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Phage-mimicking antibacterial core—shell
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The increasing frequency of nosocomial infections caused by antibiotic-resistant microorganisms

concurrent with the stagnant discovery of new classes of antibiotics has made the development of new

antibacterial agents a critical priority. Our approach is an antibiotic-free strategy drawing inspiration from

bacteriophages to combat antibiotic-resistant bacteria. We developed a nanoparticle-based antibacterial

system that structurally mimics the protein-turret distribution on the head structure of certain

bacteriophages and explored a combination of different materials arranged hierarchically to inhibit

bacterial growth and ultimately kill pathogenic bacteria. Here, we describe the synthesis of phage-

mimicking antibacterial nanoparticles (ANPs) consisting of silver-coated gold nanospheres distributed

randomly on a silica core. The silver-coating was deposited in an anisotropic fashion on the gold

nanospheres. Structurally, our nanoparticles mimicked the bacteriophages of the family Microviridae by

up to 88%. These phage-mimicking ANPs were tested for bactericidal efficacy against four clinically

relevant nosocomial pathogens (Staphylococcus aureus USA300, Pseudomonas aeruginosa FRDZ,

Enterococcus faecalis, and Corynebacterium striatum) and for biocompatibility with skin cells. Bacterial
growth of all four bacteria was inhibited (21% to 90%) as well as delayed (by up to 5 h). The Gram-
positive organisms were shown to be more sensitive to the nanoparticle treatment. Importantly, the
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phage-mimicking ANPs did not show any significant cytotoxic effects against human skin keratinocytes.

Our results indicate the potential for phage-mimicking antimicrobial nanoparticles as a highly effective,

DOI: 10.1039/c9na00461k

rsc.li/nanoscale-advances formulations.

1. Introduction

In 2013, the Centers for Disease Control and Prevention (CDC)
published a list of bacteria causing severe human infections
and currently presenting the highest risk of developing multi-
drug resistance." Most of these bacteria can be found in regular
healthcare/hospital settings, spreading via surfaces and human
contact. The ESKAPE pathogens Enterococcus faecium, Staphy-
lococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii,
Pseudomonas aeruginosa, and Enterobacter species are the
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alternative antibacterial agent, which may be suitable for co-administration with existing available

leading cause of nosocomial infections (hospital-acquired
infections, HAI) world-wide® and increasingly exhibit multi-
drug resistance to most available classes of antibiotics.®> More
than two-thirds of HAI will turn into chronic, skin, or high-
density biofilm infections, which are difficult to treat due to
their virulent and adaptive nature.*

At the current low rate of antibiotic discovery and develop-
ment,” we may lose the race to contain antibiotic-resistant
bacterial strains. Without urgent action, antibiotic-resistant
infections will kill more patients per year by 2050 than all
cancers combined.® Due to the fast emergence and global
spread of new resistance, presently treatable infections such as
pneumonia, tuberculosis, gonorrhea, and salmonellosis will
become harder or near impossible to treat.” There is a critical
need for broad-spectrum antibacterial agents independent of
antibiotics to (a) effectively prevent the progression of antibiotic
resistance and (b) provide a necessary alternative to fight
infectious diseases.

The use of nanomaterials as alternative antibacterial agents
has shown promise owing to their unique physical and chem-
ical properties.®** Nanoparticles (NPs) are below 100 nm in size

This journal is © The Royal Society of Chemistry 2019
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and exhibit a high surface-to-volume ratio, which enables close
interaction with microbial membranes.* Specifically, metal and
metal oxide NPs have gained attention as a new class of anti-
bacterial agents over the last decade due to their bactericidal
properties.”* NPs containing Ag, Au, Zn, Cu, Ti, Mg, Ni, Ce, Se,
Al, Cd, Y, Pd, and super-paramagnetic Fe have been studied in
detail.** Among them, silver NPs showed the most effective,
concentration-dependent bactericidal activity against Escher-
ichia coli and Pseudomonas aeruginosa.> Metal and metal oxide
NPs inhibit the growth of bacteria (e.g. Staphylococcus aureus) by
a combination of mechanisms (induction of oxidative stress,
cell membrane disruption, and release of metal ions).'® The
advantage of utilizing metal NPs over antibiotics is that the
probability of development of bacterial resistance to NPs is less
likely.® But some bacteria (Pseudomonas aeruginosa and Bacillus
subtilis) have been found to utilize efflux pumps to rid them-
selves of NPs" effectively. Additionally, the high toxicity of these
elemental NPs to eukaryotic cells further narrows their thera-
peutic dosage range.™

We hypothesized that the drawbacks associated with anti-
bacterial NPs might be minimized by modularly assembling
individually potent antibacterial components into a hierar-
chical nanostructure accentuating only the desired antibacterial
properties of the components while minimizing their toxicity to
normal healthy cells. A previous study investigated the shape-
dependent antibacterial activity of NPs but used mono-
elemental (silver) NPs that were not rationally designed to
mimic any naturally occurring antibacterial agents."”” We
designed modular NPs that mimic the structure and dimen-
sions of bacteriophages. Phages use structural interactions to
infect only bacteria exhibiting the appropriate nanoscale
features on the bacterial membrane, and the infectious activity
of phages is unaffected by bacterial antibiotic resistance.'®*
97% of bacteriophages infecting ESKAPE organisms belong to
the Caudovirales, an order of tailed bacteriophages (45-170
nm).>** We synthesized NPs to mimic tailless bacteriophages as
a more scalable and reproducible approach compared to
mimicking tailed bacteriophages. Therefore, our phage-
mimicking ANPs targeted the evolutionarily conserved bacte-
rial membrane with high specificity by structurally mimicking
the architecture and function of tailless phages.

Our phage-mimicking ANPs were composed of a silica core
studded with smaller, silver-coated gold nanospheres on its
surface, mimicking the protein-turret distribution density and
high surface-area of icosahedral phage heads (e.g., ®X174).>
These phage-mimicking ANPs were designed to (a) electrostat-
ically attract negatively charged bacterial cell membranes with
pockets of positive surface charge on the exposed surfaces of the
amine-functionalized silica cores, (b) create a high surface area
antibacterial silver coating with negligible silver ion leaching
compared with current antibacterial formulations, (c) inhibit
bacterial growth, (d) be non-toxic to and biocompatible with
human cells, and (e) facilitate scalable manufacturing. The
synthesis of these phage-mimicking ANPs was confirmed by
Transmission Electron Microscopy (TEM) and Inductively
Coupled Plasma-Optical Emission Spectrometry (ICP-OES).
Bactericidal efficiency was evaluated against four clinically
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relevant nosocomial pathogens (Staphylococcus aureus USA300,
Pseudomonas aeruginosa FRD1, Corynebacterium striatum, and
Enterococcus faecalis). The ethidium homodimer based dead cell
detection assay was used to verify that the phage-mimicking
ANPs were noncytotoxic to HaCaT keratinocyte cells (human
skin).

2. Methods and materials
2.1 Materials

Staphylococcus aureus USA300;**> Corynebacterium striatum;>>**
Enterococcus faecalis;?**® Pseudomonas aeruginosa FRD1;*® 200
proof ethanol (VWR); 20% w/v ammonium hydroxide (NH,OH;
BDH); tetraethyl orthosilicate (TEOS; Sigma Aldrich, 99% GC
grade); 3-aminopropyltriethoxysilane (APTES; Sigma Aldrich,
99%); sodium hydroxide (NaOH; Sigma Aldrich, >97%); sodium
citrate dihydrate (CeHs;NazO;,-2H,0O; Sigma Aldrich, >99%);
tetrakis(hydroxymethyl)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); 16% w/v paraformaldehyde (Bean-
town Chemical); Dulbecco's Modified Eagle's Medium (DMEM,;
Gibco); heat-inactivated fetal bovine serum (FBS); phosphate
buffered saline (pH 7.4; Gibco); ethidium homodimer (Molec-
ular Probes); 0.1% (w/v) saponin (Sigma).

