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ABSTRACT

The rapidly diminishing number of effective antibiotics that can be used to treat
infectious diseases and associated complications in a physician’s arsenal is having a drastic
impact on human health today. This study explored the development and optimization of a
polymersome nanocarrier formed from a biodegradable diblock copolymer to overcome bacterial
antibiotic resistance. Here, the polymersomes were designed with silver nanoparticles embedded
in the particle’s hydrophobic membrane bilayer, and an antibiotic solution encapsulated in the

particle’s aqueous core in order to provide a dual-mechanism, concentrated, and less cytotoxic
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localized treatment. These silver nanoparticle-embedded polymersomes (AgPs) were loaded with
ampicillin and subsequently tested for bactericidal function against Escherichia coli that had
been transformed with a gene for ampicillin resistance (bla). Results showed for the first time
that AgPs killed the antibiotic-resistant bacteria, whereas free antibiotic, encapsulated antibiotic
without the addition of the silver nanoparticles, and AgPs without the addition of ampicillin did
not kill the bacteria. In this manner, this study introduces a novel nanomaterial that can
effectively treat problematic, antibiotic-resistant infections in an improved capacity which should

be further examined for a wide range of medical applications.

Keywords: polymersome; silver nanoparticle; antibiotic-resistance; Escherichia coli; ampicillin;

nanomedicine

INTRODUCTION

Antibiotics have been extensively used since their commercialization in the 1930s to treat
patients suffering from a wide variety of infectious diseases. When utilized correctly, these drugs
are extremely effective at reducing mortality rates and healing time, which makes them essential
in the clinic today. Unfortunately, however, antibiotics have been used so prevalently over the
last 80 years that the bacteria they were designed to kill have begun to evolve and adapt,
rendering these drugs ineffective.'” According to the Center for Disease Control’s 2013 report
on antibiotic resistance in the United States, at least 2 million people acquire serious infections
from antibiotic resistant bacteria each year, and over 23,000 die as a direct result.’ Even when

alternative treatments exist, patients with antibiotic resistant infections have significantly higher
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mortality rates, and survivors often have increased hospital stays and long-term complications.
These infections cost an estimated $20 billion in excess direct healthcare expenses.’ Infections
caused by Gram-negative bacteria are particularly difficult to treat because their robust and
hydrophobic outer lipopolysaccharide membrane helps to impede the influx of drugs into the
cell.* Of additional concern is the appearance of bacterial strains that are resistant to multiple
types of antibiotics (known as multi-drug resistant or MDR strains). Clinicians are now
discovering examples of bacteria with such diverse antibiotic-resistance that no available drug
can successfully treat the infections they cause.’ In essence, the near future will bring a new
generation of “super bugs” that scientists and doctors do not know how to kill effectively.
Unfortunately, the number of new antibiotic drugs in the pipeline has also been rapidly
decreasing, largely due to the fact that new drugs are extremely expensive to bring to market, and
antibiotics are less financially lucrative to develop when compared to treatments for chronic
conditions.” Thus, the need to develop alternative strategies to treat such antibiotic-resistant
bacteria, while still utilizing existing drugs, has never been more urgent than today.

Over the past decade, interest in using nanomedicine-based approaches to combat
difficult infections has rapidly grown due to the many advantages offered over conventional
treatment with free antibiotics. This study explored encapsulating the drug inside nano-sized
structures called polymersomes (that is, artificial vesicles made from biodegradable, high
molecular weight, amphiphilic block co-polymers). These vesicles typically display a spherical
morphology and are composed of hydrated hydrophilic coronas both at the inside and outside of
a hydrophobic polymer membrane.® This allows for hydrophilic bioactive materials to be loaded
into the particle’s aqueous core, and hydrophobic bioactive materials to be loaded into the

particle’s membrane bilayer. Just loading these compounds into carriers can provide many
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benefits over treatment with free drugs. For example, encapsulation of antibiotics has been
shown to protect the drug from critical bacterial resistance mechanisms such as degradation by §3-
lactamase enzymes.’ In one such study, Nacucchio ef al. found that the liposomal encapsulation
of piperacillin prevented staphylococcal B-lactamases from hydrolyzing the drug.® Additionally,
encapsulation has been demonstrated to facilitate a longer and sustained contact time between
the antibiotic and the bacterial cell membrane.’

