J Antimicrob Chemother 2019; 74: 1578-1585

doi:10.1093/jac/dkz053 Advance Access publication 18 February 2019

Journal of
Antimicrobial
Chemotherapy

Silver nanoparticles present high intracellular and extracellular
killing against Staphylococcus aureus

Jason Kang®, Matthew J. Dietz’, Krystal Hughes®, Malcolm Xing?* and Bingyun Li ®

1,4%

IDepartment of Orthopaedics, School of Medicine, West Virginia University, Morgantown, WV, USA; “Department of Mechanical
Engineering, University of Manitoba, Winnipeg, Canada; >The Children’s Hospital Research Institute of Manitoba, Winnipeg, Canada;

“Mary Babb Randolph Cancer Center, Morgantown, WV, USA

*Corresponding author. Department of Orthopaedics, School of Medicine, West Virginia University, Morgantown, WV 26506-9196, USA.

Tel: +1-304-293-1075; Fax: 304-293-7070; E-mail: bili@hsc.wvu.edu @ orcid.org/0000-0002-5766-5666

Received 26 August 2018; returned 17 October 2018; revised 20 November 2018; accepted 15 January 2019

Objectives: Bone and joint infections caused by Staphylococcus aureus are becoming increasingly difficult to
treat due to rising antibiotic resistance, resilient biofilms and intracellular survival of S. aureus. It has been chal-
lenging to identify and develop antimicrobial agents that can be used to kill extracellular and intracellular bac-
teria while having limited toxicity towards host cells. In addressing this challenge, this study investigates the
antimicrobial efficacy and toxicity of silver nanoparticles (AgNPs).

Methods: Intracellular bacteria were generated using a co-culture model of human osteoblast cells and S. aureus.
Extracellular and intracellular S. aureus were treated with AgNPs, antibiotics and their combinations, and numbers
of colonies were quantified. Toxicity of AgNPs against human osteoblast cells was determined by quantifying the
number of viable cells after treatment.

Results: AgNPs demonstrated excellent antimicrobial activity against extracellular S. aureus with a 100% killing
efficacy at concentrations as low as 56 uM, along with a high intracellular killing efficacy of 76% at 371 uM.
AgNPs were non-toxic or slightly toxic towards human osteoblasts at the concentrations studied (up to 927 uM).
Moreover, smaller-sized (40 nm) AgNPs were more efficacious in killing bacteria compared with their larger-sized
(100 nm) counterparts and synergistic antimicrobial effects against extracellular bacteria were observed when
AgNPs were combined with gentamicin.

Conclusions: AgNPs and their combination with antibiotics have demonstrated high extracellular and intracellu-
lar bacterial killing and presented unique aspects for potential clinical applications, especially for chronic and re-
current infections where intracellular bacteria may be the cause.

Introduction

Staphylococcus aureus is one of the most common pathogens
found in bone and joint infections, with clinical manifestations
such as osteomyelitis, septic arthritis and prosthetic joint infec-
tion.! S. aureus is also ubiquitous in many other infections such
as blood, respiratory tract, skin, soft-tissue and device-related
infections.*”” The manifestations of S. aureus infections are broad,
collectively leading to high morbidity, mortality and economic bur-
den.®? Currently, medical and surgical treatment approaches uti-
lizing antibiotics have been used to treat bone and joint infections;
however, there are still significant treatment failures leading to
chronic and recurrent infection.*® This may be attributed to many
factors. One important factor is the formation of S. aureus biofilms,
which are difficult to eradicate.’® Another concern is associated
with antibiotic overuse, which has resulted in the emergence of
antibiotic-resistant bacteria such as MRSA thereby limiting

treatment options.'#** Though these issues are widely known, an
emerging factor that is of increasing concern is the presence of
intracellular bacteria causing these infections. S. aureus is classical-
ly thought of as an extracellular pathogen; however, in vitro and
in vivo evidence has demonstrated that it has the ability to survive
intracellularly as well.**~?° This leads to chronic and recurrent in-
fection, as intracellular S. aureus has the capability to elude host
defence mechanisms and most current treatment agents by hid-
ing intracellularly.?*~** Thus, in order to treat S. aureus infections
adequately, not only must the antimicrobial agent be able to re-
duce biofilms and overcome antimicrobial resistance, but it must
also be able to eliminate intracellular pathogens.

