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Osteoinduction, and/or osteoconduction, and antibacterial characteristics are prerequisites for achieving suc-
cessful bone grafting. This study aimed to coat bone allografts with silver nanoparticles and assess their anti-
bacterial activity and biocompatibility compared to uncoated bone allografts. In this study, the bone allografts
were coated with varying concentrations of silver nanoparticles (5 mg/l, 10 mg/l, and 50 mg/l) through a
simple adsorption technique. Subsequently, the coated samples underwent characterization using SEM, FTIR,
EDS, and XRD. The Minimal Inhibitory Concentration (MIC) of the silver nanoparticles was determined
against Staphylococcus aureus and Streptococcus mutans. Bacterial growth inhibition was evaluated by mea-
suring turbidity and performing a disk diffusion test. Moreover, qualitative investigation of biofilm formation
on the coated bone allograft was conducted using SEM. Following this, MG-63 cell lines, resembling osteo-
blasts, were cultured on the bone allografts coated with 5 mg/1 of silver nanoparticles, as well as on uncoated
bone allografts, to assess biocompatibility. The MIC results demonstrated that silver nanoparticles exhibited
antimicrobial effects on both microorganisms, inhibiting the growth of isolates at concentrations of 0.78 mg/L
for Staphylococcus aureus and 0.39 mg/L for Streptococcus mutans. The bone allografts coated with varying
concentrations of silver nanoparticles exhibited significant antibacterial activity against the tested bacteria,
completely eradicating bacterial growth and preventing biofilm formation. The osteoblast-like MG-63 cells
thrived on the bone allografts coated with 5 mg/1 of silver nanoparticles, displaying no significant differences
compared to both the uncoated bone allografts and the control group. Within the limit of this study, it can
be concluded that silver nanoparticles have a positive role in controlling graft infection. In addition, simple
adsorption technique showed an effective method of coating without overwhelming the healing of the graft.
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1. Introduction

The success of oral rehabilitation and dental implant are
mainly related to the amount and the quality of the alveo-
lar bone. Alveolar bone loss may occur as a consequence
of many issues such as, periodontal disease, periapical
pathology or trauma [1]. Because the ability of bone to
regenerate itself can only treat small defect sizes, bone
grafting has become a crucial part of oral rehabilitation to
restore a damaged ridge in a way that is both functionally
and aesthetically satisfactory [2].

Different types of bone grafts are available nowadays
including; autogenous bone graft, isograft, allograft, xeno-
graft and synthetic bone substitute [3]. However, autoge-
nous bone grafts remain the gold standard, for ideal bone
grafts [4]. Despite all the advantages of using autogenous
bone graft, there are major drawbacks, including; the li-
mited availability of bone at the donor site, the extra sur-
gery time of autogenous bone harvesting, morbidity at the
donor site such as post-operative pain, hypersensitivity,
paraesthesia, and infection [5].

For the reasons mentioned above, many dentists world-
wide seeking an alternative bone substitute. The market

for bone graft substitutes is very wide, with multiple pro-
ducts available, including allograft, xenograft, and arti-
ficial bone substitutes [6]. Most of the bone substitutes
mentioned previously provide a good result clinically [7].
Notwithstanding the acceptable results of graft materials,
each type possessed its individual shortcomings [8]. As a
natural replacement for the reconstruction of bone defects,
bone allografts have long been used. Since their obtainabi-
lity is less limited and allows structural restoration of the
skeleton. Additionally, some types of bone allograft can
also provide some level of osteoinduction. For that rea-
son, they offer an attractive alternative to bone autograft
[9]. Nevertheless, allografts also come with drawbacks,
notably their high cost and associated risks such as the
potential for infections [8].

Overall, one of the most severe complications asso-
ciated with grafting is infection, frequently resulting in
adverse patient outcomes such as increased morbidity, the
need for repeated surgeries, and prolonged courses of anti-
biotic treatment [10].

Recently, it has been reported an overall postoperative
infection rate of 4.1% after bone grafting in dentistry [11].
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Most of the actual bone grafts available in the market are
incapable of inhibiting bacterial colonization, which can
lead to infection and possible implant failure. This is attri-
buted to the fact that the bone graft, whether temporary or
permanent, behaves as a foreign entity and exhibits dimi-
nished resistance against bacterial intrusion [12]. Nume-
rous efforts have been made to mitigate infection risks by
integrating antibiotics into graft materials [13]. This in-
volves combining certain bone substitutes with antibiotics
to prevent infection or the formation of biofilms. However,
antibiotic resistance leads to the use of alternative strate-
gies to control infections, through using of metal oxides to
develop antimicrobial bone graft products [13].

