RESEARCH ARTICLE

ADVANCED
SCIENCE

Open Access,

www.advancedscience.com

A Biomimetic Multifunctional Scaffold for Infectious Vertical

Bone Augmentation

Yifan Zhang, Zixin Li, Houzuo Guo, Qibo Wang, Bowen Guo, Xi Jiang, Yishu Liu,
Shengjie Cui, Zhengda Wu, Min Yu, Lisha Zhu, Liyuan Chen, Ning Du, Dan Luo, Ye Lin,*

Ping Di,* and Yan Liu*

The regenerative treatment of infectious vertical bone defects remains difficult
and challenging today. Current clinical treatments are limited in their ability to
control bacteria and infection, which is unfavorable for new bone formation
and calls for a new type of material with excellent osteogenic and antibacterial
properties. Here a multifunctional scaffold is synthesized that mimics natural
bone nanostructures by incorporating silver nanowires into a hierarchical,
intrafibrillar mineralized collagen matrix (IMC/AgNWs), to achieve the
therapeutic goals of inhibiting bacterial activity and promoting infectious
alveolar bone augmentation in rats and beagle dogs. An appropriate
concentration of 0.5 mg mL~' AgNWs is selected to balance biocompatibility
and antibacterial properties. The achieved IMC/AgNWs exhibit a broad
spectrum of antimicrobial properties against Gram-negative Porphyromonas
gingivalis and Gram-positive Streptococcus mutans. When the IMC/AgNWs
are cocultured with periodontal ligament stem cells, it possesses excellent
osteoinductive activities under both non-inflammatory and inflammatory
conditions. By constructing a rat mandibular infected periodontal defect
model, the IMC/AgNWs achieve a near-complete healing through the
canonical BMP/Smad signaling. Moreover, the IMC/AgNWs enhance vertical
bone height and osseointegration in peri-implantitis in beagle dogs, indicating
the clinical translational potential of IMC/AgNWs for infectious vertical bone
augmentation.

1. Introduction

Bone defect is common in the cranio-
facial region when it comes to numer-
ous factors such as tumor, trauma, peri-
odontal and peri-implant diseases. Lack of
horizontal and vertical bone could cause
significant clinical issues and affect oral
functions and facial appearance.['l Guided
bone regeneration or onlay block trans-
plantation could be an alternative way to
build up these defects with high tech-
nical sensitivity.>?) However, it becomes
more difficult to deal with infectious ver-
tical bone loss, considering the inflam-
matory and bacterial environments, along
with the maintenance of osteogenic space.

Peri-implantitis, a typical infectious ver-
tical bone defect, is a major biological com-
plication that may lead to implant failure if
left untreated. It is an inflammatory con-
dition occurring in the tissues surround-
ing an osseointegrated implant, character-
ized by inflammation of the peri-implant
mucosa and progressive resorption of sup-
porting bone.*l Studies have shown that the
severity of bone loss due to peri-implantitis
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increases with the duration of functional loading.l! Long-term
follow-up studies spanning 5 to 10 years post-implant placement
found infection-related implant loss in ~20% of subjects.!] Ev-
idence suggests techniques including bone grafting and mem-
brane barriers may facilitate some degree of bone regener-
ation surrounding affected implants.[®’”] Historically, autoge-
nous bone, allografts, xenografts, and synthetic grafts have been
utilized.l®! So far, there has been no consensus on the most ef-
fective grafting material.[ Given the difficulties of defect mor-
phology, and bacterial and inflammatory environments, the opti-
mum material for repairing infectious vertical bone defects must
have strong mechanical support, antibacterial capabilities, and
osteogenic properties.

Currently, progress has been achieved in the field of antimi-
crobial modification of bone implants, including the incorpo-
ration of antibiotics, organic antibacterial polymers, and par-
ticular immunoregulatory components.’l The use of synthetic
polymers (such as polylactic acid) to load antibiotics or small
molecule drugs is currently a common treatment mode because
of its antibacterial ability, small inflammatory response, and
degradability.') However, it still faces problems such as a narrow
antimicrobial spectrum, susceptibility to drug resistance, and
poor osteoinductive properties of grafts. Another strategy is to
use electroactive or photodynamic materials for sterilization. Al-
though various types of materials have made significant progress
in the field of bone tissue regeneration, from antibacterial, pro-
moting cell proliferation, osteogenic differentiation to promot-
ing bone regeneration, the operability and applicability of elec-
troactive and photodynamic bone repair materials still need to be
improved.['112]

By replicating the physiochemical properties of natural bone
extracellular matrix, biomimetic mineralized collagen scaffolds
have created novel opportunities for regenerative defect heal-
ing. Our previous work has demonstrated effective synthesis
of intrafibrillarly mineralized collagen (IMC) showcasing a na-
tive bone-inspired hierarchical organization through a thermody-
namically regulated self-assembly approach.[***] Compared to
traditional mineralized collagen, the IMC provides a bone-like
microenvironment, which is conducive to the recruitment and
osteogenic differentiation of endogenous stem cells, ultimately
promoting in situ bone regeneration.'®7] Endowing antibacte-
rial properties to the IMC will help expand its application in in-
fectious bone regeneration.

