0.25
Syn-larvacin-40 AWTEKIFNRLKKTINEGKKIAKRAW  0.25 4
Syn-larvacin-67 AGKETIFQRLKKKIQEKGKRATIWW  0.25 0.25
Syn-larvacin-69 AGKETIRQFLKKTIQEKGKRAKIWW  0.125 0.5
Syn-larvacin-71 AGTEKIFQRLKKTIQEGKKIAKRWW  0.125 0.125
PhaNP@Syn-71 CAGTEKIFQRLKKTIQEGKKIAKRWW 8.62 50
Syn-larvacin-72 AGTEKIFNRLKKTINEGKKIAKRWW  0.125 2

water, 427 pul NaOH (1 M), 3.21 ml sodium citrate (68 mM), and
1.07 ml THPC (85 mM) were added. The solution was stirred
with a smooth vortex for at least 10 min at room temperature,
and then 2.14 ml of gold chloride (25 mM) was added. The
solution was stirred agitation free at room temperature over-
night in the dark.

2.2.5 Gold nanosphere deposition to silica cores. The gold
nanosphere solution was mixed with SiO,-APTES nanoparticle
solution in a ratio of 1:2 and stirred overnight in the dark with
a smooth vortex, yielding SiO,@Au core-shell nanoparticles.
The solution was centrifuged at 9000 RCF for 15 min at room
temperature. The pellet was washed with 10 ml ethanol, soni-
cated (pulse for 20 s at 40% amplitude), and rinsed with 30 ml
ethanol by centrifugation.

2.2.6 Silver coating of gold nanospheres. Silver is alloyed
onto gold nanospheres previously conjugated onto SiO, nano-
particles using the reduction reaction by hydroquinone.*
SiO,@Au nanoparticle solution (30 mL) was mixed with 7.2 ml
10 mM AgNO; and 5.76 ml 10 mM freshly prepared hydroqui-
none. The mixture was stirred at 500 rpm overnight in the dark,
followed by halting the silver coating reaction by centrifugation
and discarding the supernatant. SiO,@Au@Ag (PhaNPs) pellet
was washed with 30 ml DI water two times, sonicated (pulse for
20 s at 40% amplitude) and rinsed by centrifugation at 9000
RCF for 15 min at room temperature.

2.2.7 Antimicrobial peptide immobilization onto PhaNPs.
A 1.27 mM Syn71 peptide stock in 1X PBS was prepared. Syn71
peptide developed from a library of peptides by Ross et al.** was
used due to its high antibacterial activity. Syn71 in this study
refers to syn-larvacin 71 peptide (Table 1) terminated with an
additional cysteine (Cys) residue on the N-terminal. Syn71
peptide was cysteine terminated to increase the probability of
them being chemisorbed to the gold or silver surface via the
sulfur atom.*** The immobilization of peptides on the gold or
silver surface is also possible through amines or amides.*” The
PhaNPs pellet was resuspended in 1X PBS to create a buffered
environment for the Syn71 peptide. In a 100 ml beaker, 30 ml of
resuspended PhaNPs were mixed with 1 ml of 1.27 mM Syn71
peptide solution. The mixture was stirred in the dark at room
temperature at 500 rpm for at least 36 hours to allow maximum
chemisorption of the peptide onto the nanoparticles, yielding

1148 | Nanoscale Adv, 2024, 6, 1145-1162

PhaNP@Syn71 nanoparticles. The PhaNP@Syn71 solution was
centrifuged for 15 min at 9000 rpm at room temperature to
separate the supernatant. The pellet was washed with 15 ml of
1X PBS, sonicated (pulse for 10 s at 30% amplitude), and rinsed
by centrifugation. Both supernatants were saved and stored in
the freezer (—20 °C) to quantify the peptide absorbed onto the
nanoparticles using Liquid Chromatography Mass Spectroscopy
(LC-MS).

2.3 Nanoparticle characterization

2.3.1 TEM imaging. SiO, core and PhaNP@Syn71 nano-
particle samples were prepared for TEM analysis by drop
coating the dispersed sample onto a 300-mesh copper grid
coated with amorphous carbon film. TEM images of the SiO,
core and PhaNP@Syn71 nanoparticles were obtained on a JEOL
2011 microscope at an acceleration voltage of 200 kV. Further
image analysis was carried out using Image] software. The
diameters of SiO, core nanoparticles (n = 188) and PhaN-
P@Syn71 nanoparticles (n = 214) were measured from several
selected TEM images, and the average diameters of both
samples were calculated.