One promising antimicrobial agent is silver nanoparticles
(AgNPs), which are ultra-fine particles of metallic silver in the nano-
scale range (i.e. 1-100 nm), and are emerging as a new treatment
option against a wide array of pathogens.’*>° Studies have
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demonstrated that AgNPs are effective against Gram-positive and
Gram-negative bacteria, anaerobes, fungi and viruses. More im-
portantly, AgNPs can be used against antibiotic-resistant bacteria,
as development of resistance is less likely due to its unique and
multimodal mechanisms of action.*’ While AgNPs have been
shown to be an effective treatment option against a wide range of
extracellular bacterig, there have been few reports investigating its
role as an intracellular agent and thus remains an area of further
investigation.?#*3 In addition, concern about the toxicity of AgNPs
has limited its clinical use.>* Therefore, our objectives were to de-
termine the antimicrobial properties of AgNPs against both extra-
cellular and intracellular S. aureus, to compare it with conventional
antibiotics, to investigate the combined efficacy of AgNPs and con-
ventional antibiotics together, and to determine the toxicity of
AgNPs towards human osteoblast cells. To accomplish these
objectives, AgNPs and antibiotics at different concentrations and
treatment intervals were incubated with extracellular and intracel-
lular S. aureus and evaluated for cfu formation. In addition, the via-
bility of human osteoblasts (uninfected) after treatment with
AgNPs was determined using a trypan blue assay. We hypothe-
sized that AgNPs and their combination with conventional antibi-
otics were effective in eliminating both extracellular and
intracellular bacteria at concentrations that were not cytotoxic to-
wards human cells.

Materials and methods

Reagents

A clinical isolate of S. aureus (SA1004) was obtained from Ruby Memorial
Hospital (Morgantown, WV, USA) and used in this study. Antibiotic suscepti-
bility testing was performed by the Clinical Microbiology Laboratory at West
Virginia University and revealed that the isolate was resistant to ampicillin,
cefoxitin and penicillin, and susceptible to antibiotics like cefazolin, clinda-
mycin, gentamicin, rifampicin, vancomycin, ciprofloxacin, tetracycline,
erythromycin, levofloxacin, moxifloxacin, linezolid, oxacillin and tigecycline.
Conventional antibiotics (gentamicin, vancomycin and rifampicin) were
purchased from Sigma-Aldrich (St Louis, MO, USA). AgNPs (40 and 100 nm),
capped or complexed with polyvinylpyrrolidone (PVP) for stabilization, were
obtained from nanoComposix, Inc. (San Diego, CA, USA). A human osteo-
blast cellline (CRL-11372) was purchased from ATCC (Manassas, VA, USA).

AgNP characterization

Analysis of the morphology of AgNPs was performed using a JEOL JEM-
2100 transmission electron microscope (TEM). AgNP suspensions were
pipetted onto amorphous carbon-coated copper grids and allowed to dry
under vacuum for TEM imaging. The size distribution of the AgNPs was
determined using a Malvern NanoSight NS300. The size distribution of each
sample was captured in 30s windows and performed in triplicate. The zeta
potential was measured using a Malvern Zetasizer Nano Z. Each sample
was measured a minimum of 10 times to determine the average zeta
potential.

