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Abstract Orthopedic implant failure as a result of bac-

terial infection affects approximately 0.5–5 % of patients.

These infections are often caused by Staphylococcus aur-

eus which is capable of attaching and subsequently forming

a biofilm on the implant surface, making it difficult to

eradicate with systemic antibiotics. Further, with the

emergence of antibiotic-resistant bacteria, alternative

treatments are necessary. Silver nanoparticles have

received much attention for their broad spectrum antibac-

terial activity which has been reported to be both size and

shape dependent. The purpose of this study was therefore

to evaluate the effect of three different geometries on their

effect on microbial susceptibility as well as evaluate their

effect on bone cell viability. Silver nanoparticles of

spherical, triangular and cuboid shapes were synthesized

by chemical reduction methods. The susceptibility of S.

aureus and methicillin-resistant S. aureus was evaluated a

24 h period and determined using a colorimetric assay.

Further, the viability of human fetal osteoblast (hFOB)

cells in the presence of the silver nanoparticles was eval-

uated over a period of 7 days by AlmarBlue fluorescence

assay. hFOB morphology was also evaluated by light

microscopy imaging. Results indicated that silver

nanoparticle geometry did not have an effect on microbiota

susceptibility or hFOB viability. However, high concen-

trations of silver nanoparticles (0.5 nM) conferred signifi-

cant susceptibility towards the bacteria and significantly

reduced hFOB viability. It was also found that the hFOBs

exhibited an increasingly reduced viability to lower silver

nanoparticle concentrations with an increase in exposure

time.

1 Introduction

The use of medical devices has become ubiquitous with the

treatment of several conditions in the medical field. With

increasingly successful applications of these devices, their

use has grown greatly in recent decades. The use of med-

ical devices around the world was estimated to be

approaching 500 million devices per year in 2007, with the

numbers having grown since then [1]. These devices

include partially intracorporeal implants such as urinary

catheters, endotracheal tubes, external sutures, percuta-

neous electrodes, and orthopedic external fixation systems,

as well as totally intracorporeal implants such as internal

sutures, drug delivery systems, artificial vessels and valves,

cochlear implants, and orthopedic prostheses. While the

percent of indwelling implants that fail due to bacterial

infection are low, the impact of these failures on the pop-

ulation as well as the accompanying cost to the national

health care systems are becoming increasingly significant.

With the number of infections approaching 1 million/year,

the associated medical costs are around $3 billion each year

in the US [2].

The increase in the number of infections is of further

concern due to the bacteria’s ability to adhere and subse-

quently form a biofilm once colonized on the implant

surface. These bacterial biofilms are comprised of a three-

dimensional architecture of microbial cells encapsulated in

an exopolymeric matrix [3, 4]. In addition to compromising

the functionality of the implant and affecting its integration
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with the surrounding tissue by the recruitment of inflam-

matory cells, the infection also has the ability to become

systemic [5]. Moreover, as a result of the exopolymeric

matrix, bacteria growing in biofilms are highly resistant to

small molecules such as antibiotics thus rendering con-

ventional therapies ineffective [6]. Oftentimes, removal of

the implant is required in order to eradicate the infection. In

the case of orthopedic implants, this involves a two-step

process in which the patient must wait several weeks after

the implant has been removed before a replacement can be

inserted [7]. Not only is this revision very expensive to the

patient, costing approximately $14,000, but they must also

endure pain, discomfort and increased hospitalization time

as a result of the infected implant [7]. Moreover, the

insertion of the replacement implant has an associated

increased likelihood of infection [4]. Bacteria such as S.

aureus and Staphylococcus epidermidis (S. epidermidis)

are often the cause of infections in orthopedic implants,

and the emergence of highly virulent strains such as

methicillin resistant S. aureus (MRSA) has made the

treatment of these infections increasingly difficult [8].

MRSA has become the most commonly isolated nosoco-

mial bacterial pathogen in most of the world, affecting

approximately 94,000 patients in 2005 and leading to

19,000 deaths [9]. With MRSA’s ability to form biofilms

on implants which further enhances its resistance to

antibiotics, it has become even more important to find

alternative methods to prevent implant infection.