Nanosilver has garnered significant research attention recently
as an efficient antibacterial agent. Previous studies have demon-
strated that silver ions exert antibacterial effects by disrupt-
ing bacterial cell membrane transport, attaching and deform-
ing DNA, and inactivating enzymes.['®] Benefiting from size-
dependent properties, silver at the nanoscale possesses an en-
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larged specific surface area and altered surface electronic con-
figuration relative to ions, overcoming silver ion limitations
such as susceptibility to oxidation and precipitation. These ad-
vantages enhance its antibacterial performance and prolong
efficacy.'>?% Silver nanowires (AgNWs), which have been ap-
proved by the Food and Drug Administration, exhibit excel-
lent antibacterial capability and stability, high conductivity, and
flexibility.?!! Compared to silver nanoparticles, AgNWs have a
larger length-to-diameter ratio and a slower release of silver
ions,??] resulting in lower toxicity to mammals but higher tox-
icity to microorganisms.[?* In the present study, AgNWs were
incorporated into a hierarchical, intrafibrillarly mineralized col-
lagen matrix (IMC/AgNWs) to synthesize a novel bionic scaf-
fold for regenerative treatment of peri-implantitis lesions. The
IMC/AgNWs exhibited a broad spectrum of antimicrobial proper-
ties and excellent osteoinductive activities even under inflamma-
tory conditions in vitro. By constructing infectious vertical alveo-
lar bone defect models in rats and beagle dogs, we showed that
the IMC/AgNWs achieved a near-complete healing and osseoin-
tegration by promoting osteogenesis and inhibiting bacteria-
induced inflammation.

2. Results

2.1. Fabrication and Characterization of IMC/AgNWs

An ideal scaffold for the effective treatment of infectious bone de-
fects requires good biocompatibility, broad-spectrum antibacte-
rial activity, and excellent osteogenesis (Figure 1a). Here, the mul-
tifunctional biomimetic bone substitute, IMC/AgNWs, was syn-
thesized by intrafibrillar mineralization of the co-assembled Ag-
NWs with collagen molecules.’* Scanning electron microscopy
(SEM) showed that both the IMC/AgNWs and IMC had a sim-
ilar porosity of ~#91.09 + 1.28% and interconnected pores of
117.12 + 25.87 ym in diameter (Figure 1b). At the nanoscale level,
the AgNWs could be successfully assembled into the IMC, as
shown by transmission electron microscopy (TEM). The assem-
bled IMC/AgNWs exhibited a bone-like, hierarchically staggered
nanostructure, similar to the IMC. Energy-dispersive X-ray spec-
troscopy (EDS) mapping coupled to TEM further showed that
the element content of IMC/AgNWs was mainly composed of or-
ganic C and O, and inorganic Ca, P, and Ag, while the IMC only
contained C, O, Ca, and P. The mass content of Ag was ~5.77%
in the IMC/AgNWs (Figure 1c). Atomic force microscopy (AFM)
images revealed a bone-like D-periodic banding of IMC/AgNWs
and IMC fibrils, consistent with TEM observations (Figure 1d).
Semi-quantitation showed that both IMC/AgNWs and IMC pos-
sessed similar Young’s modulus of 15.05 + 0.56 Gpa, comparable
to that of natural alveolar bone.[”]