Extracellular antimicrobial activity of AGNPs and
antibiotics
The killing efficacy of AgNPs and conventional antibiotics against extracellu-

lar S. aureus was determined by extracellular antimicrobial assays as
described previously.>® Briefly, colonies of S. aureus were suspended in

Table 1. Size distribution and zeta potential of 40 and 100 nm AgNPs

Sample Diameter (nm) Zeta potential (mV)
PVP-capped AgNPs (40 nm) 441425 -11.1+0.7
PVP-capped AgNPs (100 nm) 939+ 05 -20.0+0.3

tryptic soy broth (TSB) and incubated for 16 h at 37°C. Afterwards, the in-
oculum was diluted with fresh TSB and incubated at 37°C for an additional
2.5h to achieve log-phase growth. The inoculum was then diluted with
sterile PBS to achieve a concentration of 1.0 x 10° cfu/mL. Various molar
concentrations of AgNPs, vancomycin, gentamicin or combination treat-
ment were added to the inoculum in a total mixture volume of 1 mL and
incubated for 1 h at 37°C. Treatments with sterile PBS were used as controls.
After treatment, the samples were diluted (107%, 1072 and 1073) in sterile
PBS, plated on 5% sheep blood agar plates and incubated for 24 h at 37°C.

The extracellular killing efficacy for each treatment was presented in
terms of percentage killing, which was calculated by dividing the difference
between the cfu of the control and the cfu of the treated samples with the
cfu of the control and then multiplying by 100. All experiments were per-
formed in triplicate and the average was reported.

Intracellular antimicrobial activity of AQNPs and
antibiotics

The killing efficacy of AgNPs and conventional antibiotics against intracellu-
lar S. aureus was determined by intracellular antimicrobial assays as
described previously.>® Intracellular S. aureus was obtained using our co-
culture infection model of osteoblasts and S. aureus.’®?* Briefly, human
osteoblasts were seeded in a 12-well plate at a cell density of 4 x 10° cells/mL
and incubated at 37°C with 5% CO, for 24 h. Following incubation, the
cells were cultured with log-phase S. aureus (2 x 108 cfu/mL) and incu-
bated for 2 h. Afterwards, lysostaphin was added and incubated for an-
other 2h to eliminate extracellular bacteria.'®°. Different molar
concentrations of AgNPs, gentamicin, rifampicin, combination treatment
or plain DMEM (control) were added. After 2 h incubation, Triton X-100
(0.1%) was added to lyse the osteoblasts. Kinetic studies were also con-
ducted with incubation times up to 16 h. Samples were serially diluted in
sterile PBS, plated on 5% sheep blood agar plates and incubated for 24 h
at 37°C. The intracellular killing efficacy for each treatment was pre-
sented in terms of percentage killing at various molar concentrations. All
experiments were performed in triplicate.

Osteoblast viability assay

Osteoblast cells were seeded in a 12-well plate at a cell density of
4 % 10° cells/mL and incubated with 5% CO, at 37°C for 24 h to form a con-
fluent monolayer. The wells were then treated with AgNPs or plain DMEM
(control) and incubated at 37°C for 2 h, which was equivalent to the incuba-
tion time for the intracellular AGNP dose-response curve. After incubation,
trypsin was added to each well, and the plate placed in the incubator at
37°C, to detach the cells. DMEM was added to neutralize the trypsin. To
count the number of viable cells, trypan blue dye was added to the cell sus-
pension in a 1:1 dilution and examined using a haemocytometer for the
quantification of live osteoblast cells.

The viability of the osteoblasts at each molar concentration of AgNPs
was presented in terms of percentage viability. The percentage viability was
calculated by dividing the difference between the number of live osteoblast
cells in the control and the number of live osteoblast cells in the treated
samples by the number of live osteoblast cells in the control and then

1579



Kang et al.

(a)
(c)
1.5x1010

—

g 1.0x 1010 -

3

S

S 5.0x10-
0 T T i
0 20 40 60 80

Size (nm)

1.5x109
-
£ 1.0x10° 4
D
o
S 5.0x108-
O T T _-?-
0 50 100 150 200
Size (nm)

Figure 1. Morphology and size distribution of AgNPs. TEM images of (a) 40nm and (b) 100nm AgNPs and size distribution of (c) 40nm and (d)

100 nm AgNPs.

multiplying by 100. All experiments were performed in triplicate and the
averages were reported.