Metal nanoparticles, particularly silver nanoparticles,
have been effectively utilized in dental applications,
providing infection control and managing oral biofilms
[14]. Many studies have been done to fully understand the
mechanism of action of silver nanoparticles as an antimi-
crobial agent and preventing biofilm formation. Mathur et
al. outlined the antibacterial mechanism of AgNPs, illus-
trating their ability to penetrate the cell membrane of mi-
croorganisms. This penetration increases membrane per-
meability, resulting in structural rupture and subsequent
cell death [15]. Through the upregulation of multiple
bone morphogenic proteins, AgNPs can also contribute to
osteogenesis [16]. Consequently, this study hypothesizes
that coating bone allografts with silver nanoparticles could
have a positive impact in reducing or completely elimi-
nating potential bacterial colonization without compromi-
sing their biocompatibility.

2. Materials and Methods
2.1. Materials

Silver nitrate (AgNO,, 99.99%), and sodium borohy-
dride (NaBH,, 99.99%) were purchased from Merck, Ger-
many. Staphylococcus aureus (ATCC: 25923) and Strepto-
coccus mutans (ATCC: 35668) that were used in this study
were from the Biotechnology Institute (Iranian Research
Organization for Sciences and Technology, Tehran). MG-
63 cells (ATCC: C555) were purchased from the Natio-
nal Centre of Genetic Resources in Iran. Demineralized
freeze-dried bone allograft (DFDBA) with particle size
150-2000 pm was used as a source of bone allograft (Ce-
noBone, Tissue Regeneration Co., Kish, Iran).

2.2. Methods
2.2.1. Silver nanoparticles synthesis

Silver nanoparticles (AgNPs) solutions were prepared
using the chemical reduction method, following the same
protocol as Van Dong et al, [17]. The procedure included
adding 30 ml of 2 mM sodium borohydride (NaBH,) to
an Erlenmeyer flask. Magnetic stir bar was added and the
flask was placed in an ice bath on a stir plate. The reason
behind using an ice bath was to slow down the reaction
and control the nanoparticle size and shape. After stirring
and cooling the solution for 20 minutes, the solution was
dripped with 2 ml of silver nitrite (0.3,0.03,0.06 mM of
AgNO, for 50, 10, and 5 mg/l respectively) at approxi-
mately31 drop per second. The stirring ceased immedia-
tely upon the complete addition of AgNO3, resulting in
the solution changing to a yellowish-gray color. The color
change was the result of clustering of silver ions to form
monodispersed spherical nanoparticles as a transparent
solution in the aqueous medium (Figure 1).

2.2.2. Bone allograft coating process

Demineralized freeze-dried bone allograft (DFDBA)
with particle size 150-2000 pm (CenoBone, Tissue Rege-
neration Co., Kish, Iran) was coated with the chemically
synthesized silver nanoparticles using simple adsorption
process [18]. The synthesized silver nanoparticle solu-
tions with different concentrations (5 mg/l, 10 mg/l and
50 mg/l) were sonicated for 4 hours (to avoid aggrega-
tion) prior to the addition of bone allograft particulate.
After that, the bone allograft powders were immersed in
different concentrations of AgNPs solutions for 1 hr under
stirring. Then the samples were left for dryness at room
temperature 27 C°.

2.3. X-ray diffraction (XRD) analysis

The crystal structure and purity of the synthesized sil-
ver nanoparticles were determined using X-ray diffraction
(XRD) analysis performed with (XRD, D8, Bruker, Ger-
many. Tests were held using a Bruker AXS D8 DISCO-
VER diffractometer operating at a voltage of 35 kV.

2.4. Scanning Electronic Microscopy (SEM) and Ener-
gy Dispersion X-Ray Spectroscopy (EDS):

The surface morphology of both the uncoated and silver
nanoparticles (AgNPs) coated bone allografts were ana-
lysed using scanning electron microscopy (SEM, SERON
TECHNOLOGY, AIS2100, South Korea). Additionally,
energy-dispersive X-ray spectroscopy (EDS) conducted
with a TESCAN CO model, MIRA III in Czechia, was uti-
lized to analyse the elemental composition of the sample
surfaces. This was done to confirm the successful applica-
tion of the coatings.

2.5. Fourier transform infrared spectroscopy (FTIR).

FTIR spectroscopy (Thermo Nicolet Avatar, USA)
was employed to examine potential structural changes in
the bone allografts subsequent to their coating with silver
nanoparticles. The tested samples have been mixed with
potassium bromide (KBr) salt and prepared as pellets.
The samples underwent evaluation within the wavenum-
ber range of 4,000 cm-1 to 500 cm-1, an appropriate span
for characterizing bands from both organic and inorganic
compounds present in the bone allograft samples. Measu-
rements were conducted with 4 cm-1 steps.

2.6. In vitro antibacterial activity test

The study aimed to evaluate the antibacterial activity
of the proposed AgNPs-coated bone allograft. Staphy-
lococcus aureus (s. aureus) and streptococcus mutans (s.
mutans) were used in this experiment. The bacterial strains

AgNOs (2ml)
1 drop /second

30 ml of NaBH,

Ice bath

o
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Fig. 1. Schematic illustration of silver nanoparticle synthesis through

chemical reduction.
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used in this study are commonly identified as pathogens
found in bone graft infections [19]. Based on the test re-
sults, the optimal concentration of silver nanoparticles has
been selected for the subsequent experiment. This mini-
mum concentration, which effectively eradicates bacterial
growth on bone allograft samples, will be utilized to assess
its biocompatibility.