Along these lines, metallic nanoparticles have long been investigated as potential
antibacterial agents due to their many unique physiochemical properties which are not present at
the macro scale.'” Among these metals, silver is perhaps the most well-known for its
antimicrobial effects. Hippocrates noted its ability to enhance wound healing and preserve food
and water as early as 400 BC, and many products taking advantage of these properties are

11-12

available commercially today. In addition, recent studies have shown that there may even be

a synergistic effect when silver nanoparticles and antibiotics are used simultaneously to treat a

Gram-negative infection.'*"

However, there is little information regarding whether a combined
treatment is sufficient to overcome bacteria which display genetic antibiotic resistance.
Additionally, there has been almost no investigation into the effect of dually encapsulated
antibiotics and nanoparticles. Researchers have also theorized that nanoparticles with a
hydrophobic functionalization can include into lipid membranes and cause disruption, whereas
their hydrophilic counterparts can only adsorb to the surface.'® Again, the difficulty of
successfully delivering hydrophobic nanoparticles without significant aggregation in an aqueous

environment has limited investigation into the implications such a functionalization would have

on the nanoparticles’ antibacterial efficacy and cytotoxicity.
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Thus, for all of the above reasons, the objective of the present in vitro study was to
design, characterize, and optimize a polymersome nanocarrier able to co-localize and deliver
both antibiotics and hydrophobic silver nanoparticles, while protecting the drug from hydrolysis
by B-lactamase enzymes, in one “nanoformulation” in order to kill antibiotic-resistant bacteria.
Specifically, these particles were then tested for efficacy against a strain of Escherichia coli (E.

coli) which had been genetically modified to be antibiotic-resistant.

RESULTS

Particle Design, Synthesis, and Characterization

A diblock copolymer of methoxypoly(ethelyne glycol)sgo and poly(D)-(L)-lactic
acidso oo (MPEG-PDLLA 5,000:50,000 Da) was utilized for the polymersome synthesis. The
mPEG block was chosen because it has been documented to confer a “stealth” property to the
particles in vivo in order to help prevent premature clearance by the immune system.'” The
racemic mixture of D- to L-lactides in the PDLLA block was optimized to generate
polymersomes with a release rate sensitive to changes in temperature.'® This allows for increased
stability (low release) during storage at 4 °C, and increased release at physiological temperatures.

Silver nanoparticle-embedded polymersomes (AgPs) were synthesized using a modified
stirred-injection technique. Monodisperse hydrophobic silver nanoparticles of 5 nm diameter
were suspended in an organic solvent containing dissolved mPEG-PDLLA. This mixture was
injected through a syringe atomizer at high speed into actively stirring phosphate buffered saline
(PBS, pH 7.4) containing the antibiotic ampicillin. The resulting suspension was allowed to

dialyze against PBS to remove the organic solvent and non-encapsulated drug (Figure 1).
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Physicochemical characterization was performed to assess AgPs size, surface charge, and
loading. Transmission electron microscopy (TEM) revealed polymersomes of highly uniform
size and shape with clusters of silver nanoparticles embedded inside (Figure 2A). These silver
clusters frequently appeared as a single layer of nanoparticles that was off-center from the
nanoparticle core, suggesting that they may be intercalated into the membrane bilayer. Dynamic
light scattering (DLS) indicated the average hydrodynamic diameter to be 104.3 nm + 15.6 nm
(Figure 2B). The AgPs surface was found to have a near neutral zeta potential of 0.315mV =+
1.13mV at pH 7.4. The number of silver nanoparticles embedded per polymersome was
quantified from TEM images. The nanoparticles were shown to load in a normal tailed
distribution with an average of 9.29 + 6.07 silver nanoparticles per polymersome (Figure 2C).
The mass of silver loaded was estimated using the density of silver and the volume of a 5 nm
sphere (Table 1, Equations 1-4).