New approaches are being taken in order to reduce the

risk of infection in indwelling medical devices. The com-

mon approach of improving aseptic techniques during

surgery has little known improvement in reducing the

incidence of implant infections [1]. Thus, increasingly

more implants have surface treatments aimed at reducing

infection by reducing bacterial attachment and thus pre-

venting biofilm formation. Several of these treatments

involve the release of antibiotics from the implant surface

[10]. However, the increasing numbers of antibiotic-resis-

tant bacteria will render these treatments ineffective.

Alternatives to antibiotics have thus been widely investi-

gated. One alternative treatment that has gained much

attention recently is the use of silver nanoparticles

(AgNPs). These AgNPs are well known for exhibiting

antimicrobial properties against a broad-spectrum of bac-

teria including gram-negative and gram-positive bacteria

[11]. While the exact mechanism of action of AgNPs in

antibacterial activity is not fully understood, it is known

that AgNPs can attach to the surface of the bacterial

membrane and disturb its proper functions, such as per-

meability and respiration. Moreover, AgNPs can penetrate

inside the bacteria and cause further damage by interfacing

with sulfur- and phosphorous-containing compounds such

as DNA. AgNPs can also release silver ions that further

contribute to their bactericidal effects by disrupting ATP

production and DNA replication [12]. For this reason,

bacterial resistance to AgNPs has not yet been reported.

While this property has repeatedly been shown to be size-

dependent, it has been suggested that the geometry of the

nanoparticles also has an effect on their antimicrobial

activity [12–15]. Using Escherichia coli (E. coli), Pal et al.

concluded that rod-shaped nanoparticles exhibited no

antibacterial activity, whereas antibacterial activities were

reported for sphere- and triangle-shaped nanoparticles [10].

Although other geometries including cube-shaped AgNPs

have also been reported to demonstrate antibacterial

activity, their effect on S. aureus and MRSA as well as on

mammalian cells have not demonstrated [12]. As such,

with the goal of promoting maximum osteoblast viability

while reducing biofilm formation, this study was aimed at

evaluating the effect of sphere-, triangle- and cube-shaped

AgNPs on human fetal osteoblast (hFOB) cell viability and

morphology as well as reducing the viability of attached S.

aureus and MRSA bacteria.

2 Materials and methods

2.1 Bacteria culture

Stored at -80 �C in glycerol stock, S. aureus strain

(UAMS1) and MRSA strain (TCH1516) were cultured on

tryptic soy agar (TSA) plates and incubated at 37 �C for

24 h. Both cells strains are clinical isolates reported with

the ability to form biofilms under optimal conditions, as

mentioned in this article. A loopful of cells from fully

grown TSA plates was then subcultured in 20 ml of tryptic

soy broth (TSB) (Fisher Scientific, Asheville, NC) and

grown in an orbital shaker at 37 �C for 12–18 h.

2.2 Mammalian cell culture

hFOB cells (9th passage, Life Technologies) were cultured

in cell culture medium consisting of Dulbecco’s modified

Eagles medium (DMEM) supplemented with 10 % fetal

bovine serum (GIBCO, Life Technologies, Carlsbad, CA)

and 1 % penicillin–streptomycin–amphotericin (Life

Technologies, Carlsbad, CA) using T-150 cell culture

flasks (Corning, Tewksbury, MA). The cells were main-

tained at 37 �C in humidified atmosphere of 5 % carbon

dioxide, changing cell culture medium every 3 days.

2.3 Synthesis of silver nanoparticles (AgNPs)

of different geometries

All chemicals used to synthesize the AgNPs were obtained

from Sigma-Aldrich, St. Lous, MO. Two different methods
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were used to synthesize the AgNPs. The triangle-shaped

silver nanoparticles (tAgNPs) were prepared according to

the method described by Metraux and Mirkin [16]. Briefly,

25 ml of 0.1 mM AgNO3, 1.5 ml of 30 mM trisodium

citrate, 1.5 ml of 0.7 mM PVP (Mw * 29,000) and 60 ll

of 30 wt% hydrogen peroxide were vigorously mixed

together by a magnetic stir bar in the dark. 250 ll of

100 mM sodium borohydride was then rapidly injected and

the reaction was allowed to proceed for 60 min or until the

final colloid mixture turned blue in color. The sphere-

shaped silver nanospheres (sAgNPs) were prepared in a

similar method to tAgNPs, with the exception that hydro-

gen peroxide was not added to the reaction mixture,

resulting in a golden yellow-colored colloid. Both the

tAgNP and the sAgNP colloids were then purified by

centrifugation at 6000 rpm for 20 min and re-suspended in

distilled water. The pellet was further washed three times

with deionized water in order to remove excess silver ions.