2.6.1. Minimum inhibitory concentration (MIC) of the
synthesized AgNPs

Standard protocol was used for measurement of mi-
nimum inhibitory concentration (MIC) as described by
Allend et al, [20]. In short, serial two-fold dilutions of
AgNPs solution in concentrations ranging from 50mg/L
to 0.1 mg/l with adjusted bacterial inocula (103% CFU/ml,
0.5 McFarland’s standard) in BHI broth were used. The
control groups include inoculated broth and BHI broth
alone and incubated for 24h at 37°C. The MIC endpoint
represents the lowest concentration of silver nanoparticles
at which no detectible growth is observed in the tubes. The
visual turbidity of the tubes was recorded, confirming the
MIC value through spectrophotometric analysis at 630 nm.

2.7. Quantitative and qualitative analysis of AgNPs
antibacterial activity

The disk diffusion method was employed to assess the
antibacterial effectiveness of the coated bone allograft,
following the standardized protocol outlined in [21]. BHI
agar plates were swabbed with a fresh culture of pathoge-
nic organisms (10® CFU/ml, 0.5 McFarland’s standard),
then the plates were left to dry for about 2 or 3 min. The
agar was aseptically punctured using sterile tips to create
5 mm diameter holes. Subsequently, 50 puL of both coated
and uncoated bone allograft samples (dissolved in 1 mL of
phosphate buffer saline) were added to the wells (Figure
2). Each treatment was replicated three times and then
incubated at 37 °C for 24 hours. Following incubation,
the zone of inhibition was measured in millimeters using
a measuring ruler, and the means of three measurements
were calculated. Prior to experimentation, all samples un-
derwent sterilization via UV irradiation.

In addition to the disk diffusion method, S. aureus and
S. mutans were exposed to different coated bone allografts
for 24 h. Briefly, the samples (uncoated bone allograft,
coated bone allograft, 0.2 % chlorhexidine and blank tube
with no sample only inoculum as a reference) were ad-
ded to each tube containing 1ml of BHI inoculated with
(10* CFU/ml, 0.5 McFarland’s standard) and incubated for
24 h. At the end of the exposure time (24 h), the inhibition
of bacterial growth in the external media was investigated
by measuring the turbidity of the media [22]. The absor-
bance was measured at a wavelength of 630 nm using a
spectrophotometer (EX800, USA). The silver ion release
from the samples was also measured at the end of the ex-
posure time (24 h) using inductively coupled plasma mass
spectrometry (ICP-OES 730-ES, Varian).

The biofilm formation on the samples was investiga-
ted qualitatively using SEM following the standardized
protocol [23]. After exposure time of the samples to the
two bacterial species as explained above, the samples were
removed from the tube and washed with phosphate buf-
fer saline to eradicate unattached bacteria, and fixed with
2% glutaraldehyde for 2 hours, followed by 1% osmium
tetroxide for 15 minutes. Then, the samples were exposed

to serial dehydration with a graded series of ethanol solu-
tions (50%, 60%, 70%, 80%, 90%, 99%, and 100% etha-
nol) for 10 minutes each. Finally, the samples were dried
in a critical point dryer and coated with thin layer of gold
to make it conductive and visualized by SEM (SERON
TECHNOLOGY, AIS2100, South Korea; University of
Amir Kabir, Iran).

2.8. In-vitro evaluation of the biocompatibility of the
coated bone allograft

This study aimed to explore the biocompatibility and
cytotoxicity of the silver nanoparticle-coated bone allo-
graft, assessing whether the application of silver nanopar-
ticles (5 mg/1) on the bone allograft supports the prolifera-
tion of the human bone cell line MG63, exhibiting charac-
teristics similar to osteoblast cells. This investigation was
conducted quantitatively using the MTT assay and quali-
tatively via SEM

2.8.1. Preparation and proliferation of MG-63 cells (Hu-
man Osteosarcoma cell line)

MG-63 cells (ATCC: C555) were purchased from the
National Centre of Genetic Resources in Iran. The cells
were cultured in Dulbecco's Modified Eagle Medium
(DMEM, CATNO: GIBCO TM 41965039) containing
10% FBS (CATNO: 10082147, GIBCO-USA) and placed
in a cell incubator (CO, incubator, Binder Company) for
the culture to reach the appropriate density.

2.8.2. MTT assay

The cell viability was assessed by using MTT assay.
MTT (Cat No.: DMA100) was provided at a concentra-
tion of 5 mg/ml in PBS (Cat No.: A-0018). The sterilized
samples (uncoated and 5 mg/l AgNPs coated bone allo-
graft) were placed in the culture medium and the cells were
cultured on them in a number of about 5x10° cells in each
well of a 96-well plate in a three-dimensional condition
and triplicate and the blank well with no treatment used as
a control group. The plate was placed in an incubator for
24 hours and 72 hours.