Three different AgPs formulations were synthesized to contain different concentrations of
ampicillin. The loading efficiency of ampicillin in the aqueous phase was measured by
spectrophotometry as previously described.'” The final ampicillin concentration following
particle dialysis was determined to be 70pg/mL + 7.0pg/mL, 110ug/mL + 7.2pg/mL, and
160pg/mL + 9.0pug/mL, corresponding to a loading efficiency of 23%, 22%, and 20%,
respectively (Figure 2D). The final silver-to-ampicillin molecule ratio for the different AgPs

formulations was 1:0.28, 1:0.44, and 1:0.64, respectively.

Bacterial Growth Inhibition

E. coli is a Gram-negative, rod-shaped bacterium which has been extensively investigated

in the laboratory for over 60 years, making it one of the most widely studied prokaryotic
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organisms and thus ideal for a proof-of-concept application. First, E. coli was transformed with a
plasmid containing the bla gene encoding for the enzyme TEM-1 B-lactamase using calcium
chloride and heat-shock.?’ TEM-1 is the most common B-lactamase found in enterobacteriaceae,
and confers resistance to multiple antibiotics including the narrow-spectrum cephalosporins,
cefamandole, cefoperazone, and all of the penicillins except for temocillin.*'

The growth and proliferation of a 10° colony forming units/mL (CFU/mL) suspension of
the ampicillin-resistant E. coli was examined by measuring the optical density at 600 nm (ODgg)
for 24 hours following treatment with volumes of AgPs containing a silver:ampicillin (Ag:Amp)
ratio of 1:0.28 (Figure 3A), 1:0.44 (Figure 3B), or 1:0.64 (Figure 3C). Ampicillin-loaded AgPs
displayed significant bacteriostatic action against the E. coli, manifesting as a delay in the time
taken to reach exponential growth phase. This response was dose-dependent, with higher
concentrations of ampicillin producing a longer delay in bacterial growth. Bacteria treated
with ampicillin concentrations above 55 pg/mL failed to proliferate within 48 hours. In the
absence of silver nanoparticles, no bacteriostatic effect was observed for all ampicillin
concentrations tested. This suggests that the presence of silver potentiates the therapeutic
efficacy of ampicillin. AgPs without ampicillin likewise produced no therapeutic benefit.
Additionally, no significant differences were observed between bacteria treated with free
ampicillin (200 pg/mL), PBS, AgPs without ampicillin, and ampicillin-loaded polymersomes
(200 pg/mL) without silver nanoparticles. When bacteria were treated with sub-optimal
concentrations of AgPs, bacteria growth was always observed within 17 hours. The time to
exponential phase was found to vary with both silver concentration and ampicillin loading
(Figure 3D).

A Bliss Model was utilized to determine the degree of synergy observed for different
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silver and ampicillin combinations.”

Drug interactions were found be synergistic ($>0) in all
cases where ampicillin was supplied at concentrations of 24 pg/mL and above (Figure 3E). At
lower concentrations, no synergism was observed (S=0). The degree of synergy was dose-
dependent and increased with both silver and ampicillin concentrations. The therapeutic benefit
of ampicillin reached a plateau at 50 pg/mL over a range of silver concentrations due to
complete inhibition of bacterial growth. When the silver concentration was held constant, the
degree of synergism was directly determined by the amount of ampicillin loaded. This

phenomenon is highlighted, in Figure 3F, where the bars indicate the range of synergism that can

be achieved by varying ampicillin loading at a fixed silver concentration.