Statistical analysis

All data are presented as mean + SD. Differences in percentage killing of all
treatments against extracellular and intracellular S. aureus and differences
in percentage viability of osteoblasts were assessed using JMP-V9 statistical
software (SAS Institute, Cary, NC, USA). Comparisons between two groups
were conducted using Student’s t-test. Comparisons between three groups
or more were conducted with one-way ANOVA followed by Tukey’s honest-
ly significant difference (HSD) test. Synergistic analysis was done with a
t-test-based contrast analysis. A P value <0.05 was considered statistically
significant.

Results

Characterization of AgNPs

The AgNPs used in this study were analysed for their morphology,
size distribution and zeta potential. The shape of the AgNPs was
examined using TEM. A typical TEM micrograph demonstrated
spherical AgNPs (Figure 1a and b). The size distributions for the
40 and 100 nm AgNPs were determined to be 44.1 + 2.5nm and
93.9 + 0.5nm, respectively (Figure 1c and d and Table 1). The

surface zeta potential for the 40 and 100 nm AgNPs was deter-
mined to be —11.1 + 0.7mV and —20.0 + 0.3 mV, respectively
(Table 1).

Extracellular bacterial killing efficacy

An extracellular antibacterial assay was conducted whereby log-
phase extracellular S. aureus was treated with different molar con-
centrations of 40 and 100nm AgNPs, gentamicin, vancomycin,
40nm AgNPs combined with gentamicin or vancomycin, or plain
PBS (control), and plated on sheep blood agar to quantify cfu
(Figure 2a-d). A wide range of concentrations were investigated to
generate dose-response curves; these concentration ranges were
similar to what is used clinically in treating S. aureus infections. For
instance, in treating periprosthetic joint infections, vancomycin
has been used at a dose of 15-20 mg/kg/dose, which is roughly
equivalent to 128 to 178 uM. All treatment agents displayed
concentration-dependent killing efficacy of extracellular S. aureus;
the bacterial killing efficacy increased with increasing concentra-
tions of the treatment agents until reaching 100% killing. The
40nm AgNPs exhibited strong antibacterial activity against extra-
cellular S. aureus, displaying 76.0% killing efficacy at 46 uM and
reached 100% killing efficacy at 56 uM (Figure 2a). The antibacter-
ial activity of 100 nm AgNPs was not as potent as the 40 nm AgNPs
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Figure 2. Extracellular bacterial killing efficacy and kinetics of AgNPs, gentamicin and vancomycin. (a) 40 nm AgNP treatment for 1h at 37°C
(*P<0.0001 compared with 19 uM, P < 0.0001 compared with 28 and 37 uM, P = 0.0001 compared with 46 uM). (b) 100 nm AgNP treatment for 1h
at 37°C (*P < 0.0001 compared with 93 uM, TP < 0.0001 compared with 371 uM). (c) Gentamicin treatment for 1h at 37°C (*P < 0.0001 compared with
0.01 uM, P <0.001 compared with 0.05 uM, *P < 0.0001 compared with 0.075 uM). (d) Vancomycin treatment (*P < 0.0001 compared with 10, 40 and
100 uM, 'P<0.001 compared with 200 uM). (e) Combination treatments for 1h at 37°C (*P<0.0001 compared with AgNPs and gentamicin,
#P<0.0001 compared with AgNPs and vancomycin). (f) Kinetic profiles at 37°C. AgNP40, 40 nm AgNPs; AgNP100, 100 nm AgNPs; GEN, gentamicin;
VAN, vancomycin.

in comparison, displaying 37.4% killing efficacy at 371uM and  killing efficacy of 73.6%, 93.9% and 99.6% at concentrations of
requiring up to 927 uM to reach 100% killing efficacy (Figure 2b). 200, 500 and 750 uM, respectively (Figure 2d).