Following the protocol that was standardized by Moss-
mann [24], the supernatant was removed and 100 ul of
MTT solution with a dilution of 1:10 (MTT initial stock:
Culture media) was added to each well. The plates were in-
cubated for 3 to 4 hours at 37°C. The colour of the medium
turns purple due to the production of formazan. Later, the

Fig. 2. Disk diffusion method.
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cell supernatant was removed and 100 pl of dimethyl sul-
foxide (DMSO, CATNO: BP231-100) was added to each
well to liquefy the produced crystals. Then they were incu-
bated for 15 minutes.

2.8.3. Spectrophotometric data analysis and determina-
tion of cell viability

After the addition of DMSO, noticeable changes in
cell color occurred: control samples turned purple, indi-
cating cell viability. Lighter well colors corresponded to
higher cell death rates. The plate wells were pipetted and
in order to read the plate, the samples were removed from
the wells after solving the DMSO solvent. Subsequently,
the spectrophotometer measured the optical absorbance
of the solution at a wavelength of 570 nm. The survival
percentage of the cells was calculated using the following
formula: (Absorption of treatment sample /absorption of
control sample) x 100 = survival percentage of each treat-
ment sample.

2.8.4. Qualitative evaluation with scanning electron mi-
croscopy:

For qualitative assessment of cell proliferation, SEM
was employed. Briefly, following the seeding of the MG63
cell line on the aforementioned samples, the well plate was
incubated for 72 hours. Subsequently, the samples under-
went PBS washing to eliminate detached cells and remove
residual proteins from the media.

Thereafter the samples were fixed with 2.5% glutaral-
dehyde in 0.1M Cacodylate buffer for 2 hours. Then, the
samples were subjected to sequential dehydration with a
graded series of alcohol as mentioned previously. Subse-
quently, the samples were subjected to drying in a critical
point dryer and examined via SEM (SERON TECHNOL-
OGY, AIS2100, South Korea) at the University of Amir
Kabir, Iran. Image analysis was conducted using ImageJ
software for quantification, and statistical analysis was
performed using Prism software.

2.9. Silver ion release

This study aimed to measure the amount of silver
released by the AgNPs-coated bone allograft samples in
both in vitro experiments (bacterial and cell culture). Sil-
ver concentrations were measured by inductively coupled
plasma—optical emission spectrometry (ICP—OES), same
protocol followed by Senthil et al, [25]. The calibration
formula was measured by using the linear regression algo-
rithm of the ICP—OES instrument software. Three measu-
rements were taken for each sample and the average was
determined by the software of the ICP_OES.

2.10. Silver nanoparticles cell penetration

The ability of the synthesized AgNPs to penetrate the
eukaryote was also investigated following the same proto-
col as [26]. To put it succinctly, after seeding MG63 cell
line on the bone graft coated AgNPs 5 mg/L stained by
Cell Tracker™ CM-Dil Dye (1 pg/mL; Invitrogen, USA)
as mentioned above the well plate was incubated for 72 h.
For detection AgNPs penetration, the contents of the wells
were emptied and the wells were washed with PBS. Then,
100 puL of para-formaldehyde was transferred into each
well and incubated for 20 - 30 minutes until the cells were
fixed. Afterward, each well was stained with 4°, 6-diami-
dino-2-phenylindole (DAPI, Sigma) at a concentration of

300 nM and snapped with a fluorescence microscope, and
the images were analysed. Dil was identified in wavelength
Range, of 549 nm and DAPI was detected in wavelength
Range 358 nm by fluorescence. The Images were taken by
Ziss camera CCD. The images were calculated by ImageJ
software and analysed by Prism statically software.

2.11. Statistical Analysis

The data underwent coding and entry using the Graph
Pad Prism statistical package (Version 9). Summaries
were generated utilizing the mean and standard deviation.
Group comparisons were conducted through analysis of
variance (ANOVA) alongside the multiple comparisons
post hoc test. Statistically significant results were defined
as p-values less than 0.05.

3. Results
3.1 X-ray diffraction (XRD)

After synthesizing the silver nanoparticles via chemi-
cal reduction, XRD analysis was conducted to investigate
the crystalline phase and structure of the AgNPs. The X-
ray diffraction pattern of the resultant AgNPs is depicted
in Figure 3. Several Bragg reflection peaks were identified
at 20 values of 38.208°, 44.458°, 64.558°, and 77.558°,
corresponding to the (6143.2), (2294.6), (1696.8), and
(1765.4) planes of silver NPs. These XRD findings dis-
tinctly indicate the crystalline nature of the synthesized Ag
nanoparticles.

3.2. FTIR

The FTIR spectra of the AgNPs synthesized by che-
mical reduction method from 4000 cm™ to 650 cm™. Fi-
gure 4A shows the impact of functional groups around
AgNPs by using sodium borohydride (NaBH,). In Figure
4A multiple peaks are observed, signifying the vibrations
of chemical bonds between atoms within molecules. The
prominent and wide peak in Figure 4A, located at 2982
cm-1, corresponds to the H-C stretching [27]. This peak
suggests the presence of capping agents originating from
the sodium borohydride.

