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Background: Bactericidal capacity, durable inhibition of biofilm formation, and a three-
dimensional (3D) porous structure are the emphases of infected bone defect (IBD) treatment
via local scaffold implantation strategy.

Purpose: In this study, silver nanoparticle (AgNP)-loaded nano-hydroxyapatite (nHA)@
reduced graphene oxide (RGO) 3D scaffolds (AHRG scaffolds) were designed to alleviate
bone infection, inhibit biofilm formation, and promote bone repair through the synergistic
effects of AgNPs, RGO, and nHA.

Materials and Methods: AHRGs were prepared using a one-step preparation method, to
create a 3D porous scaffold to facilitate a uniform distribution of AgNPs and nHA.
Methicillin-resistant Staphylococcus aureus (MRSA) was used as a model-resistant bacter-
ium, and the effects of different silver loadings on the antimicrobial activity and cytocompat-
ibility of materials were evaluated. Finally, a rabbit IBD model was used to evaluate the
therapeutic effect of the AHRG scaffold in vivo.

Results: The results showed successful synthesis of the AHRG scaffold. The ideal 3D
porous structure was verified using scanning electron microscopy and transmission electron
microscopy, and X-ray photoelectron spectroscopy and selected area electron diffraction
measurements revealed uniform distributions of AgNP and nHA. In vitro antibacterial and
cytocompatibility indicated that the 4% AHRG scaffolds possessed the most favorable
balance of bactericidal properties and cytocompatibility. In vivo evaluation of the IBD
model showed promising treatment efficacy of AHRG scaffolds.

Conclusion: The as-fabricated AHRG scaffolds effectively eliminated infection and inhib-
ited biofilm formation. IBD repair was facilitated by the bactericidal properties and 3D
porous structure of the AHRG scaffold, suggesting its potential in the treatment of IBDs.
Keywords: biofilm, graphene oxide, hydroxyapatite, infected bone defect, scaffold, silver
nanoparticles, three-dimensional

Introduction

Clinical treatment of infected bone defects (IBDs) has always been a challenge, due
to persistent bacterium colonization and osteonecrosis.'* Conventional disinfection
approaches, such as debridement and systemic antibiotics, may lead to secondary
trauma or toxic effects.’” To overcome these drawbacks, antibiotic-impregnated
porous scaffolds have been introduced as an IBD treatment in recent years.'” > The
treatment of IBD with these scaffolds significantly increases the local antibiotic
concentration, thus providing protection against infection.””’ Moreover, the porous
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architecture of the scaffold can facilitate bone tissue
regeneration,®® such that anti-infection and osseointegra-
tion can be achieved simultaneously after implantation.'’
However, the efficacy of this scaffold-based anti-infection
strategy is limited by the presence of drug-resistant bac-
teria and biofilm."’

Biofilm is a confluent mixture of bacteria and extra-
cellular polymeric substances.'' It colonizes preferentially
on the implant-bone interface, thus protecting bacteria
against phagocytosis and antibiotics, and is directly
responsible for the recurrence of infection after
treatment.'” The intractability of the drug-resistant bacteria
is mainly caused by the extensive misuse of antibiotics;
drug-resistant bacteria tend to compromise the efficiency
of antibiotic administration/treatment.'® Bacteria can also
rapidly adjust their metabolic systems to resist newly
developed antibiotics.'>'* The development of implanta-
ble porous scaffolds, with antimicrobial activity against
bacterial biofilms without the need for antibiotics, has
prompted extensive research aimed at improving the out-
comes of IBD treatment.'> "’

New developments in material science have led to
advances in IBD treatment.”'® As a typical two-
dimensional material, reduced graphene oxide (RGO)
exhibits excellent osteogenic activity and anti-biofilm
capacity, thus making it a promising candidate for anti-
infection porous scaffolds.'® > More importantly, RGO
has the tendency to denature bacterial proteins and
deconstruct biofilms via oxygen free radicals produced
through contact with bacteria.®' This oxidative, stress-
mediated anti-biofilm activity suggests the potential of
RGO to prevent the revival of drug-resistant bacteria in
the treatment of traumatic infections. For instance, Das
et al fabricated a protein-conjugated RGO composite
using a one-pot biosynthetic process; the prepared
material exhibited robust antibacterial ability and
ideal biocompatibility, which is required for effective
anti-infection  coatings for implant materials.?
However, the long-term antibacterial ability of RGO
is limited due to the continuous oxidation of its
surface.'® Therefore, to prolong the anti-biofilm activ-
ity of RGO, it is necessary to develop a new composite
material based on the reduction of GO.