Cell-Particle Interactions

Interactions between E. coli and AgPs were visualized using TEM (Figure 4). Indentation
of the bacterial cell membrane was observed in regions of AgPs contact (Figure 4B-C; white
arrows). Silver nanoparticles inside AgPs appeared to be polarized in an orientation
perpendicular to the bacterial cell membrane, suggestive of hydrophobic interactions with the
outer cell membrane (Figure 4B, D; yellow arrows). In order to assess physical intracellular
changes caused by AgPs, cells treated with an intermediate particle concentration (44 pg/mL
Amp, 1 Ag:0.44 Amp) for 24 hours were sectioned. Bacteria in contact with AgPs displayed
significant protein aggregation and diffuse widening of the cell envelope (Figure 4E-H). This
phenomenon has been observed by other researchers following silver ion treatment, and has been
shown to correlate with increased membrane permeability and protein misfolding due to

22,24-25

disulfide bond disruption. Regions of the cell envelope with little to no AgPs contact

appeared morphologically normal (Figure 4F-H; black arrows).
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The cytotoxicity of AgPs to mammalian cells was investigated using CCL-110 human
dermal fibroblasts (Figure 5). Cells were treated with different concentrations of AgPs for 24 or
48 hours, and cell viability was measured using MTS assay. No significant cytotoxicity was

observed over a range of 0-80 pg/mL ampicillin, 0-125 pg/mL silver.

DISCUSSION AND CONCLUSION

Prevention of cellular access of a drug is critical to antibiotic resistance, especially for
Gram-negative bacteria because their robust outer lipopolysaccharide membrane provides an

26-28

extremely effective permeability barrier. In addition, E. coli possess efflux pumps (AcrB)

129

which can help to remove antibiotics from the cell.” When bacteria possess genetic resistance,

the antibiotics in the environment are also subjected to hydrolysis by B-lactamase enzymes,

1.*° This study showed for the first time that it is possible to

which can be secreted by the cel
overcome drug resistance through the combined delivery of silver nanoparticles and ampicillin.
Co-encapsulation resulted in synergistic activity sufficient to delay or inhibit the growth of
bacteria, even when the gene for ampicillin resistance was present. The authors postulate that the
effectiveness of this formulation is most likely due to a mechanism which exploits the reactive
properties of nanoscale silver in order to disrupt the integrity of outer cell membrane. This is
supported by the observation that silver nanoparticles can cause morphological changes and
indentation of the bacteria cell wall.>' Membranes with the observed morphology have been
reported to exhibit a significant increase in permeability, resulting in abnormal transport across
the membrane.*” Silver ions have also been well documented to form reactive oxygen species

(ROS), which can likewise cause damage to bacteria cell walls and subsequent cell death.” The

mechanism of synergism is under further investigation by the authors.
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This work has many important implications. A long-lasting, single-particle treatment
capable of overcoming antibiotic resistance would be extremely beneficial in the clinic. This
potential is compounded by the fact that the initial bacteria density found in vivo is rarely as high
as the CFU studied here. It has been shown that silver nanoparticles are also effective at treating
bacterial persister cells, and therefore AgPs may show promise for biofilm-forming infections.”
3% One of the most commonly occurring bacterial infections, urinary tract infection, is frequently
caused and perpetuated by biofilm-forming (and often antibiotic-resistant) strains of E. coli.”
Additionally, the absence of a significant cytotoxic effect from AgPs towards human fibroblasts
is a promising sign for toleration by mammalian cells. Reports of toxicity associated with
nanoscale silver in vivo have been varied, and toxicity is generally considered to depend on
nanoparticle size, concentration, and surface coating.”*>® As designed, the AgPs particle is easily
loaded with a variety of aqueous drugs, and combinations thereof, opening avenues for the

creation of a library of therapeutic particles.

MATERIALS AND METHODS

Particle Synthesis

The antibiotic solution and silver nanoparticles were encapsulated inside the
polymersomes by self-assembly. First, I mL of dodecanethiol-functionalized silver nanoparticles
(5 £ 2 nm, 0.25% (w/v) in hexane; Sigma-Aldrich, St. Louis, MO) was resuspended in 1 mL of
tetrahydrofuran (THF; Sigma-Aldrich, St. Louis, MO), and subsequently ultrasonicated
(Bransonic 2510R-DTH, Emerson Industrial Automation, Danbury, CT) to prevent aggregation.