Capping agents play a critical role in preventing
uncontrolled growth of nanoparticles, managing their
tendency to clump together, and regulating their solubility
in different solvents. The band at 1709 cm™ is associated
with the C=0 group. While the C=0O bond might not di-
rectly partake in the reduction process of Ag+ to Ag NPs
when utilizing NaBH4, compounds harboring this bond
can still wield significant influence over the size, stability,
and surface properties of the synthesized nanoparticles
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[28]. Here the strong broad band at 1327 cm’!, in Figure
4A belonged to the O-H stretching vibrations of hydroxyl
groups. hydroxyl groups may originate from stabilizing
agents, solvents, or other compounds utilized during the
synthesis procedure [29]. The peak detected at 690 cm-1
in the FTIR spectrum is likely attributed to a compound
containing halogen elements.

This compound is thought to form due to the presence
of sodium borohydride in the process of synthesizing the
Ag NPs [30].

Characterizing the molecular composition of demi-
neralized freeze-dried bone allograft (DFDBA) through
FTIR spectroscopy provides valuable insights into its
structural components. Figure 4B shows the FT-IR spectra
of the DFDBA from 4000 cm™ to 760 cm™'. The observed
band around 3514 cm—1, attributed to the O-H stretching
vibrations, appears to be influenced by the DFDBA. This
may stem from the presence of hydroxyl groups, especial-
ly residual moisture or organic compounds within the bone
matrix.

A weak band at around 2800 cm™! corresponds to the
C-H stretching of alkanes. Within biological substrates
like demineralized freeze-dried bone allografts (DFDBA),
the organic constituents—comprising proteins, lipids, and
carbohydrates—display an array of carbon-hydrogen (C-
H) bonds within their molecular compositions [31]. The
strong band at around 1800 cm™ Figure 4B is assigned to
C=O0 stretching vibrations, indicative of carbonyl functio-
nal groups within the sample. Observing this peak suggests
the potential presence of functional groups like ketones,
esters, and various organic compounds, commonly found
in bone, within the DFDBA matrix. Moreover, the peaks at
1400 cm™! related to C—C stretching, the presence of peaks
in these regions in an FTIR spectrum of a biological or
mineral sample might suggest the existence of carbonate
ions (CO,?). In bone materials, carbonate ions can replace
some of the phosphate groups in the hydroxyapatite struc-
ture, the peaks around 1200 cm—1 indicate the presence of
P=0 stretching, likely originating from phosphate-contai-
ning compounds. This observation potentially signifies
the existence of materials like hydroxyapatite, commonly
found in bone [32].

The FTIR spectrum illustrating the coating of the bone
allograft with silver nanoparticles is presented in Figure
4C. The broad band at 3575 cm™ is owing to the O-H
stretching mode. It can be noticed that this peak is broad in
the bone powder due to having more hydroxyl groups. In
addition, the peaks at 2900 cm-1 are more likely to belong
to the aldehydic C-H stretching mode. The peak at 1800
cm’' corresponds to the C=O stretching vibration of car-
boxylic acid groups. The peak that appeared at 1400 cm’!
is due to C—C stretching. The observed peak at 1180 cm-1
is most likely attributed to the P=0 stretching.

Additionally, the final absorption band at 8§76 cm-1 is
attributed to the absorption by a compound containing ha-
logen elements. This compound is believed to stem from
sodium borohydride in the synthesis process of Ag NPs.

3.3. SEM and EDX analysis

SEM was utilized to validate the presence and distri-
bution of silver nanoparticles on the bone allograft par-
ticulate post-physical adsorption coating. Figure 5 demon-
strates the absence of silver nanoparticles in the uncoated
bone allograft samples.

Based on SEM images, silver nanoparticles were de-
tected on the coated bone allograft, forming aggregates
with particle sizes ranging from 95-70 nm. Approximately
70% of the surface area of the bone allograft particulate
was covered with silver nanoparticles at a concentration of
50 mg/l. However, the coverage decreased as the concen-
tration of silver nanoparticles decreased, reaching 30% at
10 mg/l and 10% at 5 mg/l, as illustrated in Figure 6.

The EDS analysis confirms the presence of AgNPs on
the surface of the bone allograft. The percentage of silver
exhibited an upward trend corresponding to the increased
concentration of AgNPs used in the coating method, as
depicted in Figure 7. A higher percentage of silver was de-

AgNPs

Bone Allograft (FDDBA)

100

Trasmittance [%]

Fig. 4. FTIR spectra of A. AgNPs, B. uncoated bone allograft, C.
AgNPs coated bone allograft.
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Fig. 5. SEM image of uncoated bone allograft.
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Fig. 7. Elemental analysis of the samples by EDS. A) uncoated bone
allograft, B) 5 mg/l AgNPs coated bone allograft, C) 10 mg/l AgNPs
coated bone allograft, and D) 50 mg/l AgNPs coated bone allograft.

tected in samples coated with 50 mg/I (70.59 wt.%), while
for those coated with 10 mg/l and 5 mg/l, the percentages
were 62.53 wt.% and 29.46 wt.%, respectively.