Silver nanoparticles (AgNPs), as a broad-spectrum
antibacterial nanomaterial, have attracted much attention
with respect to the antibacterial properties afforded by
their incorporation into materials.'®**** However, due to

a large surface energy, AgNPs are highly susceptible to

spontaneous agglomeration,”>*®

resulting in a large loss of
antibacterial activity.”>° Therefore, in practice, AgNPs
are often dispersed in a carrier to minimize
clustering.'”?"-*® The two-dimensional sheet structure of
graphene serves as a good NP carrier vehicle.*** At pre-
sent, a variety of AgNP-loaded graphene composite mate-
rials have been developed for in vivo and in vitro
research,'®!927-2

dimensional (3D) porous AgNP-loaded graphene compo-

antibacterial However, three-
sites for bone tissue engineering scaffolds have rarely been
reported.

In our earlier studies, we successfully constructed
a 3D porous scaffold based on the self-assembly of
RGO and nano-hydroxyapatite (nHA); when loaded
with vancomycin, this system facilitates controlled
release of antibiotics and promotes osteogenesis and
infection control.* Based on our earlier study, here we
prepared an AgNP-loaded RGO/nHA 3D porous scaf-
fold (AgNPs-nHA@RGO, AHRG) by adding a reducing
agent and Ag ions. Methicillin-resistant Staphylococcus
aureus (MRSA, ATCC 43,300, USA) was used as the
model-resistant bacterium, and the effects of different
Ag loadings on antimicrobial activity were studied. In
addition, the cytocompatibility of materials was also
examined. Finally, the as-fabricated AHRG scaffold
was applied to a rabbit IBD model to evaluate its ther-
apeutic effect in vivo.

Materials and Methods

Materials

Ascorbic acid, bovine serum albumin (BSA; standard
grade), and sodium glutamate were purchased from
Sigma-Aldrich Trading Co., Ltd. (Shanghai, China).
nHA was purchased from Aladdin Chemistry Co., Ltd.
(Shanghai, China). Expandable graphite flakes were
ordered from ChengYang Graphite Products Co., Ltd.
(Qingdao, China). Silver nitrate, glacial acetic acid,
methanol, ethanol, and a glucose analysis kit were pur-
chased from Sinopsin Group Chemical Reagent Co.,
Ltd. (Shanghai, China). Crystal violet was purchased
from Beijing Solibao Technology Co., Ltd. (Beijing,
China). Trypsin soy broth (TSB) and trypsin soy agar
(TSA) were purchased from Becton Dickinson Co., Ltd.
(Franklin Lakes, NJ, USA). Fetal bovine serum (FBS),
penicillin-streptomycin double-antibiotic solution, tryp-
sin, Dulbecco’s modified Eagle’s medium (DMEM)/
F-12, (PBS) were

and phosphate-buffered saline
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purchased from Gibco (Grand Island, NY, USA). CCK-8
and lactate dehydrogenase (LDH) kits were purchased
from Biyuntian Biotechnology Co., Ltd. (Shanghai,
China). New Zealand white rabbits were purchased
from SLAC Laboratory Animal Co., Ltd. (Shanghai,
China). The water used in all experiments was purified
using a Milli-Q water purification system (Millipore,
Bedford, MA, USA), with a resistivity of 18.2 MQ cm.

AHRG Scaffold Preparation

The AHRG scaffold was prepared using a modified
version of the self-assembly process described in our
previous study.*® For optimal 3D porous morphology
and bone repair capacity, the ratio of nHA to GO was
fixed at 20% according to our previous investigation.*
In specific, the detailed preparation process for 1%
AHRG is described below. GO (200 mg) was added to
50 mL of ultrapure water and then ultrasonically dis-
persed for 10 min to obtain a 4 mg/mL GO colloid
solution. Subsequently, 40 mg of nHA powder was
added to the solution, and ultrasonic dispersion was
to obtain a 20%
nHA@GO precursor solution. Finally, 100 mg of ascor-

again performed for 10 min
bic acid and 3.15 mg of silver nitrate were added in
sequence in an ice water bath under a vigorous stirring
speed of 600 rpm. After stirring for 30 min, the mixture
was placed in a beaker sealed with foil; the beaker was
then placed in a water bath at 80°C to induce self-
assembly. After heating in a water bath for 2 h, the
precursor mixture formed a separate 3D porous scaffold.
At the same time, the colloidal solution became clear
and transparent. The silver nitrate was added in the
same manner as during the preparation of the 1%
AHRG scaffold, to construct 2%, 4%, and 8% AHRG
scaffolds.

Characterization of the AHRG Scaffold

The structure and physicochemical properties of the pre-
pared scaffolds were characterized by scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM). The mechanics and porosity of the prepared scaf-
folds were examined using an Instron mechanical test
system (Instron Corporation, Canton, MA, USA) and the
liquid displacement method.*!