2.3.2 Scanning electron microscope (SEM) with energy-
dispersive X-ray spectrum (EDXS) analysis. To analyze the
nanoparticle elemental content and confirm the presence of
silica, gold, and silver, SEM in conjunction with energy-
dispersive X-ray spectrum (EDXS) analysis was carried out on
Thermo Scientific Prisma E-SEM at an acceleration voltage of 15
kv, current of 70 pA and magnification of 100 000x. A drop of
resuspended PhaNPs sample was placed onto an aluminum
SEM stub and dried under a vacuum. An EDXS map was created
to scan over a site of PhaNPs on the stub, with a count rate of
993 cps.

2.3.3 Inductively coupled plasma-optical emission spec-
troscopy (ICP-OES) for nanoparticle elemental quantification.
ICP-OES was performed on PerkinElmer Optima 8000 to
quantify the elemental distribution of silica (Si), gold (Au), and
silver (Ag). Si, Au, and Ag standards (0, 0.2, 2, 4, and 10 ppm)
were prepared from commercially available 1000 ppm Si, Au,
and Ag(u) standard solutions and dissolved in 5% Aqua Regia.
SiO,NP, SiO,AuNP, and PhaNPs (200 pl) samples were dissolved
overnight in 500 ul of 100% Aqua Regia (3 : 1 hydrochloric acid :

© 2024 The Author(s). Published by the Royal Society of Chemistry
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nitric acid), followed by the addition of 9.5 ml DI water to a final
concentration of 5% Aqua Regia. Si, Au, and Ag emission
spectra were collected at 251.611 nm, 267.595 nm, and
328.068 nm, respectively. Emission spectra for yttrium (Y), an
internal standard, were collected at 371.029 nm.

2.3.4 Liquid chromatography-mass spectrometry (LC-MS)
analysis. The supernatant collected after peptide modification
of the PhaNPs was used for the quantification of the amount of
Syn71 peptide absorbed onto the PhaNPs by back-calculation
from the amount remaining in the supernatant. The superna-
tant samples were stored in the freezer (—20 °C) until analyzed
by LC-MS. The LC-MS instrument consisted of a Dionex Ulti-
mate 3000 Rapid Separation UPLC system equipped with
a Dionex Ultimate 3000 autosampler and a Dionex Ultimate
3000 photodiode array detector coupled with a Bruker
MicrOTOF-Q II quadrupole time-of-flight hybrid mass spec-
trometer using Hystar 3.2 software. The Bruker electrospray
ionization source was operated in the positive ion mode with
the following parameters: end plate offset voltage = —500 V,
capillary voltage = 2000 V, and nitrogen as both a nebulizer (4
bar) and dry gas (8 L min™" flow rate at 180 °C temperature).
Mass spectra were accumulated over the mass range 400-
3000 Da. The sample was analyzed on a Dionex Acclaim™ RSLC
120 C8 column (2.2 um, 120 A, 2.1 mm i.d. x 100 mm). The
mobile phase (A = 0.1% formic acid in water; B = 0.1% formic
acid in acetonitrile) gradient consisted of elution at 0.4
ml min~" with 90% A/10% B for 1.5 min, followed by a 6.9 min
linear gradient to 5% A/95% B, an 0.1 min linear gradient to
90% A/10% B, and then 90% A/10% B for 1.5 min. LC flow was
diverted to the waste for the first 1.4 min. Peak areas from
extracted ion chromatograms (EICs) of corresponding m/z
values were quantified.