2.2 Nanoparticle synthesis

Silica cores were synthesized by a sol-gel method (Stober
process). Alkaline reduction was performed at room tempera-
ture to synthesize gold nanospheres.”” In a multistep process
derived from established chemistry, the gold nanospheres were
immobilized on the silica cores®® and coated with a thin layer of
silver.”® To investigate the influence of nanoparticle size on
bacterial growth, two sizes of silica cores - small (45 nm) and
large (130 nm) - were produced. Additionally, the concentration
of silver coating the gold nanospheres was also varied,
including a low silver (LS), medium silver (MS), and high silver
(HS) concentration. In total, 10 nanoparticle variations were
synthesized and characterized: 45 nm SiO,, 45 nm SiO,@Au,
45 nm SiO,@Au@Ag LS, 45 nm SiO,@Au@Ag MS, 45 nm
SiO,@Au@Ag HS, 130 nm SiO,, 130 nm SiO,@Au, 130 nm
SiO,@Au@Ag LS, 130 nm SiO,@Au@Ag MS, and 130 nm
SiO,@Au@Ag HS. The process of synthesizing the phage-
mimicking nanoparticles is illustrated in Fig. 1.

2.2.1 Silica core synthesis and silanization. The Stober
method of hydrolysis and condensation of TEOS was utilized to
synthesize monodispersed silica-cores with diameters of 45 and
130 nm by varying the amount of ethanol, water, NH,OH
solution, TEOS, and the material of the reaction vessel. For the
45 nm silica particles, 30 ml ethanol, 6 ml of DI water, 1.125 ml
TEOS, and 1.8 ml of 20% w/v NH,OH in water were stirred in
a covered glass reactor overnight (minimum of 8 h). The 130 nm
silica particles were synthesized in a Teflon reactor by first
stirring 5 ml ethanol with 1.3 ml TEOS and then adding
a mixture of 22 ml ethanol and 7 ml of 20% w/v NH,OH in water

Nanoscale Adv., 2019, 1, 4812-4826 | 4813
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SiO, Core conjugated
with gold nanospheres
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SiO; Core conjugated
with silver coated gold
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Fig. 1 Schematic illustration of the three major steps for synthesizing
phage-mimicking silica-based ANPs. First, 45 nm and 130 nm SiO,
nanoparticle cores were synthesized, followed by the conjugation of
gold nanospheres to the cores. Finally, three different concentrations
of silver were added as a coating over the gold nanosphere surface to
produce low silver (LS), medium silver (MS), and high silver (HS) vari-
ants. The schematic is not to scale.

into the Teflon beaker. The covered Teflon reactor was set to stir
overnight (minimum of 8 h) at room temperature. Both SiO,
core size solutions were centrifuged at 9000 rcf for 30 min at
room temperature to allow the synthesized nanoparticles to
settle down and separate from the supernatant. The nano-
particle pellets were washed, sonicated (20 s at 40% amplitude),
and rinsed with 10 ml ethanol twice by centrifugation.

To adsorb the gold nanospheres on the SiO, cores, the
solutions of silica cores (45 nm and 130 nm) were amine-
functionalized by stirring overnight with additional 15 ml
ethanol, 5 ml DI water, and 1 ml APTES. 45 nm and 130 nm
SiO,-APTES cores were centrifuged at 9000 rcf for 30 min at
room temperature and separated from the supernatant. The
amine-functionalized nanoparticle pellets were washed, soni-
cated (20 s at 40% amplitude), and rinsed with 10 ml ethanol
twice by centrifugation at 9000 rcf. After the last rinse, the
centrifuged pellet was resuspended in 10 ml DI water and
sonicated (20 s at 40% amplitude).

2.2.2 Gold nanosphere synthesis and conjugation to silica
cores. Gold nanospheres with a size of ~5 nm were synthesized
using a modified version of previously established procedures.*
40.4 ml DI water, 400 uL NaOH (1 M), 3 ml sodium citrate
dihydrate (68 nM), and 1 ml THPC (85 mM) were stirred for 10
minutes at room temperature. After that, 2 ml gold chloride (25
mM) was added and stirred overnight (minimum of 8 h) in the
dark. In a ratio of 1 : 2 (v/v), the gold nanosphere solution was
mixed into the SiO,-APTES core solutions and stirred
(minimum of 8 h) in the dark. Afterward, both SiO,@Au
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nanoparticle solutions were centrifuged at 9000 rcf for 15 min at
room temperature, followed by two cycles of washing-sonica-
tion-centrifugation in 10 ml of DI water.

2.2.3 Variable silver coating of gold nanospheres. Finally,
three different concentrations of silver (low, medium, and high)
were alloyed with the surface of the gold nanospheres previ-
ously adsorbed to the silica cores. The SiO,@Au nanoparticle
solutions were mixed with 10 mM AgNO; and 10 mM freshly
prepared hydroquinone in the proportions shown in Table 1.

After mixing, the solutions were stirred for one hour for the
low silver (LS) phage-mimicking ANPs and overnight for the
medium silver (MS) and high silver (HS) phage-mimicking
ANPs. The silver coating reaction was stopped by centrifuga-
tion and discarding of the supernatant. The resulting SiO,@-
Au@Ag nanoparticle pellets were washed and centrifuged two
additional times in 10 ml DI water. All SiO,@Au@Ag nano-
particle solutions were stored in the dark until they were used
for characterization and bacterial testing.

2.3 Nanoparticle characterization

2.3.1 TEM investigation. Two SiO,@Au@Ag nanoparticle
samples (45 nm SiO,@Au@Ag HS and 130 nm SiO,@Au@Ag
HS) were prepared for TEM investigation by drop coating the
dispersed sample onto a 200-mesh copper grid coated with an
amorphous carbon film. TEM images of the phage-mimicking
nanoparticles were obtained on a JEOL 2011 microscope at an
acceleration voltage of 200 kV. Image analysis was carried out
with Image]. The diameters of 287 gold nanospheres, 314 small
SiO, nanoparticle cores, and 75 big SiO, nanoparticle cores were
measured from over 60 selected images. From the averaged
diameter of all these three main components, the surface area
of silver and the surface coverage of the silica cores by the silver-
coated gold nanospheres were calculated. Additionally, the
distance between the silver-coated gold nanospheres was
quantified for the small (45 nm) and large (130 nm) phage-
mimicking ANPs by measuring the distance between a gold-
nanosphere and its three closest neighbors. This information
is necessary to fully compare the phage-mimicking ANPs to the
actual dimensions of real bacteriophages.

2.3.2 Inductively coupled plasma-optical emission spec-
troscopy (ICP-OES). Elemental analysis of silver and gold was
performed using ICP-OES with a PerkinElmer Optima 8000.
Emission spectra for Au and Ag were collected at 267.595 nm
and 328.068 nm, respectively. Emission spectra for yttrium (Y),
an internal standard, were collected at 371.029 nm. 0, 0.2, 1, 2,

Tablel Composition of alloy solutions used to create three variants of silver coating on the gold nanospheres previously conjugated to the silica

cores

SiO,@Au nanoparticle
solution (45 and 130 nm)

Silver nitrate Hydroquinone solution

Phage-mimicking ANPs 1% w/v SiO, solution (10 mM) (10 mM)
Low silver (LS) 30 ml 3 ml 0.3375 ml
Medium silver (MS) 30 ml 3 ml 1.8 ml
High silver (HS) 30 ml 7.2 ml 5.76 ml
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5, and 10 ppm gold and silver standards in 5% nitric acid were
prepared from commercially available 1000 ppm Au and Ag(u)
standard solutions. The average correlation coefficient (R*) of
the calibration curves was 0.9999 (Au) and 0.9986 (Ag).