For TEM, to better disperse the nanoparticles through-
out the scaffolds, the scaffolds were re-pulverized using
a freeze-grinding method. In detail, 50 mg of scaffold was
placed in a 5-mL centrifuge tube and blended with 2 mL

of ethanol and beads. Subsequently, the centrifuge tube
containing the mixture was fixed to the holder of the freeze
grinder. After polishing, an appropriate amount of slurry
was removed, dropped onto a copper mesh, and allowed to
evaporate naturally; TEM was then performed.

Bacterial Culture

Given that drug-resistant Staphylococcus aureus is the
main pathogen responsible for refractory osteomyelitis
and IBD, MRSA (ATCC 43,300; American Type
Culture Collection, Manassas, VA, USA) was selected
as the model bacterium to evaluate the antibacterial
activity of the prepared scaffold. The collected bacteria
were inoculated in a conical flask containing 100 mL of
fresh tryptic soy broth (TSB) liquid medium and then
placed in a 37°C shaker for 24 h at 100 rpm. After
colony amplification, the precipitate was centrifuged,
with 10 mL of bacterial preservation solution then
added. The pipette was carefully blown, resuspended,
and stored at 4°C until further use.

The TSB powder (30 g) was weighed, stirred, and
dissolved in 1000 mL of ultrapure water, and then
autoclaved at 121°C for 15 min. The preservation solu-
tion was prepared by mixing 5% (w/v) sodium gluta-
mate, 5% (w/v) BSA, and ultrapure water in equal
amounts. The solution was stirred gently (to avoid
foaming) for 20 min, sterilized by filtration through
a 0.22-um filter, and stored at 4°C.

In subsequent antibacterial experiments, TSB solid
medium was used, and was prepared by dissolving 20
g of tryptic soy agar (TSA; soybean-casein digested
agar) in 500 mL of ultrapure water. The solution was
then autoclaved at 121°C for 15 min. After sterilization,
the solution was allowed to cool to room temperature and
then frozen. Note that the solution can be stored for 6
months at room temperature.

Anti-Bacterial Evaluation

The antibacterial activity of the scaffold was examined
by dynamic bacterial proliferation and solid Kirby—
Bauer diffusion assays.>> For dynamic antibacterial
experiments, the preserved MRSA was resuscitated
using the TSB liquid medium. The resuspended MRSA
was inoculated at a density of 2 x 10° cells/mL into
a conical flask containing 100 mL of TSB liquid med-
ium, to which the scaffold was added. The bacterial
suspension was incubated at 37°C with shaking at
150 rpm. At different time points, 100 pL of the culture
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solution was withdrawn using a microsyringe, and the
concentration of bacteria in the liquid was analyzed
using a cell counter.

For the solid Kirby—Bauer diffusion test, the TSB solid
medium was preheated at 60°C and then cast into a Petri
dish (10 mL solid medium per dish). After cooling the
medium to room temperature, 20 uL of the bacterial sus-
pension (1 x 10° CFU/mL) was added to a culture dish as
a uniform coating. At the same time, the AHRG scaffold
material underwent ultraviolet radiation sterilization was
carefully placed on the center of each dish. Finally, all
dishes were incubated at 37°C for 24 h. The diameter of
the inhibition zone of each sample was measured by an
automatic image processing system (FR-989; Fushi,
Shanghai, China).

Bacterial Biofilm Inhibition Experiment
To better induce the growth of bacterial biofilms
in vitro, a TSB medium containing 1% (w/v) glucose
was used for MRSA resuscitation and culture. Bacteria
were resuscitated and diluted 100-fold with the culture
solution. Subsequently, the bacterial dilution (3 mL/
well) and scaffolds (Sterilized with ultraviolet radia-
tion) to be tested were added sequentially to a six-well
cell culture plate. After incubation at 37°C for 24 h,
the scaffold and medium were discarded, and the well
was washed three times with PBS and fixed by metha-
nol for 20 min. Afterwards, excess methanol was aspi-
rated, 1% crystal violet staining solution was added,
and the mixture was incubated at room temperature for
10 min. The unbound crystal violet was washed with
distilled water and allowed to dry naturally. After the
well plate had dried completely, 2 mL of 33% glacial
acetic acid solution was added to each well and main-
tained at 37°C for 30 min to dissolve the crystal violet.
Finally, the optical density (OD) of each well of the
plate was measured at 590 nm using an automated
microplate reader. Considering background absorbance,
the OD of the blank plate was subtracted from the
calculated value.