2.3.5 Dynamic light scattering (DLS) and electrophoretic
light scattering (ELS)

2.3.5.1. Dynamic light scattering (DLS). The size distributions
of the plain and peptide-bearing nanoparticles were measured
using a Malvern Zetasizer Nano-ZS (Model ZEN3600) instru-
ment by performing DLS. Each DLS sample was prepared by
diluting 100 pul of the nanoparticle stock solution with 900 pl of
1X phosphate-buffered saline (PBS). The resulting dilutions
were carefully pipetted into 1 ml polystyrene cuvettes (Malvern
part number DTS0012) to prevent bubble formation. The
cuvettes were loaded into the Zetasizer one at a time by ori-
enting the arrow onto the cuvette to the arrow on the instru-
ment and closing the device's lid. The Malvern Zetasizer
software was used to take the size measurements. The program
uses the absorption and refractive index of the nanoparticle's
silica core material (R; = 1.459, A = 0.035) and the refractive
index, dielectric constant, and viscosity of the PBS dispersant
((R;)pms = 1.330, K = 79, u = 0.8882 cP) as well as its internal
measurements to determine the size distribution of the nano-
particles. The instrument reports three size distributions that
correspond to the three trials the instrument automatically
performs when run. The software determines the sizes reported
for each trial by averaging eleven different measurements taken
during each trial.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.3.5.2. Electrophoretic light scattering (ELS). The zeta
potential values of the plain and peptide-bearing nanoparticles
were also found with the Malvern Zetasizer Nano-ZS (Model
ZEN3600) instrument by performing ELS. Each ELS sample was
prepared by diluting 100 pl of the nanoparticle stock solution
with 900 pl of 1X phosphate-buffered saline (PBS), as was done
for the DLS samples. These dilutions were carefully pipetted
into folded capillary zeta cells (Malvern part number DTS1070)
to prevent bubble formation. These cells were loaded into the
warmed Zetasizer one at a time by matching the arrow on the
cell to the arrow on the instrument and closing the device's lid.
The Malvern Zetasizer Nano-ZS software was used to take the
zeta potential measurements. The program uses the absorption
and refractive index of the silica core material ((R;)s; = 1.459,4 =
0.035) and the refractive index, dielectric constant, and viscosity
of the PBS dispersant ((R;)pgs = 1.330, K = 79, u = 0.8882 cP) as
well as its internal measurements to determine the zeta
potential. The instrument reports three zeta potential
measurements that correspond to the three trials the instru-
ment automatically performs when run. The software displays
the average zeta potential found over the 100 measurements the
device takes during each trial.

2.4 Cytocompatibility testing

To test the cytocompatibility of the PhaNP@Syn71, HaCaT
human epithelial keratinocytes were used. The cells were
cultured and maintained in Dulbecco's Modified Eagle's
Medium (DMEM) supplemented with 10% heat-inactivated
fetal bovine serum (FBS) at 37 °C with 5% CO, in 100 mm
culture dishes. First, HaCaT cells were grown to 75-80% con-
fluency in 24-well tissue culture plates supplemented with
DMEM. Before adding the samples (PhaNP@Syn71, PhaNPs,
Syn71), DMEM was aspirated from the wells, and the cells were
washed with 1X PBS. The PBS was aspirated, and the sample
solutions in DMEM were added to the wells with washed HaCaT
cells. The cells were incubated at 37 °C with 5% CO, for 16 h,
after which DMEM was aspirated, and cells were washed with
1X PBS to remove free nanoparticles. To determine the cyto-
toxicity of various concentrations of PhaNP@Syn71 as well as
PhaNPs and Syn71 peptide alone, ethidium homodimer cell
death assay® was used. 4 uM ethidium homodimer in 1X PBS
was added to HaCaT cells and incubated at 37 °C for 30 min.
The plate reader was set to 528 nm excitation and 617 nm
emission with a cutoff value of 590 nm to determine the level of
fluorescence. To determine the percentage of dead cells, all cells
were permeabilized by the addition of 0.1% (w/v) saponin to
each well after the initial reading, and incubated at room
temperature for 20 min, followed by shaking the plate on an
orbital shaker. The plate reader was used in the same settings as
before to measure the fluorescence. Percent membrane per-
meabilization was calculated by dividing the fluorescence
values with intact cells by the fluorescence values after cell
disruption by saponification. Each treatment condition was
performed in triplicate, with the average cell viability (as
a percent of the control) plus the standard deviation of all
conditions plotted together for comparison.
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2.4.1 Invitro scratch closure assay. In vitro scratch closure
assay was carried out on HaCaT human epithelial keratinocytes
by using a modified protocol by Liang et al.*® The cells were
cultured and maintained in Dulbecco's Modified Eagle's
medium (DMEM) supplemented with 10% heat-inactivated
fetal bovine serum (FBS) at 37 °C with 5% CO, in 100 mm
culture dishes until confluency reached 80-90%. HaCaT cells
were prepared by washing the cells with 1X PBS. Trypsin was
added, and cells were incubated at 37 °C for 5 minutes, followed
by stopping trypsinization by adding DMEM. Cells were
centrifuged at 1200 rpm for 12 min, and the pellet was resus-
pended in DMEM. An 8-well chamber slide was used, and 50 000
HacCaT cells were added to each well. Corresponding volumes of
free Syn71 peptide (8 uM), SiO,AuNPs, and PhaNPs, volumes
corresponding to the volume of PhaNP@Syn71 containing 4 uM
or 8 uM Syn71 were added. Enough DMEM media was added to
reach the final volume of 300 pl per well. The cells were allowed
to attach to the well bottom for 26 h at 37 °C, followed by
creating the scratch by using a sterile pipette tip to scrape the
cell monolayer in a straight line. The chamber slide was live
imaged under the microscope at 37 °C for 24 h.