2.4 Biocidal activity against planktonic bacteria

All ten synthesized nanoparticle variations, SiO,, SiO,@Au,
SiO,@Au@Ag LS (low silver), SiO,@Au@Ag MS (medium silver),
and SiO,@Au@Ag HS (high silver) in both sizes (45 and 130
nm), were screened against four clinically relevant nosocomial
bacterial strains/pathogens (Staphylococcus aureus USA300,
Pseudomonas aeruginosa FRD1, Corynebacterium striatum, and
Enterococcus faecalis). Glycerol stocks of all four strains were
kept at —80 °C, and each week fresh lysogeny broth agar (LB)
plates were streaked with each strain. To adapt the strains to
a planktonic lifestyle, a single colony from each LB plate was
transferred to a 6 ml LB growth tube and grown at 37 °C under
continuous shaking for approximately 12 h to produce a pre-
culture before each plate reader run. Additionally, this prepa-
ration resulted in very consistent bacterial cell counts (Staphy-
lococcus aureus USA300: 5 x 10° CFU ml™'; Pseudomonas
aeruginosa FRD1: 2 x 10° CFU ml ™ '; Corynebacterium striatum: 2
x 10° CFU ml™%; Enterococcus faecalis: 6 x 10 CFU ml™") used
to inoculate the experimental runs. The biocidal activity
experiments were run with at least four replicates for each NP
variation, the background (LB), and the control (strain growing
in LB only) in a 96 well plate. All single tests were premixed in
a small growth tube containing 2 ml with subsequent additions
of 10 pul bacterial inoculate from the pre-culture and different
concentrations of the three different silver variant phage-
mimicking ANPs. These premixed samples were thoroughly
mixed, and 200 pl was pipetted into each well of a sterile 96 well
plate. With shaking, the 96-well plate containing all biocidal
activity tests was incubated at 37 °C for 24 h with ODgg
measurements taken every 10 min. The resulting growth curves
were corrected with the LB media background measurements.

2.5 Dark-field imaging

S. aureus USA300 isolates (methicillin-resistant, community-
associated) are continuously evolving their resistance profiles.>
Therefore, the interaction of this pathogen with phage-mimicking
ANPs was directly observed by dark-field microscopy. S. aureus
USA300 cells were incubated for 24 h with different concentra-
tions of SiO,@Au@Ag HS, aspirated from their individual wells
(96 well plate) and collected by centrifugation for 10 min at room
temperature. After removal of the supernatant, 4% para-
formaldehyde (w/v in PBS) was added to the residual cell pellet. To
ensure that all bacterial cells are fixed, the sample was vortexed for
1 min and then incubated for 30 min at room temperature. The
fixing agent was removed by centrifugation, discarding the
supernatant, and two consecutive rinses with PBS. Sample solu-
tions were stored in PBS at 4 °C until further investigation.
Fixed S. aureus USA300 cells were imaged using a dark-field
optical microscope (DFOM) equipped with a QIClick CCD
camera, a QImaging 01-Rgb-Hm-S-Ir high-resolution color filter,
a dark-field condenser (oil 1.43-1.20, Nikon), and a 100x

This journal is © The Royal Society of Chemistry 2019
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objective (Nikon Plan Fluor 100x oil, iris, SL NA 0.5-1.3, WD
0.20 mm) with a depth of field (focus) of 190 nm. Typically, 10 pl
of the samples were added to 1 mm thick glass slides and
covered with a #1 glass coverslip. Color images were 12 bit, 2 x
2 binned, and had exposure times between 100 and 200 ms.
Images were analysed using Image].

2.6 Biocompatibility testing

For all biocompatibility studies, HaCaT human epithelial ker-
atinocytes were used, maintained in Dulbecco's Modified
Eagle's Medium (DMEM) supplemented with 10% heat-
inactivated fetal bovine serum (FBS), and incubated at 37 °C
with 5% CO, in 100 mm culture dishes. The ethidium homo-
dimer cell death assay® was used to determine the cytotoxicity
of all ten synthesized nanoparticle variations (SiO,, SiO,@Au,
SiO,@Au@Ag LS (low silver), SiO,@Au@Ag MS (medium silver),
and SiO,@Au@Ag HS (high silver), both sizes (45 and 130 nm)).
For this assay, HaCaT cells were grown to approximately 75-
80% confluency in 24 well tissue culture plates with DMEM.
HaCaT cells were between passage numbers 16-25 when
cultured from liquid nitrogen storage. Before the nanoparticle
treatment, DMEM was aspirated from the wells, and the cells
were washed with PBS. Then PBS was aspirated from the wells
and the nanoparticle solution (in DMEM) was added in two
concentrations (LC, low concentration = approximately 6.99 x
10" particles per ml of 45 nm phage-mimicking ANPs and 1.09
x 10" particles per ml of 130 nm phage-mimicking ANPs; HC,
high concentration = approximately 1.40 x 10> particles
per ml of 45 nm phage-mimicking ANPs and 2.19 x 10"
particles per ml of 130 nm phage-mimicking ANPs). Cells were
then incubated for 16 h at 37 °C with 5% CO,. After incubation,
DMEM was aspirated, and cells were washed with PBS to
remove the free-floating nanoparticles. 4 pM ethidium homo-
dimer in PBS was added, and cells were incubated for 30 min in
the cell culture incubator. The level of fluorescence was deter-
mined using a plate reader set to 528 nm excitation and 617 nm
emission with a cut-off value of 590 nm. The percentage of dead
cells was determined by adding 0.1% (w/v) saponin to each well
following the initial reading in order to permeabilize all cells
and incubating the plate for an additional 20 min at room
temperature followed by shaking the plate on an orbital shaker
before reading the plate a second time at the same settings.
Percent membrane permeabilization 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 standard deviation of
all conditions plotted together for comparison. Significance was
determined by ANOVA and the ¢-test (one tail and two tail).

3. Results and discussion

3.1 Structural similarity of phage-mimicking antibacterial
nanoparticles to bacteriophages

For a visual comparison, Fig. 2A and B show the structure of
a tailless phage (the example of bacteriophage ®X174) that

Nanoscale Adv., 2019, 1, 4812-4826 | 4815
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Fig. 2 The procapsid particles of bacteriophage ®X174 presented as (A) a surface-rendered image (scale bar: 20 nm) from (B) cryo-electron
microscopy images (HRTEM) (scale bar: 100 nm) (reproduced with permission).”® SiO,@Au@Ag NPs with (C) small 45 nm and (D) large 130 nm
core sizes are shown with the example of the high silver coating on the gold nanospheres. (E) The mean diameter of the gold nanospheres and
SiO, cores. (F) The number of gold nanospheres on silica cores. *P = 0.01 (t- and f-test).

acted as a template for the design of our antibacterial nano-
particles.*® TEM image analysis revealed that the small and
large SiO, cores had diameters of approximately 45 & 8.25 nm
and 130 £ 10.36 nm, respectively, and were covered with 3.5 +
1.57 nm gold-nanospheres (Fig. 2C-E). The amount of gold