In vitro Cell Compatibility Assay

The in vitro cytocompatibility of the scaffold was exam-
ined using rat bone marrow stromal cells (rBMSCs).
Specifically, BMSCs from 1-week-old female rats were
harvested and cultured following a previously reported
method.>* Rats were sacrificed, the femoral cavities were
exposed, and the marrow cavity was rinsed with FBS

(10%) (Gibco; Thermo Fisher Scientific, Waltham, MA,
USA) in PBS (Hyclone, Logan, UT, USA). The cells were
flushed out and collected. After centrifugation at 1000 rpm
for 10 min, the cell suspension was resuspended in
DMEM/F12  (Hyclone) containing 15%  FBS,
100 U mL™! penicillin (Gibco, Grand Island, NY, USA),
and 100 mg mL™' streptomycin (Gibco). Subsequently,
a cell culture flask was applied for cell seeding in
a humidified atmosphere with 5% CO, at 37°C. Once the
rBMSCs had been passaged three times, they were used in
the following experiments.

In this study, the rBMSC suspension was seeded in 96-
well plates at a density of 3000 cells per well. After
24 h of culture, the adherent cells in the well plates were
treated with different concentrations (10, 20, 40, 80, 160,
320 pg/mL) of AHRG scaffold. The tested scaffold sam-
ples were sterilized with ultraviolet radiation for 3 h before
use. After 1 and 3 days of incubation, cell viability and
damage were assessed by CCK-8 and LDH kits, according
to the manufacturer instructions. Finally, the measured
values were normalized, taking the OD value of the nor-
mal control group as 100%.

In vivo Evaluation

All animal studies were conducted at the Animal
Experimental Center of the Naval Military Medical
University (Shanghai, China). All animals were main-
tained on a standard sterile diet. The breeding room was
kept under constant temperature and humidity conditions
(23-25°C and 40-70%, respectively) with a computer-
controlled 12-h/12-h light/dark cycle. The animal surgi-
cal protocols were conducted according to the NIH
guidelines for the care and use of laboratory animals
(NIH Publication No. 85-23 Rev. 1985) and was
assessed and monitored by the Changhai Hospital
Laboratory Animal Ethics Committee to ensure that all
animals were treated humanely and appropriately during
the study.

Forty-five male New Zealand rabbits (average body
weight: 3 kg) were randomly divided into three groups:
an untreated group, a 20% nHA@RGO implant group,
and a 4% AHRG implant group. Before model establish-
ment, 0.5 mL of blood was collected from the marginal
ear veins for leukocyte and C-reactive protein (CRP)
measurement, with the values obtained used as the base-
line values. After preparing the right forelimb for disin-
fection with iodophor, the rabbits were anesthetized with
5% isoflurane gas, and a longitudinal incision 1.5 cm in
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length was made along the anteromedial aspect of the
forelimb. The vessels and muscles were bluntly sepa-
rated to expose the radius bone. An oscillating saw
(Stryker Cooperation, Kalamazoo, MI, USA) was used
to remove a 10-mm segment from the middle of the
radius shaft. After irrigation of the bone void with saline
solution, 0.5 mL of a saline suspension, with a MRSA
concentration of 2.5 x 10° CFU per mL, was injected
into the defect site and the bone marrow cavity. Sodium
morrhuate (0.2 mL) (Xinyi Jinszhu Pharmacy Co. Ltd,
Shanghai, China) was then added, and sterilized medical
bone wax (B. Braun Surgical, Aesculap Ag & Co.,
Germany) was used to seal the cavity. The incision
was closed with #1 stitches (Ethicon, Somerville,
NJ, USA).

After surgery, the degree of bacterial infection was
determined based on indicators such as body weight,
blood leukocytes, and CRP. After 2 weeks, the scaffolds
were implanted into the defect site following lavage and
debridement. The scaffold were sterilized with ultravio-
let radiation for 3 h before use. The animals were
closely observed for changes in body weight, white
blood cell (WBC) count, and CRP level. Bone regenera-
tion was assessed by micro-computed tomography
(micro-CT,  SkyScan  1076;
Germany). Then, 3D CT images were reconstructed
using SkyScan CTVOX 2.1 software (Bruker), and
bone mass (BV) and bone mineral density (BMD)

were analyzed.

Bruker, Ettlingen,

Histological Analysis

Further insight into the microstructure of the regenerated
bone was achieved by histological analysis. The har-
vested forearm bone specimens obtained from the sacri-
ficed rabbits at 8 and 12 weeks after implantation were
fixed overnight in 4% paraformaldehyde, dehydrated in
a graded series of ethanol (70%, 75%, 80%, 85%, 90%,
95%, and 100%) for 24 h, and embedded in polymethyl-
methacrylate (Sinopharm, Beijing, China). Serial sagittal
sections (thickness: 100 pm) were obtained using
a microtome (EXAKT 310; Exakt Technologies,
Oklahoma City, OK, USA) and then polished to
a thickness of 40 pum. Sections of the undecalcified
specimens were then subjected to hematoxylin and
eosin (H&E) and Toluidine blue (T-blue) staining and
observed under a light microscope (TE2000U; Nikon,
Tokyo, Japan) to assess new bone regeneration. The
tissue slices were dewaxed with xylene, rehydrated

using decreasing concentrations of ethanol, and washed
in PBS before staining. For H&E staining, the slices
were resined with H&E and dried. For T-blue staining,
the slices were soaked in T-blue liquid for 30 min,
placed in an acetic acid solution, washed with water,
and then air-dried.