10 mg of the mPEG-PDLLA copolymer (Polyscitech, West Lafayette, IN) was added to the

10
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mixture, which was again ultrasonicated until the copolymer was completely dissolved. This
organic nanoparticle/polymer solution was then injected through a syringe atomizer (MAD300,
LMA, San Diego, CA) into a 0.01 M solution of PBS (Sigma-Aldrich, St. Louis, MO) with or
without ampicillin sodium salt (Sigma-Aldrich, St. Louis, MO) in a 15 mL glass round bottom
tube with a 7x2 mm magnetic stir bar at 500 rpm. Finally, the entire polymersome solution was
transferred to a 50 kDa dialysis tube (Spectra/Por Float-A-Lyzer G2, Spectrum Labs, Rancho
Dominguez, CA) and was allowed to dialyze against pure PBS for 48 hours, with two buffer

changes, to remove all traces of the organic solvent and unencapsulated drug.

Particle Characterization

The size distribution and zeta potential of AgPs were measured using DLS (90Plus Zeta,
Brookhaven Instruments, Holtsville, NY) and the software provided by the manufacturer.
Ampicillin loading efficiency was determined using a method previously described,” based on
spectrophotometric optical density measurements at 320 nm (ODj3y) (SpectraMax M3,
Molecular Devices, Sunnyvale, CA) of a compound formed by the acidic degradation of
ampicillin at 75 °C in pH 5.2 buffer and a trace of copper (II) sulphate pentahydrate (Sigma-
Aldrich, St. Louis, MO). Ampicillin concentration was measured directly after the synthesis
process and after 48 hours of dialysis. Percentage loading efficiency was calculated as [final

concentration] / [initial concentration] x 100%.

Transmission Electron Microscopy

AgPs and cell-particle interactions were visualized using transmission electron

microscopy (TEM; JEM-1010, JEOL, Peabody, MA). Particles were dried on 300-mesh copper-

11
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coated carbon grids (Electron Microscopy Sciences, Hatfield, PA) and negatively stained with a
1.5% uranyl acetate solution (Sigma-Aldrich, St. Louis, MO). Bacteria were treated with
particles for 24 hours, fixed in 4% paraformaldehyde (Sigma-Aldrich, St. Louis, MO) for 30
minutes at 4 °C, and absorbed on 300-mesh copper-coated carbon grids for imaging. Samples
prepared for sectioning were fixed using 3% glutaraldehyde (Sigma-Aldrich, St. Louis, MO) and
2% paraformaldehyde, treated with 0.1% tannic acid, and postfixed with 1% osmium tetroxide
(Electron Microscopy Sciences, Hatfield, PA) for 30 minutes. Following ethanol gradient
dehydration, samples were infiltrated with polymer, cured, sectioned using an ultramicrotome
(Reichert-Jung Ultracut E, Reichert Technologies, Buffalo, NY), and absorbed on 200-hex mesh

copper-coated carbon grids (Electron Microscopy Sciences, Hatfield, PA) for imaging.

Bacteria Transformation

First, an overnight suspension of E. coli cells (strain K-12 HB101; Bio-Rad, Hercules,
CA) was pelleted by centrifugation and re-suspended in 250 pL of cold 50 mM calcium chloride
(Sigma-Aldrich, St. Louis, MO) and placed in an ice bath. After 15 minutes on ice, 10 pg of the
plasmid DNA was added, and the cells were returned to the ice bath for an additional 15 minutes.
The cells were then heat shocked by placing them in a 42 °C water bath for exactly 45 seconds
and then rapidly transferring them back to the ice bath for 2 minutes. This solution was then
mixed with 750 puL of Lysogeny broth (LB, Sigma-Aldrich, St. Louis, MO). Finally, the
complete transformed bacteria solution was streaked for inoculation on a LB-agar plate

containing 100 pg/mL of ampicillin and allowed to incubate overnight at 37 °C.