4816 | Nanoscale Adv., 2019, 1, 4812-4826

nanospheres covering the phage-mimicking ANPs varied from
~50 for the 45 nm core size to ~105 for the larger 130 nm SiO,
core (Fig. 2F). For a more detailed comparison of the phage-
mimicking ANPs with the head structure of tailed and tailless
phages, Table 2 analyzes 9 phages and lists the number of

This journal is © The Royal Society of Chemistry 2019
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Table 2 Structural comparison of the heads of tailed (P68, phi8812, and ¢KZ) and tailless bacteriophages (®X174, PM2, PRD1, STIV, and SpV4)
with small (45 nm) and large (130 nm) phage-mimicking ANPs with respect to the number of protein turrets per capsid (number of gold
nanospheres per silica core), capsid diameter (silica core diameter), interspacing between protein turrets on the capsid (interspacing between
gold nanospheres on the silica core), surface area of the capsid (surface area of the silica core), and surface density of protein turrets (surface
density of gold nanospheres). The surface area of phage-heads was calculated for the icosahedral shape

Interspacing between

Tailed Number of protein Capsid diameter protein turrets on capsid Surface area Surface density
bacteriophage turrets/capsid (nm) (nm) of capsid (nm?) of protein turrets (nm?)
P68 12 48 11.33 5191 0.0023
phig812 12 90 29.58 24 916 0.0005
oKZ 12 145 59.80 46 407 0.0003
Interspacing between

Tailless Number of protein Capsid diameter protein turrets on capsid Surface area Surface density
bacteriophage turrets/capsid (nm) (nm) of capsid (nm?) of protein turrets (nm?)
dX174 12 28 8.28 3068 0.0039
PM2 12 59 28.61 10 120 0.0012
PRD1 12 64 17.32 11 898 0.0010
STIV 12 70 27.25 14 496 0.0008
SH1 12 82 36.44 15 827 0.0008
Spv4 18 31 9.31 2635 0.0068

Number of Au Interspacing between Surface area of Surface density
Phage- nanospheres/silica Silica core diameter Au nanospheres on silica silica core of Au nanospheres
mimicking ANPs core (nm) core (nm) (nm?) (nm™?)
Small (45 nm) 49 45 2.02 6362 0.0077
Large (130 nm) 106 130 9.87 53 093 0.0020

protein-turrets on the viral capsid of the phages, their capsid
diameter, the interspacing between the protein turrets, the
surface area of the capsid, and the surface density of the protein
turrets. The surface area of the capsid was calculated for the
icosahedral shape. Cryo-electron microscopy imaging data from
the protein database (PDB) was used to determine the
dimensions of the individual capsid proteins.

In general, the size of the smaller phage-mimicking ANPs (45
nm) relates better to the capsid sizes of tailless bacteriophages
than that of the larger 130 nm phage-mimicking ANPs. Both the
45 nm and 130 nm core sizes carry more gold nanospheres per
unit area in comparison to the number of protein turrets on the
heads of the bacteriophage's capsids (~4x and 8x higher,
respectively). Regardless, the 2.02 nm interspacing between the
gold nanospheres of the small 45 nm phage-mimicking ANPs is
at least 4x smaller than the geometrically consistent distance
between the protein-turrets covering the surface of the phage
capsids. The gold nanosphere interspacing of 9.87 nm on the
larger 130 nm phage-mimicking ANPs, on the other hand, is
comparable to the protein turret interspacing found on the
smaller bacteriophages P68, ®X174, and Spv4 (11.33 nm,
8.28 nm, and 9.31 nm) (Table 2).>>3*

Interestingly, the bacteriophage SpV4 possesses a surface
density of protein turrets (0.0068 nm™>) that is 88% similar to
the surface density of gold nanospheres (0.0077 nm™?) on small
45 nm phage-mimicking ANPs.** The SpV4 bacteriophage
belongs to the viral family of Microviridae which are small (25-27
nm), tailless bacteriophages.* One genus of this family is named

This journal is © The Royal Society of Chemistry 2019

Chlamydiamicrovirus and as the name suggests it infects various
species of the obligate intracellular and pathogenic Chlamydia.*®
Bacteriophages of the genus Chlamydiamicrovirus are known to
initiate infection of the bacterial host cell by pilus-mediated
adsorption, which is dependent on the external bacteriophage
structure as well as the host cell receptors.*”** Additionally, the
surface density of protein turrets on the Staphylococcus aureus
infecting bacteriophage P68 (0.0023 nm™?) is 85% similar to the
surface density of gold nanospheres on the larger 130 nm phage-
mimicking ANPs (0.0020 nm™?).?> Thus, the surface density of
silver-coated gold nanospheres on the silica cores of both phage-
mimicking ANP sizes is closely related to the surface density of
protein turrets of pathogen-infecting bacteriophages which is
indicative of the phage structure mimicking properties of our
phage-mimicking ANPs. Importantly, in our manufacturing
technique, we used redox plating to alloy silver*! with randomly
distributed gold nanospheres already immobilized on silica
cores resulting in an anisotropic silver shell on the gold nano-
spheres. Our synthesis protocol led to robust retention of the
phage-mimicking structure under physiological conditions as
opposed to techniques that employ only electrostatic immobi-
lization of nanospheres on silica cores (Table 3).

3.2 Antibacterial activity of phage-mimicking nanoparticles
against four nosocomial strains

3.2.1 Staphylococcus aureus USA300. Staphylococcus aureus
USA300 is a methicillin-resistant (MRSA) strain predominantly
associated with skin and soft tissue infections, but has also

Nanoscale Adv., 2019, 1, 4812-4826 | 4817
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Table 3 Theoretical correlation of the contact surface of silver-coated gold nanospheres on the surface of the SiO, cores to the surface area of

silver coating. Schematics are not to scale

Single point of contact on silica cores by immobilizing
pre-synthesized Au@Ag core-shell NPs (nm?)

Robust hemispherical contact on silica
cores by anisotropic plating of Ag on
immobilized Au nanospheres (nm?)

(a) Schematic

Si0, core

S10, core
(b) Surface area of the interface 0 =9.81
(c) Surface area of silver =39.24 =19.62

been recovered from severe cases of invasive disease including
bacteremia, endocarditis, necrotizing pneumonia, and osteo-
myelitis.*” Fig. 3 gives a complete overview of the antibacterial
activity of all silver-containing phage-mimicking ANPs versus
Staphylococcus aureus USA300, indicating that with increasing
silver coating, the phage-mimicking ANPs show enhanced
growth inhibition as well as lower final bacterial counts. The
highest silver concentration used in this experiment of
approximately 95 pg ml™' on 130 nm HS phage-mimicking
ANPs (factoring in the dilution factor) was quite effective in
inhibiting the growth of Staphylococcus aureus USA300. It is well
documented in the literature that silver nanoparticles (AgNPs)
inhibit the growth and reproduction of bacterial cells treated
with different concentrations of unmodified ~18.17 nm

AgNPs.** The bacterial growth of Staphylococcus aureus and
Escherichia coli cells treated with 25 pg ml™" AgNPs was signif-
icantly lower than that of cells in the control group, whereas the
growth of bacterial cells treated with 50 and 100 ug ml~' AgNPs
was completely inhibited.**** Tamboli and Lee** observed
significant growth inhibition when incubating Staphylococcus
aureus with 100 ug ml~" of larger ~30 nm AgNPs, which inter-
estingly falls in line with the highest silver concentration (95 pg
ml ") measured on our nanoparticles. The added advantage of
our phage-mimicking antibacterial nanoparticles is that silver
is alloyed with gold (minimum Au:Ag = 70:30) (Table 4)
which will result in <1 pg ml~" silver ions leaching into solution
for every 100 ug ml™" 70 : 30 Au : Ag nanoalloy used.* In fact
using ICP-OES we were not able to detect any Ag ions in the