Statistical Analysis
All quantitative data are expressed as means + standard
deviation (SD). Statistical analysis (one-way analysis
of variance) was performed using Origin 9.0 software
(OriginLab Corporation, Northampton, MA, USA).
< 0.05 was considered

A p-value statistically

significant.

Results and Discussion

Synthesis and Characterization of the
AHRG Scaffold

Figure 1 shows a flow diagram of the scaffold design
and preparation. First, different proportions of precur-
sor materials were mixed together to form
a homogeneous colloidal solution. Subsequently, GO
was reduced to RGO by ascorbic acid to form a 3D
porous scaffold. At the same time, Ag ions underwent
a transformation, resulting in AgNP formation. Finally,
the AgNPs were loaded onto the RGO 3D porous
scaffold together with nHA to obtain an AHRG scaf-
fold. To improve the antibacterial ability of the pre-
pared scaffold, AgNPs were used to functionally
modify the scaffold. According to previous reports,
GO has a strong ability to adsorb Ag ions.**>¢
Moreover, under certain reducing conditions, GO can
induce Ag ions to grow directly on its surface, thereby
forming RGO AgNP composites.'®**** Thus, for
smooth and uniform loading of AgNPs onto the scaf-
fold, we used an in situ reduction method to induce the
RGO

employed as the reducing agent. AgNPs were also

scaffold, with biocompatible cochroic acid

formed during the reduction-assembly process.

Figure 2 shows SEM images of the surface morphol-
ogy of the materials. The prepared scaffold had a three-
dimensional porous structure. In General, the pores were
clear, and the pore wall structure was relatively com-
plete and the granule like AgNPs (Figure S1) were
observed attached to the scaffold surface. The distribu-
tions of pore size of different scaffolds were depicted in
Figure S2. We found that although all the 1%, 2%, 4%
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Figure | Schematic showing that the self-assembly of GO, nHA and AgNO; to form a porous AHRG scaffold.
1%AHRG 4%AHRG

2%AHRG

1000x

3000~

8%AHRG

Figure 2 SEM analysis of the AgNPs-nHA@RGO (AHRG) scaffold with the different AgNPs loading ratios.

and 8% AHRG have 3D porous structure, the pore sizes
of 2% and 4% AHRG were slightly larger. In specific,
when the concentration of AgNP doping increased to
8%, some pore walls collapsed according to the SEM
observation, and the pore size was slightly reduced
compared with 2% and 4%. The general morphology
was similar to the 20% nHA@RGO.*® The intercon-
nected porous structure can facilitate bone growth and
such construction will not be compromised by a rational
concentration of AgNP doping.

The AgNP distribution was uniform, and the density
increased with the amount of Ag ions added during

preparation. This linear growth relationship also indi-
cates that the high conversion efficiency of Ag ions to
AgNPs was reduced during the self-assembly process.
To verify this, the Ag ion content of the transparent
solution was examined after formation. Following self-
assembly, the concentration of Ag ions in the solution
corresponded to only 15-20% of the initial amount
added (Table 1). These results showed that, in this
system, Ag ions were converted at a rate exceeding
80%. Based on previous studies, we know that silver
nitrate can be reduced to nanosilver, i.e., AgNPs,
according to a conversion

efficiency exceeding
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Table | Silver lon Concentration Before and After Self-Assembly

Group Ag" Concentration Before Reaction | Ag* Concentration After Reaction | Conversion Rate
(ng/mL) (rg/mL) (100%)

1% AHRG | 61.52 + 5.39 896 £ |.57 85.4

2% AHRG | 118.36 + 9.85 2297 + 3.86 80.6

4% AHRG | 231.83 + 12.67 43.96 = 6.79 81.0

8% AHRG | 493.45 + 16.55 96.86 £ |1.35 80.4

80%.'6*%37 Therefore, the graphene material in this
study was not only the principle component with respect
to self-assembly, but was also a major contributor to the
improved formation efficiency and dispersion of AgNPs.