Bacterial Interactions

12
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For each experimental trial, a single bacterial colony was selected and grown overnight in
LB on a shaking incubator set at 200 rpm and 37 °C. The overnight bacterial suspension was
adjusted by ODgop measurements and dilution to possess a final bacterial density of 10° CFU/mL.
100 pL of the bacterial suspension was then combined with varying AgP treatment
concentrations or controls in a 96 well plate. The final treatment volume in each well was
brought up to 100 pL using 0.01 M PBS (e.g. 100 pL treatment + 0 pL. PBS, 90 pL treatment +
10 uL PBS, 80 pL treatment + 20 pL PBS, etc.). Control treatments were given 100 pL of PBS
to keep the media dilution consistent. The well plate was then allowed to incubate at 37 °C inside
a spectrophotometer under static conditions (SpectraMax Paradigm, Molecular Devices,
Sunnyvale, CA). ODgyp measurements were taken every 2 minutes for 24 hours to establish the
speed of proliferation and shape of the bacterial growth curve. The differing base ODggo values
for the various treatment types and concentrations were normalized by subtracting the read value

from the value of a comparable blank solution.

Cytotoxicity

Cytotoxicity of the polymersome treatments towards human dermal fibroblast cells
(Detroit 551 #CCL-110, American Type Culture Collection, Manassas, VA) was investigated via
MTS assay (CellTiter 96® AQ,... One Solution Cell Proliferation Assay, Promega, Madison,
WI). Experiments were carried out in DMEM (American Type Culture Collection, Manassas,
VA) supplemented with 10% fetal bovine serum (American Type Culture Collection, Manassas,
VA) and 1% penicillin-streptomycin (American Type Culture Collection, Manassas, VA). First,
the cells were seeded into a 96 well plate at a density of 5x10° cells/well (~1.5x10* cells/cm?)

with 200 pL of media and allowed to adhere in an incubator at 37 °C and 5% CO, for 24 hours.

13
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The next day, the media was carefully aspirated from the wells and replaced with a mixture of
100 uL media and 100 pL of AgPs at various dilutions. The final treatment volume in each well
was brought up to 100 pL using 0.01 M PBS (e.g. 100 pL treatment + 0 pL PBS, 90 pL
treatment + 10 uLL PBS, 80 pL treatment + 20 pL PBS, etc.). Control treatments were given 100
uL of PBS to keep the media dilution consistent. Following 24 and 48 hours of incubation at 37
°C and 5% CO,, the 200 pL treatment/media mixture was removed from each well and replaced
with 200 pL of a 1:5 MTS reagent/media mixture. Finally, the plate was returned to the
incubator for 4 hours, and the absorbance of each well was subsequently measured by

spectrophotometer (SpectraMax M3, Molecular Devices, Sunnyvale, CA) at 490 nm.

Quantification of Synergy

The degree of drug synergism was determined using the Bliss Independence Model, in
which S = (fxo/foo) (fox/foo)-(fxv/foo), where fyy is the wild-type bacteria growth rate in the absence
of treatment; fxy and fyy is the growth rate in the presence of individual drug at X or Y; fyy is the
growth rate in the presence of combined drugs X and Y: and S is the degree of synergy.”*
Given that the primary treatment response manifested as a dose-dependent delay in reaching
exponential growth phase, here the growth rate was defined as the measured optical density

divided by time. The drugs were considered to have a synergistic interaction when S > 0, and an

antagonistic interaction when S <0.