OD600
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o8 G O +0.5ml ANPs
0.4
g o) @ +1ml ANPs
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Fig. 3 Growth of Staphylococcus aureus USA300 in the presence of (A—-C) small 45 nm and (D—F) large 130 nm phage-mimicking ANPs with
various silver coatings containing (A and D) low, (B and E) medium, and (C and F) high silver concentrations.
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Table 4 Gold and silver concentrations in the phage-mimicking ANP

stock solution used for bactericidal and biocompatibility testing

Phage-mimicking
ANPs

Gold concentration,
pg ml~" (£SD)

Silver concentration,

pg ml~" (£SD)

45 nm LS
130 nm LS
45 nm MS
130 nm MS
45 nm HS
130 nm HS

- A

P aeruginosa FRD1
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637.61 (+£52.91)
679.59 (+51.04)
624.86 (+39.65)
652.48 (+67.73)
665.21 (+£66.93)
635.32 (+50.35)

17.64 (£9.77)
26.62 (+13.57)
92.15 (458.60)
141.63 (+81.42)
123.25 (+87.91)

189.22 (+122.13)
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supernatant of phage-mimicking ANPs exposed to bacterial cell
culture conditions. The negligible leaching of silver ions from
our phage-mimicking ANPs will lead to less off-target toxicity.
The unique architecture of our phage-mimicking nanoparticles
will achieve similar (if not better) results than silver nano-
particles in actively inhibiting the growth of Staphylococcus
aureus USA300.

3.2.2 Pseudomonas aeruginosa FRD1. Pseudomonas aeru-
ginosa FRD1 is a mucoid strain originally isolated from
a chronically infected cystic fibrosis patient with the ability to
overproduce exopolymeric alginates, favorable for biofilm
formation.>*** As the only Gram-negative strain in our

1.6
O normal growth
B +0.1ml ANPs
B +0.5ml ANPs
B + 1ml ANPs
v  normal growth
v 4+ 0.1ml ANPs
L || v +05mlANPs
AR RRRARRAARK v + 1ml ANPs
Ak
1
12 16 20 24
Time (h) Time (h)
14 —
i ii
1.2
o X A &
1.0
o 4 Zef““‘“ e + 4&4& A normal growth
0.8 %& 4 P s A +1ml ANPsLS
0.6 AN \ VAN A A+ 1ml ANPs MS
o 4 AA A # 4‘2‘ AA A + 1ml ANPs HS
‘ Q;FMA 44 2} A
0.2 - N M A - A »4 A
2 A A oA A ey
AMassidasanssbaindiant s’
0.0 AddA . . .
0 4 8 12 16 20 24 0 4 8 12 16 20 24
Time (h) Time (h)

Fig.4 P. aeruginosa FRD1 and E. faecalis exhibited dose-dependent log phase inhibition when treated with medium silver-coated NPs. Growth
of P. aeruginosa FRD1 in the presence of (A(i)) small 45 nm and (A(ii)) large 130 nm NPs with the medium silver-coating in three different dosages
(0.1, 0.5, and 1 ml). Growth of E. faecalis in the presence of (B(i)) small 45 nm and (B(ii)) large 130 nm NPs with the medium silver coating in three
different dosages (0.1, 0.5, and 1 ml). C. striatum exhibited a silver coverage dependent retardation of log-phase initiation for a given dose (e.g., 1
ml). Growth of C. striatum in the presence of a 1 ml dose of either (C(i)) small 45 nm or (C(ii)) large 130 nm phage-mimicking ANPs with silver
coatings varied from low (LS) to medium (MS) to high (HS).
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experiments, Pseudomonas aeruginosa FRD1 also presented
a dose-dependent sensitivity towards higher concentrations of
phage-mimicking ANPs with the medium silver coating
(Fig. 4A). 1 ml of an MS phage-mimicking ANP sample (45 nm or
130 nm) contains approximately 31-47 pg ml ™" silver (consid-
ering dilution). Non-mucoid strains of Pseudomonas aeruginosa
have been observed to be growth inhibited by around 10 pg
ml~" AgNPs.”” But for the mucoid strain P. aeruginosa FRD1
incubated with the phage-mimicking ANPs, we observed that
the culture wells presented a mucoidal substance on the well
bottom. The production of alginates (the main component of
mucus) by Pseudomonas aeruginosa FRD1 might be indicative of
the defense mechanisms of the bacterium to protect the
bacterial cell wall from direct contact with the phage-mimicking
ANPs.

3.2.3 Enterococcus faecalis. Enterococcus faecalis can cause
endocarditis, septicemia, urinary tract infections, and menin-
gitis.>*** As an opportunistic nosocomial pathogen representing
a high risk for immunocompromised patients in the clinical
environment, Enterococcus faecalis was observed to be the most
sensitive to the phage-mimicking ANP treatment. MS phage-
mimicking ANPs containing 31-47 pg ml™" silver (factoring
dilution) inhibited the growth of Enterococcus faecalis and
inhibited the maximum cell count 3-fold in comparison to the
normal/healthy growth of the culture (Fig. 4B). Krishnan et al.*®
reported an inhibitory effect of 5 mg ml~" AgNPs (45-50 nm)
towards Enterococcus faecalis, which was 100-fold higher than
that of the antibacterial Ag concentrations on our phage-
mimicking ANPs.

3.2.4 Corynebacterium striatum. Corynebacterium striatum
is often resistant to several antibiotics, and it is associated with
wound infections, pneumonia, and meningitis.>*** As with
Staphylococcus aureus USA300, the growth of Corynebacterium
striatum was considerably inhibited by phage-mimicking ANPs
with increasing silver coating on the gold nanospheres (Fig. 4C).
At the time of this publication, no bactericidal activity studies of
AgNPs could be found for Corynebacterium striatum within the
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current literature for comparison to the antibacterial efficacy of
our phage-mimicking ANPs.

3.2.5 Quantification of the broad-spectrum capability of
the phage-mimicking ANPs. To quantify and compare the
antibacterial efficacy of the phage-mimicking ANPs, the linear
slopes of the log phases of all growth curves were calculated.
Smaller slopes indicate enhanced inhibition of bacterial
growth. To compare the growth-curves between bacteria from
different treatment groups, the slopes of the bacteria exposed to
phage-mimicking ANPs were at first subtracted from the slopes
of the control sample and then normalized by the slopes of the
control sample (bacteria growing in LB media only without
phage-mimicking ANPs).* The control-normalized log phase
slopes revealed the percentage of growth-inhibition (Tables 5-
7). The duration of log-phase growth and the starting time of the
log phase were also determined. All three parameters (log phase
inhibition, log phase duration, and log phase start time)
enabled us to identify if the effect of the antimicrobial NPs was
dependent on NP size (45 nm or 130 nm), silver coverage (LS,
MS, or HS), dosage (0.1 ml, 0.5 ml, 1 ml, and 2 ml), or
a combination thereof. We were able to examine how these
three factors influenced the antimicrobial efficacy of the phage-
mimicking ANPs against S. aureus USA300 (Fig. 3) (Table 5).
However, for P. aeruginosa FRD1 and E. faecalis growth curves
were only able to be analyzed for the different dosages (0.1 ml,
0.5 ml, and 1 ml) of the MS variant of the phage-mimicking
ANPs (Fig. 4A and B) (Table 6). Similarly, for C. striatum, we
were only able to analyze growth curves for the 1 ml dosage of
the different silver coverages (LS, MS, or HS) (Fig. 4C) (Table 7).
We utilized the log phase inhibition of S. aureus USA300
exposed to phage-mimicking ANPs as a standard against which
we compared the log phase inhibition of P. aeruginosa FRD1, E.
faecalis, and C. striatum exposed to an equal dose of phage-
mimicking ANPs and silver-coverage.