To systematically optimize AgNW concentration supporting
cell proliferation and osteogenic differentiation in vitro, peri-
odontal ligament stem cells (PDLSCs) were seeded on culture
dishes pre-coated with IMC/AgNWs fibrils incorporating vary-
ing AgNWs amounts (0, 0.125, 0.25, 0.5 and 1.0 mg mL™). Cell
Counting Kit-8 (CCK-8) assay determined 0.5 mg mL~! of Ag-
NWs maximized cell viability. Proliferation was enhanced versus
the control (culture dishes) and IMC scaffold alone. However,
the concentration at 1.0 mg mL™! of AgNWs significantly de-
creased cell viability (Figure S1, Supporting Information). There-
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Figure 1. Physicochemical characterization and biocompatibility of IMC/AgNWs. a) (i) Schematic diagram of the assembly of IMC/AgNWs and (ii) the
regenerative process of peri-implantitis by IMC/AgNWs in beagle dogs. b) SEM, TEM, and EDS element mapping of IMC/AgNWs. Inset in SEM images:
general views of scaffolds. The silver element could be clearly identified in EDS curves and mapping. c) (i) AFM nanostructures and (i) Young’s modulus
of IMC/AgNWs. n = 10 independent samples. d) (i) Live/dead cytotoxicity assay of human PDLSCs cultured on IMC/AgNWs with the concentration of
0.5 mg mL~" AgNWs. (i) Semi-quantitation of (i). n = 3 independent samples; ns: non-significant difference. Red arrows: AgNWs assembled inside the

mineralized collagen fibril.
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fore, 0.5 mg mL™! of AgNWs was selected for subsequent ex-
periments. Live/dead staining validated cell survival on IMC
and IMC/AgNWs (0.5 mg mL~! AgNWs) scaffolds after 1 and
7 days (Figure 1e,f). After 1 day of culture, 82.03 + 2.16% of
PDLSCs were alive in the IMC/AgNWSs group, comparable to
the IMC (82.70 + 2.60%) and control (83.27 + 1.45%) groups.
Similarly, after 7 days, 87.03 + 1.64% of PDLSCs survived in the
IMC/AgNWs group, comparable to the IMC (84.80 + 1.05%) and
control (83.90 + 1.60%) groups, confirming this concentration of
0.5 mg mL~! AgNWs safely supporting cell growth and prolifer-
ation (Figure 1d).

2.2. Antibacterial Activities of IMC/AgNWs In Vitro

To investigate whether IMC/AgNWs have a broad spectrum
of antimicrobial properties, we used two main microorgan-
isms, Gram-positive Streptococcus mutans (S. aureus) and Gram-
negative Porphyromonas gingivalis (P. gingivalis), that cause com-
mon oral diseases such as peri-implantitis and periodontitis.
According to colony form units (CFU) assay by detecting up-
per suspensions of bacteria (Figure 2a), the antibacterial rates
of IMC/AgNWs (0.5 mg mL~! AgNWs) against S. aureus and
P. gingivalis were ~92.74% (p < 0.0001 vs IMC) and ~ 83.22%
(p<0.0001 vs IMC), respectively. When the concentration of Ag-
NWs increased to 1.0 mg mL~!, no bacteria were observed
(Figure S2a, Supporting Information). Confocal imaging of the
live/dead staining revealed higher contents of dead bacteria
with both S. aureus and P. gingivalis cultured on the surface
of IMC/AgNWs (0.5 mg mL~' AgNWs), compared to the IMC.
(Figure 2b). SEM were further used to observe bacteria in direct
contact with scaffolds (Figure 2c). Compared to the IMC group,
the number of bacterial colonies was significantly higher than
that in the IMC/AgNWs group (0.5 mg mL~! AgNWs). Bacteria
on the IMC surface maintained intact cellular morphology and
gathered to form biofilms, similar to those in the control group
(culture plates, Figure S2b, Supporting Information). By con-
trast, the bacterial number was greatly reduced as well as the ap-
pearance of the bacteria was extraordinarily distorted and incom-
plete in the contrast in the IMC/AgNWs group. Furthermore, Ag
nanoparticles could be detected around the damaged bacteria. To
further understand the antibacterial mechanism of IMC/AgNWs,
the rupture of cellular membrane was observed by detecting the
top suspensions of bacteria. S. aureus in the IMC group exhibited
round morphology with a complete membrane, while damaged
S. aureus cellular membranes were observed in the IMC/AgNWs
group (Figure 2d). TEM visualized P. gingivalis ultrastructural dis-
ruption following IMC/AgNWs treatment, including decreased
electron density and empty cell walls (Figure 2e; Figure S2c, Sup-
porting Information). Collectively, IMC/AgNWs potently inhib-
ited the growth and viability of both P. gingivalis and S. aureus.