Regarding the wt.% of calcium (Ca), values were 19.11,
20.10, and 22.7 for 50, 10, and 5 mg/l AgNPs-coated bone
allograft, respectively, with 22.99 wt.% for the uncoated
bone allograft. There was a decrease in the percentage of
carbon (C), oxygen (O), and phosphorus (P) with an in-
crease in the concentration of silver used for coating.

In the case of the 50 mg/l silver-coated bone allograft,
the wt.% of C, O, and P were 8.09, 2.02, and 0.16, res-
pectively. Conversely, for the 10 mg/l AgNPs-coated bone
allograft, these percentages were 7.71, 9.03, and 0.68,
respectively. Interestingly, the wt.% of P in the 5 mg/l
AgNPs-coated bone allograft showed a minimal difference
compared to the uncoated bone allograft, registering 6.39
wt.% for the former and 8.85 wt.% for the latter.

3.4 Antibacterial activity
3.4.1. MIC and turbidity

Both pathogens used in this study exhibited susceptibi-
lity to silver nanoparticles, with an MIC of 0.79 mg/I for
S. aureus and 0.39 mg/l for S. mutans (data not shown).
To assess bacterial growth on both uncoated and AgNPs-
coated bone allograft samples, the inhibition of bacterial
growth in the culture media was examined after a 24-hour
incubation period, measuring turbidity at 630 nm. It was
observed that all three concentrations used for bone allo-
graft coating effectively inhibited the growth of both S.
aureus and S. mutans, displaying no significant difference
from the positive control. However, notable disparities
were noted compared to the uncoated bone allograft, as
illustrated in Figure 8.

3.4.2. Disk diffusion method

The activity data of AgNPs-coated bone allograft via
agar diffusion were depicted in millimetres (mm) and
classified based on the presence or absence of inhibition
zones. The outcomes revealed that the uncoated bone
allograft supported bacterial growth, registering a 0 mm
inhibition zone. Conversely, all bone allografts coated
with silver nanoparticles successfully inhibited bacterial
growth, demonstrating significant differences compared to
the uncoated bone allograft (p= 0.000). Additionally, the
inhibition zone expanded with higher concentrations of
silver nanoparticles.

For S. aureus, the inhibition zones measured 21.33,
13, and 8.33 mm for bone allografts coated with 50, 10,
and 5 mg/l AgNPs, respectively (Figure 9A). All tested

groups exhibited significant differences compared to the
uncoated bone allograft (p-value < 0.05). Furthermore, the
5 mg/l AgNPs-coated bone allograft showed significant
differences compared to the 10 and 50 mg/l AgNPs-coated
bone allograft (p <0.01).

Similarly, AgNPs-coated bone allografts displayed an-
tibacterial activity against S. mutans. The inhibition zones
measured 10, 7.66, and 4 mm for bone allografts coated
with 50, 10, and 5 mg/l, respectively (Figure 9B). All
concentrations exhibited significant differences compared
to the uncoated bone allograft, which measured 0.33 mm.

3.4.3. Scanning electron microscopy (SEM):
Examination of the samples through SEM at the end
of the incubation period revealed biofilm formation on the
surface of the uncoated bone allograft, corroborating the
findings from disk diffusion and turbidity tests. Conver-
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Fig. 8. The inhibition of bacterial growth by measuring turbidity at
630 nm A) S. aureus, and B) S. mutans. (p<0.01).

15 Disk diffusion method for S. mutans
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Fig. 9. The graph shows the inhibition zone (mm) of both A) S. aureus
and B) S. mutans, (p < 0.05).

e

Fig. 10. SEM images of the coated and uncoated bone allograft after
24 h exposure of S. aureus. A. Uncoated bone allograft shows full bio-
film coverage, b, ¢, and d illustrate 5,10,50 mg/l AgNPs coated bone
allograft respectively, none of them showed biofilm formation, except
for the 5 mg/l AgNPs coated bone allograft show a scarce of bacteria
that unable to subdivide.
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Fig. 11. SEM images of the AgNPs coated and uncoated bone allo-
graft after 24 h exposure of s. Mutans. A. Uncoated bone allograft
shows full biofilm coverage, b, ¢, and d illustrates 5,10,50 mg/l AgNPs
coated bone allograft respectively, none of them showed biofilm for-
mation, except for the 5 mg/l AgNPs coated bone allograft shows a

bacterial colony that unable to subdivide.

sely, all AgNPs-coated bone allograft samples (5 mg/l,
10 mg/l, and 50 mg/l) displayed a substantial antibiofilm
effect, evident from the absence of biofilm formation on
the AgNPs-coated bone allograft for both experimental
pathogens, S. aureus and S. mutans (Figures 10 and 11).
Intriguingly, minimal bacterial colonies were observed.