S. aureus USA300 demonstrated a dosage-dependent and
a silver coverage dependent sensitivity to phage-mimicking
ANPs as indicated by the increased log phase inhibition with
increasing dosage and increasing Ag coverage (Table 5). There

Table 5 Dose and silver-coverage dependent antimicrobial effect of phage-mimicking ANPs against S. aureus USA300

NP diameter Dosage Linear slope % Log phase Duration of log
Bacteria (nm) Ag coverage (ml) log phase (h™!)  retardation w.r.t control ~ Log phase start (h) phase (h)
S. aureus USA300 45 nm Zero 0 0.280 0% 2.1 4.5
LS 1 0.190 32.3% 2.6 5.5
2 0.118 57.8% 1.4 7.8
MS 1 0.111 60.3% 1.3 11.3
2 0.094 66.5% 1.4 10.4
HS 1 0.074 73.6% 2.7 12.6
2 0.043 84.7% 2.6 21.4
130 nm Zero 0 0.280 0% 2.1 4.5
LS 1 0.177 36.8% 2.6 4.7
2 0.129 53.8% 1.9 7.3
MS 1 0.138 50.8% 2.0 8.5
2 0.100 64.3% 1.9 9.3
HS 1 0.105 62.5% 8.5 8.8
2 0.028 90.1% 10.6 9.5
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were no clear trends that would indicate whether there was
a size-dependent enhancement of phage-mimicking ANPs'
antimicrobial efficacy. The maximum log phase inhibition
achieved was 84.7% for 2 ml of 45 nm SiO,@Au@Ag HS and
90.1% for 2 ml of 130 nm SiO,@Au@Ag HS. In the presence of
2 ml of 45 nm SiO,@Au@Ag HS phage-mimicking ANPs, S.
aureus USA300 reached the lag phase after ~22 h, which was
delayed 4-fold in comparison to the control. This indicates that
the HS variant of the 45 nm SiO,@Au@Ag was the most effective
in inhibiting the growth of S. aureus USA300.

E. faecalis exhibited the maximum sensitivity to the phage-
mimicking ANPs (Table 6). The log phase inhibition of E. fae-
calis when exposed to 3 different dosages (0.1 ml, 0.5 ml, and 1
ml) of MS coated phage-mimicking ANPs showed the same
dose-dependent inhibition as S. aureus USA300. In E. faecalis
there was additionally a size dependency in the efficacy of the
phage-mimicking ANPs. 1 ml of the smaller MS coated phage-
mimicking ANPs (45 nm) was ~20% more efficient in inhibit-
ing the log growth phase in comparison to 1 ml of the larger MS
coated phage-mimicking ANPs (130 nm). P. aeruginosa FRD1 in
comparison was the least sensitive to MS coated phage-
mimicking ANPs. Although there was a dose-dependent and
size-dependent inhibition of the log growth phase, the
maximum log phase inhibition was only 21.2% for P. aeruginosa
FRD1 in comparison to the 60.3% for S. aureus USA300 and
72.5% for E. faecalis for the same dose. These results suggest
that the mucoid strain P. aeruginosa FRD1 is more adept in
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preventing the interaction of the structure-based phage-
mimicking ANPs with the bacterial cell membrane and more
resistant to such phage-mimicking ANP designs once they form
a mucinous mass.

C. striatum exhibited a size-dependent susceptibility to the
smaller diameter phage-mimicking ANPs, inducing a higher
inhibition of the log phase growth (Table 7). However, there was
no apparent dependence of C. striatum susceptibility to the
silver coverage on the phage-mimicking ANPs. The percent log
phase inhibitions in the presence of LS, MS, and HS variants of
the phage-mimicking ANPs were less than 3% apart. But, with
nearly 50% inhibition of the log phase growth of C. striatum in
the presence of 1 ml of 45 nm phage-mimicking ANPs, it was
clear that C. striatum along with S. aureus USA300 and E. faecalis
were the most susceptible to the antimicrobial effect of our
rationally designed phage-mimicking nanoparticles. P. aerugi-
nosa FRD1 also exhibited a significant decrease in log phase
growth and a 2-fold decrease in the duration of the log phase
(Table 6).

The growth curve results confirm the broad-spectrum capa-
bility of our phage mimicking ANPs. Our tests also revealed
a mucus-like secretion employed as a potential defense mech-
anism by the mucoid bacterial strain P. aeruginosa FRD1 to
overcome our structure-based phage-mimicking ANPs. In future
iterations of the phage-mimicking nanoparticles, design
consideration will be given to include anti-mucogenic ligands
on the phage-mimicking ANPs to test if that might improve the

Table 6 Dose-dependent antimicrobial effect of MS phage-mimicking ANPs

% Log phase

Phage-mimicking Dosage Linear slope retardation w.r.t Duration of log
Bacteria ANP core diameter (nm) Ag coverage (ml) log phase (h™") control Log phase start (h) phase (h)
S. aureus USA300 45 nm MS 0 0.2798 0% 2.1 4.5
1 0.1112 60.3% 1.3 11.3
2 0.09373 66.5% 1.4 10.4
130 nm MS 0 0.2798 0% 2.1 4.5
1 0.1376 50.8% 2.0 8.5
2 0.0998 64.3% 1.9 9.3
P. aeruginosa FRD1 45 nm MS 0 0.131 0% 3.8 9.4
0.1 0.1268 3.2% 6.8 8.6
0.5 0.1104 15.7% 5.4 6.7
1 0.1032 21.2% 7.3 5.5
130 nm MS 0 0.131 0% 3.8 9.4
0.1 0.1273 2.8% 6.1 7.9
0.5 0.1229 6.2% 6.1 6.6
1 0.1205 8.0% 8.1 4.6
E. faecalis 45 nm MS 0 0.1394 0% 2.9 2.4
0.1 0.0911 34.6% 2.0 3.9
0.5 0.0522 62.6% 3.4 2.7
1 0.0383 72.5% 6.0 3.4
130 nm MS 0 0.1394 0% 2.9 2.4
0.1 0.1248 10.5% 2.7 2.0
0.5 0.074 46.9% 3.4 3.2
1 0.0634 54.5% 6.0 2.6
C. striatum 45 nm MS 0 0.158 0% 3.3 6.7
1 0.082 48.0% 10.6 12.2
130 nm MS 0 0.158 0% 3.3 6.7
1 0.111 29.7% 11.3 7.4

This journal is © The Royal Society of Chemistry 2019
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Table 7 Ag coverage-dependent antimicrobial effect of phage-mimicking ANPs for 1 ml dosage
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% Log phase

Phage-mimicking Dosage Linear slope retardation w.r.t Duration of log
Bacteria ANP core diameter (nm) Ag coverage (ml) log phase (h™")  control Log phase start (h) phase (h)
S. aureus USA300 45 nm Zero 0 0.280 0% 2.1 4.5
LS 1 0.190 32.3% 2.6 5.5
MS 1 0.111 60.3% 1.3 11.3
HS 1 0.074 73.6% 2.7 12.6
130 nm Zero 0 0.280 0% 2.1 4.5
LS 1 0.177 36.8% 2.6 4.7
MS 1 0.138 50.8% 2.0 8.5
HS 1 0.105 62.5% 8.5 8.8
C. striatum 45 nm Zero 0 0.158 0% 3.3 6.7
LS 1 0.086 45.3% 7.8 8.2
MS 1 0.082 48.0% 10.6 12.2
HS 1 0.082 48.0% 13.3 6.0
130 nm Zero 0 0.158 0% 3.3 6.7
LS 1 0.113 28.2% 9.3 9.5
MS 1 0.111 29.7% 11.3 7.4
HS 1 0.108 31.7% 14.1 5.9

antibacterial effect against mucoid strains of pathogenic
bacteria.