Cube-shaped silver nanoparticles (cAgNPs) were pre-

pared according to the method described by Sun and Xia

[17]. Briefly, 5 ml of anhydrous ethylene glycol was heated

to 150 �C for 1 h. 3 ml of 0.375 mM PVP (Mw * 55,000)

in ethylene glycol was then added immediately followed by

the addition of 3 ml 0.25 M AgNO3 in ethylene glycol. The

reaction mixture was heated for 7 min and then quenched by

placing the vial containing the reaction mixture in a water

bath held at room temperature. Next, the reaction mixture

was transferred to a centrifuge tube along with ethanol used

to rinse the reaction vial. The colloid was centrifuged at

20009g for 30 min, followed by re-suspending the pellet in

distilled water and re-centrifuging at 90009g for 10 min.

The supernatant was then removed and distilled water was

added to re-suspend the nanoparticles.

AgNP concentration was determined based on the Beer–

Lambert law that relates absorbance of light by a material

to the concentration of the attenuating species of the

material. Briefly, nanoparticle size was approximated using

dynamic light scattering (DLS) (Malvern Instruments,

Herrenberg, Germany), and UV–visible absorption spectra

of the nanoparticles were recorded with the DU 720

Beckman Coulter UV–visible spectrophotometer (UV–Vis

Spec) (Beckman Coulter Inc., Pasadena, CA) in a 1-cm

cuvette. Using these measurements, the AgNP concentra-

tion was determined with an equation based on Mie theory

and described by Yguerabide and Yguerabide [18]. The

nanoparticle stock solutions were then diluted to the

desired concentration and sterile-filtered. The synthesized

silver nanoparticles were further characterized by scanning

electron microscopy (SEM), and zeta potential. SEM

samples were prepared by placing a drop of homogeneous

suspension on a copper grid with a lacey carbon film and

allowing it to dry in air followed by imaging with the

Hitachi S5500 SEM (Hitahi Ltd., Tokyo, Japan). Zeta

potential measurements of the AgNPs suspended in water

were recorded with a Malvern Zetasizer Nano Range

(Malvern Instruments, Herrenberg, Germany).

2.4 Bacterial susceptibility to AgNP

To prepare the inocula for examining the susceptibility of

S. aureus and MRSA to the different AgNPs, cells har-

vested from overnight TSA cultures were washed twice and

re-suspended in sterile phosphate-buffered saline (PBS).

The cell suspension was adjusted to a density of

1 9 107 cells/ml in brain–heart infusion (BHI) (Fisher

Scientific, Asheville, NC) supplemented with human serum

(HS) (Life Technologies, Carlsbad, CA) to a final con-

centration of 10 % HS in BHI (BHI–HS). Bacteria inocula

were added to the wells of a 96-well tissue culture poly-

styrene plate and incubated for 2 h to allow the cells to

settle. The supernatant was then carefully removed and

AgNPs of different geometries in BHI–HS was added; the

concentrations of all AgNPs geometries ranged between

0.0005 and 0.5 nM. The bacteria were allowed to grow

aerobically at 37 �C for 24 h. Subsequently, culture med-

ium was removed, and in order to assess the viability of

adhering bacteria, bacteria capable of forming biofilm, a

viability stain solution of 9 ml BHI and 1 ml PrestoBlue

(Life Technologies, Carlsbad, CA) was added to the wells

and incubated for 20 min in the dark at 37 �C. Absorption

was measured at 570 nm using a Synergy 2 Microplate

Reader (BioTek, Friedrichshall, Germany).

2.5 SEM

In order to confirm the formation of biofilm with this

culture method, bacteria inocula were cultured on glass

coverslips in the same manner described above. After a

24 h incubation period, cells were fixed for SEM analysis.

Briefly, cells were fixed with 2.5 % w/v glutaraldehyde in

0.1 M sodium cacodylate buffer (pH 7.4) solution for 2 h at

37 �C followed by 2 h incubation in 1 % w/v osmium

tetroxide solution in 0.1 M sodium cacodylate buffer (pH

7.4). Samples were then rinsed with water and dehydrated

by soaking in a series of ethanol solutions (a step gradient

of 30, 50, 70, 90 and 100 % in water for 10 min each).