To further confirm the formation of AgNPs in the
scaffold, we analyzed the valence and structure of
elemental Ag therein using X-ray photoelectron spec-
troscopy (XPS). The structure and composition of
AgNPs in the scaffold were then further analyzed by
selected area electron diffraction (SAED). Due to inter-
ference by nHA, the correlation spectrum of AgNP in

A

the scaffold could not be accurately obtained by X-ray
diffraction. TEM was used to resolve the structure of
AgNP in the scaffold in more detail. Because nHA is
a fusiform structure, our focus in this study was mainly
AgNPs; the
Figure 3A and B. The concentric diffraction ring of

on spherical results are shown in
the high-resolution image indicates that the AgNPs
were polycrystalline. The parameters of the diffraction
ring were consistent with standard AgNP crystal sur-
face parameters. Subsequent high-resolution images, in

which the crystal plane parameter of 0.234 nm

B

s 4
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Figure 3 Physicochemical characterization of AHRG scaffolds, (A) High-resolution transmission electron microscopy, (B) Selected area electron diffraction, (C) X-ray
photoelectron spectroscopy, (D) compressive modulus of each set of scaffolds, (E) Porosity of each set of scaffolds.
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Figure 4 EDS mapping of the cross section of the scaffold.

corresponds to the nano-silver (111) crystal plane, con-
firmed the diffraction results. The 368.3 and 374.3 eV
absorption peaks appearing in the XPS pattern in

Figure 3C are the binding energies of the Ag 3d5/2
and Ag 3d3/2 electronic states, respectively. Given that
the Ag 3d5/2 and Ag 3d3/2 electron binding energies
of standard zero-valent Ag are 367.9 and 373.9 eV,
respectively, the elemental Ag in the prepared scaffold
did not appear to have a single binding energy. We
found that the difference in binding energy between
the two Ag electronic states in the scaffold was equal
to that of standard elemental Ag, i.e., zero-valent Ag.
The change in overall electron binding energy indi-
cated that the supporting effect of AgNP and graphene
on the scaffold was greater than that conferred by
physical adsorption. Based on the results of previous
studies, we speculate that this result may be related to
the in situ growth of AgNP on graphene.'”*” In sum-
mary, the structure and morphology of AgNPs, as
observed in SEM images, were confirmed by XPS
and SAED.

For the treatment of infected bone defects, the
mechanical properties of the scaffold as bone substitute
are very important parameters. In our previous study, we
found that the mechanical properties of nHA@RGO
scaffold with 20% nHA were relatively ideal.*® In this

A B
30 25
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study, we studied the mechanical properties of 20%
nHA@RGO with different AgNP doping concentration,
such as compressive modules module and scaffold por-
osity. As shown in Figure 3D, with concentrations of
AgNP doping varied, the compressive modules module
of the scaffolds changed, but there was no significant
difference among them. In addition, the porosity of the
scaffold is also an important indicator to evaluate
whether it can effectively promote bone growth. As
shown in Figure 3E, the porosity of all AHRG scaffolds
reached about 90%, indicating high porosities. The
above two parameters are similar to the data measured
in 20% nHA@RGO in our previous study.*”

Electron diffraction spectroscopy was used to exam-
ine the element distributions in the scaffold’s cross-
section; the results in Figures 4 and S3 show that the
element distributions before and after the scaffold reac-
tion were basically consistent with those of the
nHA@RGO scaffold reported in our earlier study.>’-*®

Ag, carbon, calcium, and phosphorus were distributed
throughout the scaffold’s cross-section.
distribution of AgNPs and nHA
throughout the scaffold was also seen. The above results

uniformly
A heterogeneous

indicated successful preparation of AHRG 3D porous
scaffolds at a lower temperature via an improved self-
assembly method.

Antibacterial Activity

In this study, antibacterial properties were among the
major functions of interest of the prepared scaffolds.
To verify the antibacterial properties of the scaffold in
detail,
dynamic antibacterial evaluation, solid Kirby—Bauer

three evaluation approaches were applied:
diffusion tests, and biofilm inhibition evaluation. In
the dynamic antibacterial experiment, inhibition curves
of different AHRG scaffold concentrations were gener-
ated,
(MBC) and minimum inhibitory concentration (MIC)

and the minimum bactericidal concentration
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were calculated. The Kirby—Bauer experiment provided
additional evidence of antibacterial activity and was
also used as an indicator of the degree of antibacterial
activity of the fabricated scaffolds. Biofilm formation
is one of the most important causes of various intract-
able infections, as well as bacterial resistance.'''*>?
A better theoretical basis for subsequent animal experi-
ments can be obtained by studying the biofilm inhibi-
tory activity of scaffolds.

Figure 5 shows the results of dynamic antibacterial
experiments on different scaffolds. The MIC against
MRSA treated with a 1% AHRG

320 ug/mL; no significant bactericidal effect was evi-

scaffold was

dent within the concentration range tested. The MIC of
2% AHRG was less than that of the 1% AHRG scaffold
(160 pg/mL). However, similar to 1% AHRG, 2%
AHRG also showed no bactericidal effect within the
concentration range tested. When the loading of
AgNPs reached 4%, the MIC dropped still further, to
80 pg/mL. It is worth noting that in the antibacterial
growth curve of 4% AHRG, complete inhibition of
bacterial growth and obvious bactericidal effects were
observed. The MBC of 4% AHRG was 160 ug/mL; 8%
AHRG also showed complete inhibition of bacteria, and
its MBC continued to decrease, reaching 80 pg/mL.
This that as AgNP

increased, the antibacterial capacity of the scaffolds

experiment showed loading

growth curve for the 4% and 8% AHRG scaffolds.