3.2.6 Rational design of phage-mimicking antibacterial
nanoparticles. The results of the bacterial growth curves after
exposure to phage-mimicking ANPs have validated the anti-
bacterial potential of our phage-mimicking nanoparticle
design. The smaller phage-mimicking ANPs (45 nm) with the
high silver coverage had the maximum antibacterial effect. We
rationally added antibacterial elements to our phage-mimicking
nanoparticles by using toxicology data from the existing litera-
ture to increase the toxicity of phage-mimicking ANPs selec-
tively to bacterial cells. From a bactericidal point of view, we
chose Au/Ag nanospheres of <5 nm for our phage-mimicking
ANPs since it has been demonstrated in the peer-reviewed
literature that when AgNPs with average diameters of <5 nm,
10 nm, and 90 nm were tested against Pseudomonas aeruginosa,
the <5 nm AgNPs were highly efficient in accumulating in the
bacteria.®® The bacteria interacted with <5 nm AgNPs for
a duration 1.5 orders of magnitude longer (>40 minutes) as
opposed to their interaction with >10 nm AgNPs where their
defensive behavior was immediate.’® At the same time, the
phage-mimicking architecture of the phage-mimicking ANPs
with Au/Ag nanospheres resulted in minimizing the concen-
tration of Ag used by 100-fold in comparison to Ag concentra-
tions employed in the existing literature.*®** The highest Ag
concentration on our phage-mimicking nanoparticles that
exhibited >50% bactericidal activity is less than 95 pg ml™?,
which is well below the LCs, (5 mg ml ") of =5 nm AgNPs.*® Our
phage-mimicking nanoparticles have also exhibited broad-
spectrum antibacterial activity against all four bacterial
strains (S. aureus USA300, P. aeruginosa FRD1, E. faecalis, and C.
striatum), two of which belong to the ESKAPE group of patho-
gens. The ability to target ESKAPE pathogens makes our phage-
mimicking nanoparticles a significant active ingredient for
antibacterial formulations.

4822 | Nanoscale Adv., 2019, 1, 4812-4826

3.3 Mechanism of antibacterial activity

Several studies have confirmed that the bactericidal effect of
AgNPs is due to their ability to efficiently bind and reduce
disulfide (S-S) bridges on the bacterial cell membrane.”>** In
the absence of S-S bridges, the electron transport across the
membrane is disrupted, leading to interference with bacterial
energetics and rise in reactive oxygen species (ROS) in the
bacteria.®***® Our phage-mimicking ANPs have been designed
to be 1/10th to 1/5th the size of the bacteria. Zeta-potential ({-
potential) measurements of the amine-functionalized silica
core confirmed the positive surface charge with the 130 nm
silica core having double the surface charge compared to the
45 nm silica core. The {-potential of the 45 nm silica core was
10.2 £+ 3.4 mV, and the {-potential of the 130 nm silica core was
20.1 = 7.4 mV. Upon addition of the negatively charged nano-
spheres to form the patchy shell on the silica-cores, the ¢-
potentials of the 45 nm silica core and the 130 nm silica core
dropped to —6.16 £ 3.4 mV and —4.07 &+ 5.0 mV. While the net
{-potential of the phage-mimicking ANPs was negative, the -
potential range was near zero mV, like that of zwitterionic
molecules.”” The zwitterionic nature of the phage-mimicking
ANPs implies that the negatively charged membrane of the
bacteria will interact with the phage-mimicking ANPs for
durations long enough to allow Au/Ag on the phage-mimicking
ANPs to bind to cysteine residues on the bacterial membrane
without any hindrance from charge-charge repulsion.®*>

We hypothesize that the chemisorption of thiols from
cysteine residues onto multiple Au/Ag nanospheres will immo-
bilize the phage-mimicking nanoparticles on the bacteria,
eventually leading to the physical disruption of the bacterial cell
membrane.”® The bacteria might initially sense the phage-
mimicking nanoparticles as =5 nm Au/Ag nanospheres and
thereby are slow to initiate their defense mechanisms.*® Dark-
field imaging was used to track the localized surface plasmon
resonance signal (LSPRS) from Au and Ag on the phage-

This journal is © The Royal Society of Chemistry 2019
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mimicking ANPs (Fig. 5) using established techniques.*®®'**
The LSPRS of the phage-mimicking ANPs lies in the visible
spectrum (blue to red).** Darkfield imaging confirmed that the
SiO,@Au@Ag HS NPs exhibited LSPRS colors of blue, green,
yellow, orange, and red (Fig. 5A and B). Additionally, darkfield
imaging confirmed that untreated S. aureus USA300 appeared
spherical, as expected (Fig. 5C).*> However, S. aureus USA300
treated with SiO,@Au@Ag HS phage-mimicking ANPs exhibited
elliptical morphology with a dense number of NPs associated
with the bacteria as confirmed through darkfield imaging
(Fig. 5D), which showed that the LSPR signal of the phage-
mimicking ANPs was colocalized with the bacteria.

Untreated control samples of S. aureus USA 300 had an
average diameter of 1.39 um and an aspect ratio of 1 in all
directions. Samples of S. aureus USA 300 exposed to SiO,@-
Au@Ag HS phage-mimicking ANPs were elliptical and
possessed a short axis and a long axis with an aspect ratio of
3.57. In bacteria exposed to phage-mimicking ANPs, the diam-
eter along the short axis was 1.77 um, and the diameter along
the long axis was 6.30 pm. SiO,@Au@Ag HS phage-mimicking
ANPs were co-localized with the bacterial membrane as seen
in the representative darkfield images in Fig. 5E. This provides
strong support for our hypothesis that the phage-mimicking

Silica@Au NPs Silica@Auw/Ag HS NPs

B.

S. aureus USA300 +
Silica@/\u‘Ag HS NPs
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structure of our phage-mimicking ANPs allows them to struc-
turally and chemically prolong their interaction with the
bacterial membrane, thus interrupting bacterial cell division,
which will ultimately lead to physical disruption and death of
the bacteria, as evidenced initially by inhibition of bacterial
growth in our growth curve studies (Fig. 3 and 4).

3.4 Biocompatibility with a human skin cell line

All ten synthesized nanoparticle variations (SiO,, SiO,@Au,
Si0,@Au@Ag LS, SiO,@Au@Ag MS, and SiO,@Au@Ag HS;
45 nm or 130 nm) are highly biocompatible with human skin
cells (HaCaT) Fig. 6. Subsamples of the HaCaT cell line incu-
bated with the nanoparticles for 16 h showed growth and
a healthy appearance of the cells (Fig. 6B and C).