Samples were then lyophilized overnight and subsequently

coated with a gold/palladium alloy of approximately 10 nm

thickness. SEM was performed with a Zeiss EVO 40

electron microscope (Carl Zeiss, Thronwood, NY).

2.6 Human fetal osteoblasts (hFOB) viability

in the presence of AgNPs

24 h prior to AgNP exposure, the hFOB cells were seeded

into 96-well plates at a cell density of 50,000 cells/ml to
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allow for cell attachment. The cells were then exposed to

AgNP in cell culture medium at concentrations ranging

between 0.0005 and 0.5 nM. After 1, 3, and 5 days, cells

were washed with sterile 19 PBS followed by the addition

of 10 % AlmarBlue (Fisher Scientific, Asheville, NC) in

cell culture medium. After 4 h incubation at 37 �C, fluo-

rescence was measured using the Synergy 2 Microplate

Reader (ex: 540–570 nm, em: 580–610 nm). Cell mor-

phology was observed by compound light microscopy

using a Leica DMIL LED compound microscope with an

attached MicroPublisher 5.0 RTV camera (Leica, Wetzlar,

Germany).

2.7 Statistical analysis

Characterization measurements of AgNPs were analyzed

for significance using one-way analysis of variance

(ANOVA) with a Tukey post hoc test (n = 3). Numerical

data for groups tested over 24 h were analyzed for signif-

icance using one-way (ANOVA) with a Tukey post hoc test

(n = 3). Significance between groups tested with the same

nanoparticle geometry was determined by an unpaired

t test. Data for groups tested for 5 days were analyzed for

significance using two-way ANOVA with a Bonferroni

post-test (n = 3). All experiments were performed in

triplicate. All values were reported as the mean ± standard

error, all statistical evaluations were two-tailed, the alpha

levels for all tests were 0.05, and the threshold for signif-

icance was set at P\ 0.05.

3 Results

3.1 Characterization of AgNPs

Using UV–visible spectroscopy, Fig. 1a shows the

absorption spectrum of the synthesized silver nanoparti-

cles, with the surface plasmon absorption band having a

maximum of *400, *540, and *430 nm indicating the

presence of sAgNPs, tAgNPs, and cAgNPs, respectively.

The successful synthesis of the different shaped AgNPs

was further confirmed by scanning electron spectroscopy

(SEM) imaging (Fig. 1b–d). Size measurements of AgNPs

taken by DLS (Table 1) indicated a range between 28 and

75 nm in diameter. The cAgNP were significantly different

in size from the tAgNP and sAgNP and had the largest size

measurements. Zeta potential measurements for all AgNPs

geometries ranged between -15.9 and -28.9 mV indi-

cating stable colloidal suspensions.

3.2 S. aureus and MRSA susceptibility to AgNPs

Attached S. aureus and MRSA showed similar suscepti-

bility profiles to the AgNPs (Fig. 2). Likewise, AgNP

geometry had no significant effect on bacterial suscepti-

bility of attached cells. All geometries of AgNP showed

0 % bacterial viability at the highest tested concentration of

0.5 nM, whereas lower concentrations did not show

reduced bacteria viability of attached cells. While the dif-

ference is not significant, there is a trend of the attached

MRSA having greater susceptibility to the cAgNP over the

tAgNP, especially at 0.05 and 0.005 nM AgNP. Further-

more, while not significant, the effect of AgNP on MRSA

susceptibility was observed to be more profound when

compared to that on S. aureus. In Fig. 3, the SEM micro-

graphs demonstrated that, in the absence of silver treat-

ment, MRSA and S. aureus formed biofilms as evidenced

by the morphology and three-dimentional architecture. As

highlighted in the figure, one can observe the formation of

exopolymeric matrix material, which is the inherent prop-

erty of a ‘‘true’’ biofilm.