The results of the solid Kirby—Bauer diffusion test
are shown in Figure 6. The appearance of the inhibition
zone indicated that all of the scaffolds showed antibac-
terial activity to some degree. The diameter of the
inhibition zone was measured as a quantitative index
of the strength of the AHRG antibacterial capacity.
Figure 6 shows that the diameter of the inhibition zone
increased with AgNP loading. However, similar to the
results of the dynamic antibacterial experiment, when
AgNP loading exceeded 4%, the area of the scaffold
inhibition zone did not change significantly. The persis-
tence of the antibacterial effects of the scaffolds was
investigated in solid-state plate diffusion experiments.
Figure 6B and C show the inhibition zone of the scaf-
folds soaked in PBS for 7 and 14 days, respectively; the
antibacterial activity of all scaffolds decreased after
prolonged immersion in PBS. The diameter of the inhi-
bition zone of 8% AHRG decreased from 2.34 +
0.26 cm to 1.73 + 0.16 cm. Similarly, the inhibition
zone diameter of 4% AHRG decreased from 2.03 +
0.19 cm to 1.63 + 0.14 cm. The 2% AHRG group
decreased from 2.21 + 0.25 cm to 1.65 + 0.11 cm.
With 1% AHRG, the diameter of the inhibition zone
decreased from 1.35 £ 0.13 cm to 0.48 + 0.036 cm,
effectively indicating a complete loss of antibacterial
activity. Relatively, 2%, 4%, and 8% AHRG scaffolds
have longer-lasting antibacterial effects. Interestingly, in
the experiment of Ag’ ion release profile from the
AHRG scaffold, we found that due to the three-
dimensional porous structure and m - 7w interaction
between AgNP and RGO, Ag" ion showed an excellent
controlled-release profile up to more than three weeks
(Figure S4). Based on this result, together with the
antibacterial activity, it can be deduced that AHRG is
a good sustained-release construction for antibacterial
applications.

Figure 7 shows the biofilm inhibition results for the
scaffold material. As the amount of scaffold added
increased, the OD of all samples gradually declined.
However, increased loading of Ag ions inhibited bio-
film formation to some degree. For example, the 1%
and 2% AHRG treatment groups showed a decline in
OD values above 160 ng/mL, compared to the controls.
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The OD values of the 4% and 8% AHRG groups
decreased at relatively low concentrations. The experi-
mental results regarding biofilm inhibition indicated
excellent antibacterial performance for the 4% and
8% AHRG scaffolds.

Cell Viability and Cytocompatibility

Figure 8A shows the results of the CCK-8 assay. Cells
treated with 1% and 2% AHRG scaffolds showed activ-
ity exceeding 90% in after 24 h of incubation, indicating
ideal cytocompatibility. For the 4% AHRG scaffold, the
concentration decreased after exceeding 40 pg/mL; how-
ever, the activity of the cells exceeded 85%. For the 8%
AHRG scaffold, a significant decrease in cell viability
occurred after reaching a certain concentration. At con-
centrations above 80 pg/mL, the viability of the scaffold
decreased gradually from 65% to 30%, indicating

significant toxicity. On the third day of CCK-8
(Figure 8B), the trend similar to that of the first day
can be observed.

The LDH experiment validated the CCK-8 results.
LDH is an inherent enzyme in cells; when cells become
damaged, a certain amount of LDH will be released.*’
Figure 8C and D show the LDH concentration in the
supernatant after rBMSCs were treated with scaffolds
for 24 and 48 h, respectively. No significant changes
were observed in the 1% or 2% AHRG scaffold groups
compared to the control group. For the 4% AHRG
scaffold, a small amount of LDH was released at con-
centrations above 40 pg/mL, indicating that the material
was toxic to the cells. Cells treated with the 8% AHRG
scaffold showed high LDH concentrations (above 40 pg/
mL), indicating a strong cytocidal effect. Thus, when
the AgNP loading exceeded 4%, the cytocompatibility
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Figure 9 Changes in WBC, CRP, and body weight in rabbits after bacterial injection and material implantation. (A) WBC curve, (B) CRP curve, (C) Body weight curve. The
entire experiment was carried out for 70 days. From day 10, the AHRG material was implanted for treatment.

of the scaffold decreased gradually, and toxicity was
observed. Combined with the results of the antibacterial
experiments, the 4% AHRG scaffold demonstrated good
antibacterial activity and relatively good biocompatibil-
ity. As such, the 4% AHRG scaffold was subjected to
in vivo evaluation.