2.5 Biocidal activity against planktonic bacteria

The antibacterial effect of various concentrations of PhaN-
P@Syn71 together with SiO,@Au nanoparticles, non-peptide
PhaNPs and Syn71 peptide alone was screened against S. pyo-
genes. Growth curve measurements and CFU per ml assays were
used to evaluate the overall antibacterial effect and are
described below.

2.5.1 Bacteria culture. S. pyogenes blood agar plate was
obtained from W. M. Keck Center for Transgene Research and
kept in a fridge at +4 °C for up to two weeks. A single colony of S.
pyogenes was picked from the agar plate and adapted to
planktonic lifestyle in 6 ml LB media for 12 h at 37 °C under
continuous shaking (300 rpm). This inoculum was used as
a pre-culture for the plate reader-run, with the initial bacteria
cell count after inoculation 2.92 x 10” (ODggo nm = 0.48).

2.5.2 Growth curve measurements. At least four replicates
of each sample and control were run on PerkinElmer Victor
31420 Multilabel Counter Plate Reader. As a background and
positive control, pure LB media and the bacteria growing in LB
media only were used. The tests were premixed in a 2 ml
microcentrifuge tube, containing a total of 2 ml of solution,
including 30 pl of bacteria inoculum and precalculated volumes
of nanoparticle samples as well as Syn71 peptide alone. In
addition, background solutions for each nanoparticle sample
and concentration without bacteria were prepared. The solu-
tions were mixed thoroughly, and 200 pl of the solution was
pipetted into each well of a sterile 96-well plate and incubated
under continuous shaking at 37 °C for 24 h with ODgyo nm
measurements taken every 10 min. The resulting growth curves
were corrected with the LB media background as well as the
nanoparticle backgrounds.

2.5.3 Minimum inhibitory concentration. The MIC of the
PhaNP@Syn71 was determined by the method involving
microdilution in culture broth, as indicated by the Clinical and
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Laboratory Standards Institute of the United States of Amer-
ica.* In this process, 8 different concentrations of PhaN-
P@Syn71 w.r.t Syn71 on the PhaNPs, were used. The starting
concentration w.r.t to PhaNP@Syn71 was 174 uM and it was
serially diluted 6 more times by a factor of two to get seven
concentrations of PhaNP@Syn71. The final sample had no
PhaNP@Syn71 added and was designated as 0 pM of PhaN-
P@Syn71. Before the start of each experiment, solutions of
PhaNP@Syn71 were prepared under aseptic conditions in
sterile LB broth. The ODggo nm Of the S. pyogenes inoculate was
adjusted in LB media to be 0.01 absorbance before addition to
the different concentrations of PhaNP@Syn71. Three to five
replicates were performed for each concentration of PhaN-
P@Syn71. The minimum concentration at which 50% growth of
bacteria was inhibited (MIC50) and at which 90% growth of
bacteria was inhibited (MIC90) was measured from the growth
curves. MIC can be defined as the lowest concentration of
antibiotic that shows no ODgy nm above the background
signal.*

2.5.4 Evolution of resistance. In this study, we exposed S.
pyogenes strain to PhaNP@Syn71 using the method described
by M. Lagator et al.>* We evolved six replicate populations at
three sub-MIC concentrations of PhaNP@Syn71 (0.1MIC,
0.2MIC and 0.35MIC), giving rise to 18 evolving populations,
and a ‘wild-type’ population, propagated in the absence of
PhaNP@Syn71. 0.1MIC is the 0.10X the maximal effective dose
of PhaNP@Syn71. Similarly, 0.2MIC and 0.35MIC are 0.20X and
0.35x the maximal effective dose of a given PhaNP@Syn71. The
MIC is the lowest antibiotic concentration that resulted in no
measurable growth after 24 h. We obtained these concentra-
tions by measuring a dose-response of the naive population by
transferring 1.5 pl of overnight culture to a serial dilution of
each sub-MIC concentration, and measuring ODggp nm after
24 h of growth (EC50, MIC and 2MIC, respectively, for PhaN-
P@Syn71 - 4.79 uM; 8.62 uM; 17.24 uM). During the selection
procedure, every 24 h 1.5 pl was transferred to 1.2 ml of fresh
medium with