3.3 hFOB viability in the presence of AgNPs

As shown in Fig. 4, viability of hFOB to AgNPs did not

depend on the geometry of the nanoparticles. It was

observed that 0.5 nM AgNPs killed all cells after 24 h,

whereas the lower concentrations did not significantly

Fig. 1 Characterization of silver nanoparticles by UV/Vis and SEM;

a UV/Vis spectrogram of sAgNP, tAgNP, and cAgNP with peaks at

400, 540, and 430 nm respectively; b representative SEM micrograph

of sAgNP with a diameter of approximately 15 nm; c representative

SEM micrograph of tAgNP with edge length of approximately 20 nm;

d representative SEM micrograph of cAgNP with edge length of

approximately 30 nm
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reduce the number of live cells. However, after day 3, a

concentration of 0.05 nM AgNPs was observed to reduce

the hFOB population to approximately half that of the

control group, and by day 5, all the cells had died. How-

ever, no reduction in the number of cells was observed as

compared to the control group by day 5 in the presence of

0.005 and 0.0005 nM AgNPs concentration. Light micro-

scope images (Fig. 5) show the change in cell morphology

with the inclusion of high AgNP concentrations in cell

culture media, whereas the low AgNP concentrations

showed no effect on hFOB morphology, as indicated by the

normal spreading patterns. Additionally, at higher AgNP

concentrations, the cells were observed to have a more

rounded morphology.

4 Discussion

In this work, AgNPs of different geometries, namely

sphere-, triangle-, and cube-shaped nanoparticles, were

synthesized. Their syntheses were immediately confirmed

by the colorimetric change during the synthesis process.

Colloids of sAgNP, tAgNP, and cAgNP result in a yellow-,

blue- and green ochre-colored colloids respectively. The

synthesis of the different geometries was further confirmed

using UV–Vis spec and SEM. The spectra from UV–Vis

spec is a function of the nanoparticle shape, size, media it

is in, and the interparticle interactions [19]. The strong

absorption band at around 400 nm by the sphere-shaped

AgNPs had been reported to be characteristic for the

spherical geometry, with the narrow band indicating

nanoparticle size monodispersity [20]. The band also

indicated that the particle had a size range of approxi-

mately 20–30 nm which was confirmed by DLS measure-

ments [19]. The absorption band of 540 nm indicated the

formation of triangle-shaped nanoparticles, with a broad

band indicating variability in nanoparticle size [16, 21].

Finally, the absorption band at around 420 nm was

observed for the cAgNPs, and such band had been reported

to be characteristic for cubes of such small size [22]. Zeta

potential measurements also revealed that the AgNPs were

stable in water. The stability of the nanoparticles was

reported to be attributed to the PVP coating which acted as

a capping agent on nanoparticles [23]. It has also been

reported that the addition of PVP mitigates aggregation in

protein-containing cell growth media, a factor known to

affect AgNP activity against bacteria [24].

Once the synthesis of the AgNPs was confirmed, their

effects on the ability of S. aureus and MRSA to attach and

thus form a viable biofilm were evaluated. It was observed

that the susceptibility of MRSA to the AgNPs was higher

than that of S. aureus. After a 24 h exposure, MRSA

exhibited a 75 % reduction in adhered population as

compared to the control at the lowest concentration of

0.0005 nM, whereas the adhered S. aureus population

remained unchanged compared to control. As the concen-

tration of AgNPs was increased, the susceptibility of S.

aureus was observed to remain unchanged except at the

highest concentration of 0.5 nM. This observation

Table 1 Zeta potential and hydrodynamic diameter measurements

taken of sAgNP, tAgNP, and cAgNP

Zeta potential (mV) Hydrodynamic diameter (nm)

sAgNP -15.91 ± 0.67* 34.10 ± 3.18a

tAgNP -21.67 ± 1.10* 28.80 ± 4.89a

cAgNP -28.90 ± 2.05* 75.29 ± 7.15

Significance of *P\ 0.001
a Groups that are statistically the same

Fig. 2 Susceptibility,

normalized to the control, of

a S. aureus (UAMS1) and

b MRSA (TCH1516), to

sAgNP, tAgNP, and cAgNP

over a range of concentrations

between 0 and 0.5 nM after a

24 h exposure period

Fig. 3 SEM micrograph of MRSA biofilm formed after 24 h; the

circle highlights the grape-like cluster of cells and the rectangle

highlights the exopolymeric matrix characteristic of a biofilm
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indicated that the lower AgNPs concentrations have mini-

mal effects on S. aureus bacteria. Contradicting this

observation, a study by Panáček and co-workers reported

that the minimum inhibitory concentration was found to be

at a low concentration of 6.75 lg/ml [24]. Furthermore, it

was observed from our study that geometry of AgNPs had

no effect on the susceptibility of S. aureus or MRSA. There

was, however, an observed trend of slightly greater sus-

ceptibility of MRSA to cAgNPs. Using E. coli, Pal et al.

reported that the tAgNPs was more susceptible when

compared to the sAgNPs [15]. Differences in observations

could also be attributed to the synthesis process; in this

study the PVP acted as both a reducing and capping agent

resulting in a PVP coated particle whereas the AgNPs

synthesized by Pal et al. did not contain a capping agent.