Gentamicin exhibited strong antibacterial activity and displayed The killing efficacy against extracellular S. aureus was further
killing efficacy of 87.4%, 98.5% and 100% at concentrations of 0.1,  investigated using 40 nm AgNPs (37 uM) in combination with gen-
0.25 and 0.5 uM, respectively (Figure 2c). Vancomycin displayed  tamicin (0.05uM) or vancomycin (40uM) (Figure 2e). These
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concentrations were selected as each individual antimicrobial
agent had ~30% killing efficacy, which would allow for the delin-
eation of potential additive or synergistic effects in the combin-
ation treatments. Individually, the killing efficacy for AgNPs,
gentamicin and vancomycin was 35.4%, 30.1% and 33.7%, re-
spectively. When used in combination, the killing efficacy
increased significantly. The combination of AgNPs and gentamicin
completely inhibited all bacterial growth and displayed a killing ef-
ficacy of 100%. This was found to be synergistic, based on a t-test
contrast analysis (P=0.0015). The combination of AgNPs and
vancomycin displayed a combined killing efficacy of 64.4%, which
was additive but not synergistic (P = 0.4519).

The killing efficacy kinetics against extracellular S. aureus was
investigated using 40nm AgNPs (56 uM), gentamicin (0.25 pM)
and vancomycin (750 uM) at timepoints up to 60 min (Figure 2f).
The concentration for each agent was chosen based on the previ-
ous dose-response curves where the corresponding killing efficacy
was nearly 100% (Figure 2a, c and d). Vancomycin displayed rela-
tively fast bactericidal activity and displayed an 87.0% killing effi-
cacy within 5min and ~100% killing efficacy at 15min. In
comparison, 40nm AgNPs and gentamicin had relatively slower
killing efficacy kinetics, as both only had 24.4% and 64.3% killing,
respectively, at 30min and both required 60min to achieve
~100% killing (Figure 2f).

Intracellular bacterial killing efficacy

An intracellular antibacterial assay was conducted whereby
human osteoblast cells and S. aureus were co-cultured to obtain
intracellular S. aureus, which was subsequently treated with anti-
microbial agents. After treatment, the osteoblast cells were lysed
torelease intracellular S. aureus and plated on sheep blood agar to
quantify the number of intracellular cfu. There was a dose-
dependent killing efficacy in AgNP treatments; the killing efficacy
increased with increasing AgNP concentration and a high intracel-
lular killing of 76% was obtained at 371 uM (Figure 3a). The kinetics
studies showed no significant changes in intracellular bacterial kill-
ing after 2 h (Figure 3b).

The killing efficacy against intracellular S. aureus was also inves-
tigated using AgNPs (40 nm) in combination with gentamicin or ri-
fampicin (Figure 3c). Individually, the killing efficacy for AgNPs
(371 uM), gentamicin (1000 uM) and rifampicin (1000 uM) was
76.0%, 0% and 79.3%, respectively. The combination of AgNPs
and gentamicin displayed a killing efficacy of 70.1%. The combin-
ation of AgNPs and rifampicin achieved a killing efficacy of 89.6%;
no synergistic effects were observed. The combination of AgNPs
with rifampicin presented significantly higher killing efficacy com-
pared with those of AgNPs, gentamicin, rifampicin and the combin-
ation of AgNPs with gentamicin.

Viability of osteoblasts

The number of viable human osteoblast cells after treating with
40nm AgNPs was determined using the trypan blue assay.
Excellent viability of osteoblasts was observed at relatively low
concentrations (e.g. 93 and 185 uM) of AgNPs (Figure 4). The per-
centage viability of osteoblasts at AGNP concentrations of 93, 185,
371 and 927 uM was determined to be 99.3%, 98.0%, 90.1%
and 76.9%, respectively (Figure 4). The viability of osteoblast

cells at 927uM was significantly lower than that at 93 uM
(P=0.044).