Repair of Infected Bone Defects in vivo
After physicochemical, in vitro antibacterial, and cytocompat-
ibility assessments, the efficacy of the AHRG scaffold in the
treatment of IBDs in a rabbit model was evaluated. After 10
days, the occurrence of IBDs in the animals was verified; the
results are shown in Figure 9. All groups of animals showed
a significant increase in WBC counts and CRP levels, indicat-
ing an inflammatory state. These results showed that the rabbit
IBD model was constructed successfully using the aforemen-
tioned in situ bacterial inoculation method.

Ten days after the injection of bacteria, the scaffold was
implanted. Higher WBC and CRP levels were detected due
to the inflammatory response after surgery. However, over
time, inflammatory indicators in the 4% AHRG implant

group decreased gradually and returned to the normal range
within 5 weeks after implantation. The WBC and CRP levels
of the untreated group remained higher than those of the
normal group. The weight of the rabbits, measured weekly
after scaffold implantation, is shown in Figure 9C. During the
first week of treatment, a decrease in body weight was
detected in all groups due to postoperative inflammation
and pain. However, the body weight of the 4% AHRG-
implanted group showed a gradual recovery, beginning dur-
ing treatment week 5. In contrast, in the untreated group, the
weight loss was not effectively rescued.

Micro-CT scans were performed at 4, 8, and 12
weeks after implantation (Figure 10A). The untreated
group showed the slowest rate of bone bridging and
regeneration, with no significant new bone formation
until 8 weeks, mainly because of the degree of osteo-
necrosis and destruction of the osteogenic microenvir-
onment due to bacterial colonization. The rate of bone
regeneration in the nHA@RGO group was slightly
higher than that in the untreated group, but remained
low. Although nHA@RGO has

relatively good
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osteogenic capacity, inflammation caused by infection
severely impedes bone regeneration. However, the 4%
AHRG scaffold showed better bone repair capacity.
This is mainly due to the loading of the scaffold with
AgNPs, which greatly improve the antibacterial proper-
ties thereof, such that bone repair was accelerated
while minimizing the likelihood of infection. The
degree of repair of the defect site was analyzed quan-
BV and BMD
(Figure 10B and C). During treatment weeks 4, 8 and
12, although the BV and BMD of the 20% nHA@RGO
group increased to some extent, the BV and BMD
values observed in the 4% AHRG scaffold were sig-
nificantly higher than those for the untreated group and
20% nHA@RGO.

Histological and cytological evidence of repair at the

titatively in accordance with the

defect site was obtained by histological analysis of H&E

and TB staining. Figure 11 shows hard, undecalcified
sections at 8 and 12 weeks after scaffold implantation.
H&E staining results indicated continuous inflammatory
cell infiltration during weeks 8 and 12 after surgery in the
untreated group. In the nHA@RGO group, although
a small number of trabecular structures were observed,
a large number of inflammatory cells were also present
in the vicinity of new trabecular bone. For the 4% AHRG
group, tissue inflammation had subsided considerably at 8
weeks after treatment, and new trabecular bone with intact
morphology was observed at week 12.

TB staining provides more compelling histological evi-
dence for new bone formation. At 8§ and 12 weeks after
implantation, stained sections from the 4% AHRG group
showed additional new bone tissue. Also, compared to the
nHA@RGO group, the amount of residual black material in
the defect site was also substantially reduced (Figure 11B).
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These histological results indicate that the 4% AHRG scaf-
fold has better antibacterial activity than the nHA@RGO
scaffold, and is effective in IBD treatment.

Conclusion

Using ascorbic acid as a reducing agent, in the presence of
GO, nHA, and Ag ions, a nano-hydroxyl loaded with
AgNPs was prepared in one step using a self-assembly
method. Physicochemical characterization revealed that
the number of Ag ions incorporated was positively corre-
lated with the density of the AgNPs supported on the
scaffold. However, AgNP incorporation did not have
a significant effect on scaffold topography.

The loading of AgNPs in the composite scaffold greatly
enhanced its inhibitory effect on MRSA. The results showed
that, when the AgNP content in the composite scaffold
reached 4%, the scaffold exhibited the strongest antibacterial
activity, and relatively ideal cell compatibility.

The scaffold with 4% AgNP-loaded nHA/RGO (4%
AHRG) significantly reduced the levels of inflammatory mar-
kers, such as leukocytes and CRP, after implantation in the
infected site. In subsequent observations, the healing of the
IBD in the implanted group was significantly improved com-
pared to the untreated group. Thus, our results suggest the

potential utility of as-prepared AHRG scaffolds for treating
of IBDs.
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