2.3. Osteoinductive Activities of IMC/AgNWs under
Non-Inflammatory or Inflammatory Conditions
To assess the osteoinductivity of IMC/AgNWs in vitro, quanti-

tative RT-PCR, alkaline phosphatase (ALP), and Alizarin Red S
staining were performed and 0.5 mg mL~! AgNWs was used for
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further biological experiments. After 7 days of osteogenic induc-
tion, mRNA expression of bone morphogenetic protein 2 (BMP2,
p< 0.05 vs control and p<0.05 vs IMC), runt-related transcription
factor-2 (RUNX2, p< 0.01 vs control and p<0.05 vs IMC), and ALP
(p< 0.05 vs control and p<0.05 vs IMC) associated with osteogen-
esis, increased substantially in PDLSCs cultured on IMC/AgNWs
(Figure 3a). Compared to the control and IMC groups, PDLSCs
in the IMC/AgNWs group demonstrated elevated ALP expression
(p< 0.0001 vs control and p<0.01 vs IMC, Figure 3b,c) and min-
eralized nodule formation, visualized qualitatively and quantita-
tively (p< 0.0001 vs control, Figure 3d,e).

Osteoinduction under inflammation induced by 10 pg mL™!
P. gingivalis-LPS was also evaluated. Quantitative RT-PCR re-
vealed that significantly upregulated BMP2 (p< 0.05 vs con-
trol and p<0.001 vs IMC), RUNX2 (p< 0.01 vs control and
p<0.001 vs IMC), osteocalcin (OCN, p< 0.01 vs control and
p<0.0001 vs IMC), and ALP (p< 0.01 vs control and p<0.001 vs
IMC) mRNA in PDLSCs cultured on IMC/AgNWs after 7 days of
incubation (Figure 3d). The trend of western blotting was con-
sistent with the expression trend of mRNA results. The pro-
tein expression levels of BMP2, RUNX2, drosophila mothers
against decapentaplegic protein 5 (SMADS5) and phosphoryla-
tion of SMAD5 (P-Smad1/5) were significantly increased in the
IMC/AgNWs group compared to the control and IMC groups
(p<0.01, Figure 3e; Figure S3, Supporting Information), suggest-
ing that the BMP2/Smad/Runx2 pathway may be implicated in
osteogenic differentiation under inflammatory conditions. Col-
lectively, IMC/AgNWs effectively promoted osteogenic differen-
tiation of PDLSCs in normal and inflammatory microenviron-
ments.

To examine the in vitro anti-inflammatory ability of IMC/
AgNWs, 1 pg mL™ P. gingivalis-LPS was added to the culture
medium and mouse mononuclear macrophages RAW264.7 were
cultured on different substrates. After 24 h of culture, the mRNA
expression of inflammatory markers including interleukin-6 (116,
p< 0.0001), inducible nitric oxide synthase (Inos, p< 0.01), and
tumor necrosis factor-alpha (Thfa, p< 0.05) was remarkedly re-
duced in the IMC/AgNWs group compared to the IMC and
control groups. After 72 h of culture, the mRNA expression of
anti-inflammatory markers in the IMC/AgNWs group was sig-
nificantly higher than that in other groups, including mannose
receptor (Cd206, p< 0.01), interleukin-10 (110, p< 0.05), and
arginase-1 (Argl, p< 0.05) (Figure S4a, Supporting Information).
Besides, immunofluorescence showed higher intensity fluores-
cence expression of CD206 (p< 0.01) and lower intensity fluores-
cence expression of iNOS (p< 0.05) in the IMC/AgNWs group
compared to the IMC and control groups (Figure S4b, Support-
ing Information). These results revealed that the IMC/AgNWs
scaffold provided an anti-inflammatory microenvironment.