Discussion

Our studies indicate that AgNPs could be a unique treatment agent
against extracellular bacteria. In particular, 40 nm AgNPs displayed
excellent antimicrobial activity against extracellular S. aureus with
complete inhibition of bacterial growth at concentrations as low as
56 uM (Figure 2a). The size of the nanoparticles plays a major role
in their antimicrobial activity as our studies demonstrated that the
use of 100 nm AgNPs required concentrations as high as 927 uM to
achieve complete inhibition of bacterial growth (Figure 2b). The
increased efficacy of smaller nanoparticles can be attributed to
their increased dissolution of Ag™* ions (with the Ag™ ion being the
biologically active agent) and their increased particle-surface
reactions.’”®

In the treatment of bone and joint infection, gentamicin has
been commonly used*? due to its broad antimicrobial spectrum
and vancomycin has been widely used in cases where MRSA is
suspected.*® Against extracellular bacteria, gentamicin was
found to be the most effective of all of the treatments that we
studied, requiring only 0.5uM to completely inhibit bacterial
growth (Figure 2c), and vancomycin required at least 750 uM to
completely inhibit bacterial growth (Figure 2d). The kinetics
studies indicated that vancomycin acts relatively faster upon
bacteria compared with gentamicin and AgNPs, though a higher
molarity of vancomycin was used. In these studies, concentra-
tions of AgNPs, gentamicin and vancomycin were selected
based on the previous dose-response curves (Figure 2a-d) that
showed almost 100% killing efficacy at the lowest concentra-
tion tested. Vancomycin achieved a killing efficacy of 87.0%
within 5 min and displayed complete inhibition of growth within
15 min incubation time (Figure 2f). In contrast, gentamicin and
AgNPs both required at least 60 min incubation time to achieve
~100% killing efficacy (Figure 2f).

While AgNPs were effective against extracellular bacteria, the
more challenging form of bacteria that allows for recurring infec-
tion stems from the presence of biofilms and intracellular bacteria.
Previous studies have reported that AgNPs might be effective
against biofilms by preventing biofilm formation and killing bac-
teria in established biofilms.**“**? However, the efficacy of AQNPs
against intracellular bacteria is less known, which we have investi-
gated in this study. AgNPs could be taken up into cells via endo-
cytosis,*>** whereby the intracellular environment facilitates the
release of Ag™ ions.*> Our study here investigated the killing effi-
cacy of AgNPs towards intracellular bacteria and compared its
efficacy with those of conventional antibiotics. The findings of our
study demonstrated that 40nm AgNPs presented a high killing
efficacy of 76% at 371 uM (Figure 3a). However, increasing the in-
cubation time from 2 h to 16 h did not make a significant difference
in the percentage killing (Figure 3b). It is unclear why increasing
AgNP incubation times did not lead to further increase of intracel-
lular percentage killing. This, on the other hand, confirms the chal-
lenges in dealing with intracellular bacteria like S. aureus. The
killing efficacy of AgNPs was compared with gentamicin and rifam-
picin, which were selected due to the excellent intracellular pene-
tration of rifampicin and poor intracellular penetration of
gentamicin.“®*’ When compared with the antibiotics gentamicin
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Figure 3. Intracellular bacterial killing efficacy and kinetics studies. (a) Intracellular bacterial killing efficacy of AgNPs at various concentrations
(*P<0.001 compared with 46 uM, TP < 0.0001 compared with 93 and 185 uM). (b) Kinetics of AgNPs in killing intracellular S. aureus. (c) Intracellular bac-
terial killing efficacy of AgNPs, gentamicin, rifampicin and their combinations (*P<0.0001 compared with gentamicin, TP =0.0002 compared with
AgNPs, TP = 0.0056 compared with rifampicin, 'P < 0.0001 compared with AgNPs + gentamicin). AGQNP40, 40 nm AgNPs; GEN, gentamicin; RIF, rifampicin.

and rifampicin, 40 nm AgNPs displayed a similar efficacy to rifampi-
cn, as 1000uM of rifampicin had a killing efficacy of 79.3%
(Figure 3c). As expected, gentamicin displayed an intracellular
killing efficacy of 0%, as it is unable to penetrate intracellularly
(Figure 3c). Rifampicin is a commonly used antibiotic in the treatment
of prosthetic joint infections, due to its excellent antimicrobial and
biofilm penetration capabilities.*®“ However, the use of rifampicin
has led to rapid development of resistance.”®>? Since our studies
demonstrate similar efficacy for AgNPs and rifampicin, AgNPs may
be a better long-term solution to avoid the drawbacks of rifampicin.