Statistical Analysis

14
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All results were presented as the mean + standard deviation unless otherwise noted, and

all experiments were repeated at least in triplicate to demonstrate significance (N=3, n=3).
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FIGURES, TABLES, AND EQUATIONS
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Figure 1. Particle synthesis. A solution of the mPEG-PDLLA copolymer and hydrophobically-
functionalized silver nanoparticles in organic solvent (red) is injected through a syringe atomizer
into a stirring aqueous solution of ampicillin sodium salt in PBS (blue). The organic solvent and

any unencapsulated drug are subsequently removed by dialysis.
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Figure 2. Physiochemical characterization. (a) Transmission electron micrographs reveal the
presence of the 5 nm silver nanoparticles (dark dots) embedded within the larger polymersome
particles. Scale bars = 100 nm. (b) The size distribution of the AgPs was measured using
dynamic light scattering at 25 °C. Results indicate an average particle size of 104.3 nm = 15.6
nm. (¢) Examination of TEM images show that an average of 9.29 + 6.07 silver nanoparticles
were loaded per polymersome. (d) The final concentration of ampicillin present in AgPs was

determined to be 70 pg/mL + 7.0 pg/mL (1 Ag:0.28 Amp) , 110 pg/mL + 7.2 pg/mL (1 Ag:0.44
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Amp), and 160 pg/mL + 9.0 pg/mL (1 Ag:0.64 Amp), corresponding to a loading efficiency of

23%, 22%, and 20% respectively. Values represent the mean + standard deviation.
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Figure 3. Bacterial growth inhibition. The proliferation of a 10° CFU/mL suspension of
antibiotic-resistant E. coli was measured over 24 hours in the presence of differing
concentrations of AgPs loaded with (a) 1 Ag:0.28 Amp, (b) 1 Ag:0.44 Amp, (c) and 1 Ag:0.64
Amp. Values represent the mean + standard deviation (d) The time taken for the bacteria to reach
exponential phase was compared between treatment groups. The in vitro synergy between the

silver and ampicillin during log-linear growth phase was determined at 13.3 hours by the Bliss

Time (hours)

Degree of Synergy, S
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Independence model. Synergism is observed for (e) increasing concentrations of ampicillin and

(f) silver nanoparticles.

Figure 4. Bacteria-particle interactions. Transmission electron micrographs of whole bacteria
(a-d) and thin sections (e-h) after AgPs treatment. (a-d) Indentation of the bacterial cell
membrane was observed in regions of AgPs contact (white arrows). Silver nanoparticles inside
AgPs exhibit signs of polarization indicative of hydrophobic interactions (yellow arrows). (e-h)
Bacteria in contact with AgPs displayed significant protein aggregation and membrane
disruption. Regions of the outer membrane with little AgPs contact appear morphologically

normal (black arrows). Scale bars = 100 nm (a-d, f-h) and 500 nm (e).
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Figure S. Particle cytotoxicity. The viability of CCL-110 human dermal fibroblast cells
following 24 and 48 hours treatment with varying concentrations of AgPs as assessed via MTS
assay. The treatment concentration displayed corresponds to the highest bacterial treatment
concentration tested (1 Ag:0.64 Amp). No significant cytotoxicity was observed. Values

represent the mean =+ standard deviation.

Tables
Mass Ag Per mL AgP Solution Per Silver Nanoparticle Per Average AgP
g 2.5x10™ 6.9x10™" 6.4x107"° £ 4.1x10™°
mol 2.3x10° 6.4x107" 5.9x107 + 3.8x107°
atoms 1.4x10"™ 3.8x10° 3.6x10% + 2.3x10°

Table 1. Quantification of the amount of silver delivered per nanoparticle and per AgP.

Equations
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(4/3)n(r)’ = (4/3)n(2.5nm)’ = 65.45nm’ = 6.545x10°cm’ volume per nanoparticle (1)
10.49g/cm3 X 6.545x10%°cm’ = 6.866x10'19g silver per nanoparticle (2)
6.866x10"°g / 107.8682g/mol = 6.365x10*'mol silver per nanoparticle (3)

6.365x10'mol x 6.022x10* atoms/mol = 3.833x10’ silver atoms per nanoparticle (4)
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