However, the observations from this study and that of Pal

et al. both suggest that the susceptibility of bacteria to

AgNPs is species dependent.

Although it was also observed from this study that hFOB

viability was not affected by AgNP geometry, these

nanoparticles did confer a time-dependent response on the

hFOB. This observation was in agreement with a study by

Pauksch et al. in which both a dose- and time-dependent

reduction in cell viability was observed when the osteoblasts

and mesenchymal stem cells were exposed to AgNPs at

different concentration over a 21 day period [25]. In our

study it was observed that the cells exhibited 0 % viability as

compared to the control after a 24 h exposure to the AgNPs

at a concentration of 0.5 nM. When exposed to tAgNPs at a

concentration of 0.05 nM, cell viability was lower as com-

pared to that of cells exposed to sAgNPs or cAgNPs at the

same concentration. At lower concentrations, the viability of

the cells was unchanged as compared to the control. How-

ever, after 3 days of exposure, a decrease in cell viability

was observed for cells exposed to the AgNPs at a concen-

tration of 0.05 nM, with a significant change in viability for

cells exposed to the tAgNPs. There was also an observed

increase in cell viability after 3 days of exposure to AgNPs

at concentrations of 0.005 nM and below. This observed

effect of enhance proliferation over the control at low AgNP

doses was also reported by Kawata et al., with HepG2 human

hepatoma cells experiencing accelerated proliferation after

exposure to AgNPs at low doses (\0.5 mg/l) [6]. This

enhancement of proliferation was suggested to be a result of

the upregulation of DNA repair-associated genes in response

to DNA damaging effects. By day 5, the hFOB exposed to

low AgNPs concentrations (\0.005 nM) showed no loss in

cell viability.

It was also observed from this study that the decrease in

cell viability to AgNPs was associated with a change in cell

Fig. 4 Viability, normalized to the control, of hFOB cells after

exposure to sAgNP, tAgNP, and cAgNP after a 24 h, b 3 days, and

c 5 days Fig. 5 Light micrographs of hFOB cells exposed to sAgNP, tAgNP,

and cAgNP at a range of concentrations (0.5, 0.05, and 0.005 nM)

after a 24 h, b 3 days, and c 5 days
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morphology. Cells exposed to the low AgNP concentra-

tions over a 5 day period were observed to maintain normal

cell spreading and elongated cell morphology. However, at

the highest concentration used in this study, changes in cell

morphology were observed. The cAgNPs were observed to

affect the cells after 24 h exposure, causing the cells to

shrink and have irregular morphologies. In comparison to

cAgNPs, the tAgNPs and sAgNPs were not observed to

have such dramatic effect after 24 h exposure, with the

cells exhibiting an elongated morphology. However, by

day 3, the cells exposed to tAgNPs and sAgNPs exhibited

shrinkage with irregular morphologies. By day 5, there was

an apparent accumulation of AgNPs in cells exposed to

cAgNPs or tAgNPs, thereby possibly explaining their

change in morphology and low viability. Furthermore, it

has also been suggested that nanoparticles can be inter-

nalized by mesenchymal stem cells such as bone marrow

cells, and depends on many factors such as cell type and

the shape and chemistry of the nanoparticles [26]. Thus, the

mechanism of action cellular uptake of these nanoparticles

and their effect on cellular behavior will be evaluated in

future studies.

5 Conclusion

Direct exposure of AgNPs can substantially affect the

viability of the microbial cultures. However, it was also

concluded from these studies that the geometry of the

AgNPs did not significantly impact the susceptibility out-

come of the attached S. aureus and MRSA for subsequent

biofilm formation. Furthermore, while lower AgNP con-

centrations did not affect the hFOB viability, it was also

concluded that the presence of AgNPs results in a time-

dependent reduction in hFOB population over time.
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