In general, the use of silica-based materials is not considered
harmful to humans.* Depending on the size and concentration
as well as the exposure/drug delivery routes in tested cell lines,
silica nanoparticles cover a wide spectrum between biocompat-
ible and slightly toxic.°® But nonporous amorphous silica NPs
(>10 nm) with APTES molecules, similar to the ones employed as
cores in our phage-mimicking ANPs, have proven biocompati-
bility with human cells (e.g., Calu-3).*” Silver nanoparticles have
also been recommended as a good alternative for the control of

S. aureus USA300 +
Silica@Au/Ag HS NPs

S. aureus USA300

C.

Fig. 5 Darkfield microscopy was used to assess the effect of the phage-mimicking nanoparticle treatment on the morphology of S. aureus
USA300. (A) Darkfield images of the localized surface plasmon resonance (LSPR) of Au nanoclusters on the 45 nm silica cores. The LSPRS of Au
was either green or orange, which is in good accordance with the existing literature. (B) The LSPRS of high silver-coated Au nanoclusters on the
45 nm silica core was a rainbow of colors with blue, green, yellow, and red being prominent. (C) Darkfield images showed that untreated S. aureus
USA300 appeared spherical. (D) However, S. aureus USA300 treated with SiO,@Au@Ag HS phage-mimicking ANPs exhibited elliptical
morphology with a high density of the NPs associated with the bacteria as confirmed through dark-field imaging of the bacteria as well as the
LSPR signal of NPs from the bacteria. (E) Magnified images of elliptical S. aureus USA300 with the characteristic LSPR signal of silver on
SiO,@Au@Ag HS phage-mimicking ANPs. Scale bars are all 10 um. The LSPR images of the nanoparticles are all diffraction-limited and not the
actual size of the nanoparticles.

This journal is © The Royal Society of Chemistry 2019 Nanoscale Adv., 2019, 1, 4812-4826 | 4823
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(A) Cell viability (% of control) for all ten synthesized NP variations: SiO,, SiO,@Au, SiO,@Au@Ag LS (low silver), SiO,@Au@Ag MS (medium

silver), and SiO,@Au@Ag HS (high silver), with both 45 and 130 nm SiO, cores, and at two concentrations (low concentration and high
concentration). LC, low concentration = approximately 6.99 x 10! particles per ml of 45 nm phage-mimicking ANPs and 1.09 x 10* particles
per ml of 130 nm phage-mimicking ANPs; HC, high concentration = approximately 1.40 x 10 particles per ml of 45 nm phage-mimicking ANPs
and 2.19 x 10 particles per ml of 130 nm phage-mimicking ANPs. Optical microscope images showing (B) HaCaT cells in DMEM and (C) after

treatment with 45 nm NPs with HS coating.

bacterial strains, with less risk of toxicity to mammalian cells.®®
But silver nanoparticle toxicity to eukaryotic cells is size-
dependent. Using data from dose-dependent toxicity studies of
AgNPs to eukaryotic cells, we extrapolated the size- and shape-
dependent toxicity of nanomaterials.®® The LCs, of AgNPs
=10 nm (1180 + 140 pg ml ') against eukaryotic fibroblast cells
is lower than that of AgNPs >10 nm (1760 + 110 pg ml™") since
the smaller AgNPs are easily taken up by cells and concentrated
intracellularly, much more than the >10 nm AgNPs.>

Despite choosing Au/Ag nanospheres <5 nm for our phage-
mimicking ANPs, we hypothesize that the lack of abundance of
cysteine residues on eukaryotic cell membranes, the zwitter-
ionic nature of the nanoparticles (similar to PEG-coated nano-
particles) as determined from zeta potential measurements, the
~10-fold increase in the effective diameter of the immobilized
Au/Ag nanospheres on the silica cores, and the size of the
eukaryotic cells still being ~200-fold larger than the phage-
mimicking ANPs, will increase the repulsion of our phage-
mimicking nanoparticles away from the surface of eukaryotic
cells.”* The arrangement of the <5 nm Au/Ag nanospheres on
a>45 nm silica core also ensures that the Au/Ag nanospheres do
not present themselves as =5 nm AgNPs, thereby reducing the
probability of the phage-mimicking ANPs permeabilizing the
eukaryotic cell membrane. The phage-mimicking structure of
our ANPs increased the biocompatibility towards eukaryotic
cells as was evident from our tests on model skin cell lines
(HaCaT).** Additionally, the Environmental Protection Agency
(EPA) has established a chronic oral Reference Dose (RfD) of 5
ug per kg per day for silver which broadly translates to 250 ug to
750 pg per person per day.*® Our phage-mimicking ANPs exhibit
a maximum silver content of 189.22 ug ml~* and a predicted
amount of <1 pug ml~" silver ions leaching into solution which

4824 | Nanoscale Adv., 2019, 1, 4812-4826

are well below the EPA prescribed safety limits for exposure to
silver.

4. Conclusions

Rational nanoparticle engineering revealed that the previously
hypothetical phage-mimicking nanoparticles could be synthe-
sized with very specific properties (bactericidal, biocompatible,
etc.). The structural approach and the modular assembly of the
nanoparticles designed by our lab are effective against four
different nosocomial strains (Staphylococcus aureus USA300,
Pseudomonas aeruginosa FRD1, Corynebacterium striatum, and
Enterococcus faecalis), strongly inhibiting and suppressing their
growth. All four strains grow slower (inhibition of log-phase
growth) and do not reach their maximal growth potential
(optical density@600 nm cut down by approximately 1/2 to 1/3
compared to nanoparticle-free growth). Growth inhibition is
dependent on the silver coating concentration on the gold
nanospheres, with a higher silver concentration positively
correlated with higher bactericidal and increased antibacterial
efficacy of the nanoparticles. However, the bactericidal proper-
ties of our phage-mimicking ANPs were not a function of Ag
concentration alone. Previously existing literature that has
utilized AgNPs in the size range of 8-100 nm demonstrated that
bacterial defenses (P. aeruginosa and B. subtilis) were highly
efficient in the efflux of individual AgNPs.*® To confirm the
importance of our structure-based antibacterial design
approach, phage-mimicking ANPs were tracked using the signal
from the LSPR of Au/Ag nanoclusters in dark-field imaging to
conclusively demonstrate that our phage-mimicking ANPs,
much like their biological counterparts, remain irreversibly
associated with the bacterial cell wall. The phage-mimicking

This journal is © The Royal Society of Chemistry 2019
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ANPs bound to the bacterial membranes played a disruptive
role during multiple bacterial divisions resulting in an abnor-
mally elongated morphology being exhibited by S. aureus
USA300. Phage-mimicking ANPs induced a dose-dependent
21% to 90% log phase inhibition when tested against the four
different nosocomial bacterial strains. In addition to the phage-
mimicking ANPs' advantageous bacteriostatic activity, the
inorganic phage-mimicking nanoparticles are also biocompat-
ible with human skin cells. Our phage-mimicking ANPs are the
first to demonstrate an antibacterial activity that is dependent
on the structure of the NPs, resulting in a bactericidal activity
that is greater than that of the sum of the individual compo-
nents that constitute the nanoparticles. Our results demon-
strate an innovative and proactive approach to deal with the
rising threat of antibiotic-resistant bacteria. Our robust,
modularly assembled, antibacterial NPs can be applied to
infectible surfaces to pre-empt an infection from even devel-
oping at the tissue/material interface. This study where we
employed modular assembly to engineer our phage-mimicking
ANPs hierarchically and to gain a clearer understanding of the
component-to-structure-to-function relationship has laid the
foundation for future structure-based, antibiotic-free antibac-
terial nanoparticles with higher bactericidal efficiency and
bacterial specificity to stem the continued rise of antibiotic-
resistant strains of bacteria.
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