3.4.4. Total silver concentration

The total concentration of silver released into the exter-
nal media was assessed using ICP-OES at the culmination
of the exposure period for both bacterial tests (Table 1).
In the case of the 5 mg/l coated bone allograft, 2.1% of
silver was released in the S. aureus test and 2.8% in the
S. mutans test. For the 10 mg/l concentration, the release
percentages were 1.8% in the S. aureus test and 2.11% in
the S. mutans test. Conversely, the release of silver was
notably lower for the 50 mg/l AgNPs coated bone allo-
graft, accounting for only 0.57% in the S. aureus test and
0.614% in the S. mutans test. However, no significant dif-
ferences were detected among the groups.

3.5. In vitro biocompatibility investigation

To explore the impact of AgNPs coating on the growth
of eukaryotic cells, the MTT test was employed. Illustra-
ted in Figure 12, the AgNPs coating demonstrated no toxic
effect on the osteoblast-like MG-63 cell line, evidenced
by the absence of significant differences in cell viability
percentages across all groups at both 24-hour and 72-hour

Cell vibility after 24 h Cell viability after 72 hr
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Fig. 12. Cell viability after A) 24 h incubation and B) 72 h incubation.
There was no significant difference between groups. P=0.56.

Fig. 13. SEM images of three treatment groups after cell seeding for
72 h. A) blank with only cells (control), b) uncoated bone allograft,
and ¢) Smg/l AgNPs coated bone allograft. Magnification 500x, field
distance, 100 pm.
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Fig. 14. The number of cells attached to the different groups after 72h.

the data presented as mean+ SD, p =0.5.

endpoints (p=0.56).

The scanning electron microscopy images exhibited
robust growth and attachment of the MG-63 cell line, cha-
racterized by the development of pseudopods. All cells
displayed elongated spindle shapes, showcasing no discer-
nible differences when compared to the blank and uncoa-
ted bone allograft (Figure 13).

The images were quantified using ImagelJ software and
subjected to analysis using Prism statistical software, pre-
sented in Figure 14. The findings indicate that the AgNPs
coating did not hinder the cell proliferation on the bone
allograft; rather, it promoted cell proliferation.

3.5.1. The total concentration of silver
The total concentrations of silver in the supernatants
were examined using ICP-OES after 24 and 72 hours

Table 1. total concentration of silver in external media after 24 h exposure of S. aureus and S. mutans.

Ag NPs release (mg/1 Ag NPs release (mg/1
Samples ° S. aureus( ¥ i S. mutans( ¥
Uncoated Bone graft (1 0*
5 mg/L AgNPs coated bone graft 0.105" 0.143"
10 mg/L AgNPs coated bone graft 0.180" 0.211"
50 mg/L AgNPs coated bone graft 0.285" 0.307°
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Table 2. The total concentration of silver in the external media after 24 and 72 h.

Treatment groups

Ag NPs (mg/l) After 24 h

Ag NPs (mg/l). After 72 h

Control 02 0°
Bone 0° 0
5mg/L AgNPs coated bone allograft 0.042° 0.071°

(Table 2). It was observed that the concentration of silver
in the media increased over time. However, no significant
difference was noted between the two experimental time
points. Yet, a notable distinction was found when compa-
red to the control groups, where no silver was detected in
the latter.

3.5.2. AgNPs cell penetration

The capacity of the synthesized AgNPs to penetrate the
eukaryotic cells was further examined (Figure 15). Digi-
tized images were captured at a magnification of 100x
using a Zeiss Axioplan 2 fluorescent microscope equip-
ped with a DVC system. Subsequent analysis and quanti-
fication of the stained cells were conducted using Image J
software (version: 1.52h). The result showed that less than
5% of AgNPs were attached to cell membrane and 95% of
AgNPs were in cell environment and did not penetrate in
the cell cytoplasm.

4. Discussion

Bone graft materials stand as pivotal substances in
orthopedic and dental applications for bone regeneration.
Various alloplastic or biological materials are commercial-
ly available, and their efficacy in bone regeneration is wi-
dely acknowledged. Nonetheless, the persisting challenge
of infections linked with bone grafting surgery remains a
significant concern.

This study was designed to prepare a novel coating for
the bone allograft to prevent infection during and after bone
grafting procedures. Purchased bone allograft (DFDBA)
was coated with chemically synthesized AgNPs in three
different concentrations 5,10, and 50 mg/l by physical ad-
sorption. Thereafter, the antibacterial activity of the coated
bone allograft was investigated against two pathogens; S.
aureus and S. mutans. S. aureus is considered one of the
most common pathogens that isolates postoperatively in
alveolar bone implants [26]. Furthermore, the cytotoxicity
of the coated bone allograft was also investigated using
osteoblast-like MG-63 cell line.

The primary discovery is the successful application of
the coating method for bone allografts with silver nano-
particles, albeit with some limitations such as silver ion
release. This aligns with the findings of a previous study
conducted by Xie and colleagues [33]. The release of silver
ions was minimal, and their concentrations varied across
different media. Particularly, a very low concentration was
detected in DMEM (utilized in cell culture tests), which
includes fetal bovine serum. This observation suggests
that silver likely binds to proteins present in the media
[34]. As a result, the free silver was less compared to that
detected in the media used for bacterial growth.