Combination treatments of AgNPs and antibiotics against
extracellular and intracellular bacteria were assessed. It was found
that the combination of AgNPs and gentamicin had a synergistic
killing efficacy against extracellular bacteria as the combination
completely inhibited bacterial growth (Figure 2e). Against intracel-
lular bacteria, our findings indicate no synergistic activity of AgNPs
with gentamicin or rifampicin (Figure 3c) and this remains an area
for further research in regard to potential synergistic effect in com-
bination with other antibiotics.

AgNPs may be a good choice for killing intracellular bacteria;>®
however, they may also present relatively higher toxicity towards
human cells.”*™’ The potential toxicity of AGQNPs towards human

osteoblast cells was investigated and our findings reveal that
40nm AgNPs were non-cytotoxic with high viability of osteoblast
cells at concentrations less than 371 uM (Figure 4). Based on a
cytotoxicity classification from Kong et al.,”® >90% cell viability is
considered to be non-cytotoxic, 60% to 90% cell viability is slightly
cytotoxic, 30% to 59% cell viability is moderately cytotoxic and
<30% cell viability is severely cytotoxic. The highest concentration
tested, 927 uM, still had relatively high viability with 76.9% of viable
osteoblast cells (Figure 4). The determination of the potential tox-
icity of AgNPs is important because it gives insight towards the
identification of therapeutic windows for the treatment of bacteria
with AgNPs that may have limited detrimental effects against
host cells. For the treatment of extracellular S. aureus with 40 nm
AgNPs, our findings support the use of concentrations as low as
56 uM to eliminate all bacteria with close to 100% viability of
osteoblast cells. Our study suggests that AgNPs at concentrations
of 185 uM or below would be non-toxic toward osteoblasts while
presenting 100% killing of extracellular S. aureus and ~40% killing
of intracellular S. aureus. AgNPs at 371 uM were non-cytotoxic or
slightly toxic towards osteoblasts and presented high killing of
both extracellular (100%) and intracellular (76%) S. aureus, re-
spectively (Figure 4).

1583



Kang et al.

120 120
< 100} e PRS- T .
= 1 s
2 o} 180 &
e o =,
S a’
R S P 60 =
1) | =
2 sof fo } e Viability Jio 8
2 --a-- Extracellular | 1 =
© 20f - Intracellular 120
0 T 0

L] L L]
93 185 371 927

Concentration of AgNP40 (uM)

Figure 4. Osteoblast viability and extracellular and intracellular bacterial
killing of AgNPs. *P = 0.044 compared with viability at 93 uM. *P < 0.0001
compared with percentage killing at 371 and 927 uM. AgNP40, 40 nm
AgNPs.

The current study demonstrates that AgNPs are a unique treat-
ment agent against extracellular and intracellular bacteria. AgNPs
were shown to be very potent in eliminating extracellular bacteria
with low toxicity towards human osteoblast cells. AgNPs also
exhibited improved antibacterial activity in combination with anti-
biotics against extracellular bacteria, particularly gentamicin,
whose interaction was found to be synergistic. When compared
with individual antibiotics, gentamicin was found to be more effi-
cacious than AgNPs against extracellular bacteria. However,
against intracellular bacteria, AgNPs were more efficacious,
whereas gentamicin had no intracellular activity. This is important
since some bacteria, such as S. aureus, have the ability to persist
intracellularly and may lead to difficult-to-treat chronic and recur-
rent infections. Our study is one of the first to report on the intracel-
lular efficacy of AgNPs and our findings indicate that AgNPs
present a high intracellular bacterial killing efficacy of 76% with
low toxicity toward osteoblasts at concentrations of 371 uM and
below; in comparison, rifampicin is known to have high intracellular
bacterial killing activity and a similar intracellular killing efficacy
(79.3%) was observed at a much higher concentration (i.e.
1000 uM) in this study. This study has the potential to stimulate
new treatments of chronic and recurrent infections of the bone
and joint caused by intracellular bacteria and we have demon-
strated that AgNPs can be used against these infections with rela-
tively low toxicity towards the host cells.
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