The overall trend in the FTIR results indicates the ab-
sence of new peaks or substantial alterations in the spec-
tra of the bone allograft after being coated with AgNPs.
This suggests a probable physical deposition mechanism
rather than a significant chemical interaction between the
AgNPs and the bone. Such an observation might imply a

Merged

Cell
nucleus

Cell

nucleus labeled

NP labeled

NP

Fig. 15. Fluorescent microscope images of A) MG63 cells with no
silver, B) MG63 with AgNPs. Dil represents stained Ag NP (red fluo-
rescence), and DAPI (blue fluorescence) represents stained nucleus of
MG63 cells. The merged image at the right (third panel) demonstrates
that Dil-stained compartment cells, at least partially (arrowheads).

Scale bars, 100 um.

surface coating process wherein the AgNPs are attached to
the bone allograft without inducing significant chemical
modifications or generating detectable new chemical enti-
ties in the FTIR analysis.

The SEM images demonstrated greater aggregation of
the silver nanoparticles in 10 and 50 mg/l concentrations
compared to 5 mg/l. Moreover, the nanoparticle size, mea-
sured via Imagel, increased with higher concentrations.
This phenomenon is attributed to the tendency of silver
nanoparticles to aggregate at higher concentrations in phy-
siological media [35]. The EDS results confirm the success
of the physical adsorption method employed in coating the
bone allograft with silver nanoparticles, maintaining their
attachment even after sample drying. This occurrence may
be attributed to the negative charge of hydroxyl radicals
from bone (hydroxyapatite) and the positive charge of
silver. Consequently, silver nanoparticles could offer an
effective mechanism for anchoring [36].

4.1. Antibacterial activity

The coated bone allografts exhibited robust antibac-
terial activity against the tested pathogens in both sus-
pended and attached bacteria, aligning with findings from
prior studies [37, 38]. Multiple theories exist regarding the
mechanism of action of silver nanoparticles against bacte-
ria. One suggests the increased surface area of nanoscale
silver compared to its metallic particle form allows direct
contact with bacteria, enabling penetration of the bacte-
rial cell membrane [15]. Additionally, silver nanoparticles
might release silver ions in bacterial culture media, leading
to membrane disruption [39]. Silver ions, being positively
charged, have a strong affinity to bind with the negatively
charged bacterial cell membrane, thereby inhibiting bac-
terial growth [40]. Consequently, no bacterial growth was
observed either in the external media or attached to the
surface of the coated bone allogratft.

The MIC findings revealed the synthesized AgNPs'
potent antibacterial effect, inhibiting S. aureus growth
from 0.79 mg/l. This aligns closely with Xia et al.'s study
[41], reporting a 1 mg/l MIC for S. aureus. Conversely,
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Dehkordi et al.'s study found a much higher MIC for S.
aureus at 5 mg/l [42], Notably. S. mutans displayed grea-
ter sensitivity to silver nanoparticles, with a lower MIC
of 0.39 mg/l. However, Subramanian et al [43] and others
[44] reported a MIC for S. mutans >1.5 mg/l, indicating
variations likely stemming from differences in nanopar-
ticle synthesis methods. The size of the synthesized nano-
particles significantly influences their antibacterial acti-
vity, as indicated by [45] highlighting that smaller particle
sizes correlate with enhanced antibacterial effects.

4.2. The biocompatibility of the AgNPs

The coated bone allograft demonstrated no cytotoxic
effects on the tested eukaryotic cells. Both the cell viabi-
lity (MTT) assay and SEM imaging indicated no reduction
in cell viability or alterations in cell attachment to the bone
graft material. The concentration of silver nanoparticles
utilized was effective in bacterial eradication without
inducing toxicity in the MG-63 cell line. Consistent with
other studies [46], it is established that low concentrations
of silver nanoparticles, such as <5 mg/l, do not impede cell
proliferation compared to the control group [47].

The fluorescent microscopy assessment of AgNPs' pe-
netration into MG-63 cells revealed that the nanoparticles
were unable to breach the cell membrane. Instead, only
approximately 5% of the AgNPs adhered to the outer sur-
face of the cells without internalization. This observation
could be attributed to the larger size of the AgNPs relative
to the permeability of the MG-63 cell line (figure 13).

5. Conclusion

Numerous studies have demonstrated the antibacterial
efficacy of silver nanoparticles (AgNPs). Nevertheless,
concerns persist regarding the potential cytotoxicity of
AgNPs on eukaryotic cells, prompting ongoing investiga-
tions. In this study, an approved bone allograft was coated
with AgNPs at a concentration that fulfills essential criteria
for grafting materials: exhibiting potent antibacterial acti-
vity without hindering bone cell proliferation. However,
this study presents limitations and raises further inquiries.
For instance, assessing the durability of the coating mate-
rial, elucidating the precise mechanism underlying the an-
timicrobial action of AgNPs, and evaluating the cytotoxic
effects of higher concentrations of silver nanoparticles are
essential areas warranting additional exploration.
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