2.4. In Vivo Application of IMC/AgNWs on Rat Infected
Periodontal Defects

A rat mandibular infectious periodontal defect model was
established to confirm the antibacterial and bone-formation
performances of IMC/AgNWs in vivo (Figure 4a). Critical-
sized periodontal bone defects (1.5 mm in depth, 3 mm in
diameter) were prepared, and S. aureus suspensions (10 uL,
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Figure 2. The antibacterial ability of IMC/AgNWs in vitro. a) Colony forming unit (CFU) assay of supernatant of S. aureus (24 h) and P. gingivalis (48 h)
cultured on IMC and IMC/AgNWs. Control: culture plates. (i) Representative spreading plates. (ii) The semi-quantitation of antibacterial rate for S.
aureus (~92.74%) and P. gingivalis (~83.22%). b) Live/dead staining of the bacterial biofilm of S. aureus (24 h) and P. gingivalis (72 h) cultured on IMC
and IMC/AgNWs for 24 h. Scale bar = 50 pm. c) Representative SEM images of the micro-morphology of S. aureus (yellow, 24 h) and P. gingivalis (green,
72 h) cultured on IMC and IMC/AgNWs. d) Representative SEM images of supernatant of S. aureus cultured with IMC and IMC/AgNWs (right) for 24 h.
The membranes in the IMC/AgNWs group were broken and dissolved (red arrows). Scale bar = 1 pm. e) Representative TEM images of supernatant
of P. gingivalis cultured with IMC and IMC/AgNWs for 48 h. Red arrows: ultrastructural disruption of P. gingivalis. n = 3 independent samples; ™ p<
0.0001 versus IMC.
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(i) and semiquantitative analysis (ii) of human PDLSCs cultured on 6-well plate (Control), IMC, and IMC/AgNWs for 7 days. f) mRNA expression levels
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Figure 4. In vivo application of IMC/AgNWs on rat infected periodontal defects. a) Schematic diagram of the healing process of bacteria-infected
periodontal defects in rats by IMC/AgNWs. b) Representative micro-CT images of the infected engineered bones in different groups after 4 and 8
weeks of implantation (i). Control: without any implants. Gutta-percha: baseline; white lines: defect boundary in both coronary and sagittal sections.
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(n = 5 biologically independent samples, by one-way ANOVA with Tukey’s post hoc test. *: p< 0.05; “*: p < 0.01; “*: p < 0.007; “**: p< 0.0001. ns:

non-significant difference.
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Figure 5. Representative HE and Masson’s trichrome staining images of the infected engineered bones in different groups after 4 and 8 weeks of
implantation. D: dentin, PDL: periodontal ligament, NB: newly formed bone. S: scaffold.

1 x 107 CFU mL™!) were injected to the defects, and
then the IMC/AgNWs (0.5 mg mL™! AgNWs) and IMC
were implanted into the defect areas. The Bio-Gide®
membrane was used to cover the defects (Figure S5a,
Supporting Information).

Ady. Sci. 2024, 11,2310292

The efficiency of IMC/AgNWs in the regeneration therapy of
infected periodontal defects was validated by comparing the vol-
ume and quality of new bone in the negative control group (us-
ing Bio-Gide® membrane only), and experimental groups (us-
ing IMC or IMC/AgNWs covered with Bio-Gide® membrane).
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Table 1. Histological Scoring System (modified).

www.advancedscience.com

Table 2. Histological score.

Iltem Score

Union

No evidence of union
Fibrous union
Osteochondral union

Bone union

A W N = O

Complete organization of shaft
Cancellous bone

No osseous cellular activity
Early apposition of new bone
Active apposition of new bone

Reorganizing cancellous bone

A W N = O

Completely reorganizing cancellous bone
Cortical bone

None

Early appearance

Formation under way

Mostly reorganized

AW N = O

Completely formed

Marrow

None in resected area

Beginning to appear

Present in more than half of the defect

Complete colonization by red marrow

AW N = O

Mature fatty marrow

Inflammation

Large confluent areas with inflammatory cells present
Several large conglomerates of inflammatory cells present
Several small conglomerates of cells present

One or more small conglomerates of cells present

A W N = O

A few single cells present

Total (Maximum) 20

Micro-CT 2D and 3D imaging revealed alveolar bone regener-
ation around the defect in the IMC/AgNWs group at 4 weeks
postoperatively and was nearly complete at 8 weeks (Figure 4b).
There was less low-density new bone formation in the IMC
group, with minimal new bone observed in the control group
at week 8. Quantitative micro-CT analysis (Figure 4c)confirmed
enhanced bone regeneration based on new bone volume frac-
tion (BV/TV), bone mineral density (BMD), trabecular thickness
(Tb. Th), and spacing (Ib. Sp) in the IMC/AgNWs group com-
pared to others. 4 weeks after implantation, most of the defect
area in the IMC/AgNWs group was filled with new bone (65.38
+ 3.21%), which was much more than that in the IMC group
(42.41 + 2.62%, p< 0.0001) and the control group (29.12 + 2.78%,
p< 0.0001). The BMD in the IMC/AgNWs group (1757.11 +
61.65 mg cc™!) was higher than that of the IMC group (1528.83
+ 59.23 mg cc™!, p< 0.0001) and the control group (1441.967 +
11.63 mg cc™!, p< 0.0001). The same tendency could be observed
in the changes in trabecular structural parameters Tb. Th (p<
0.01 vs control and p< 0.05 vs IMC) and Tb. Sp (p< 0.0001 vs con-
trol and p< 0.001 vs IMC). As the implantation time extended to

Adv. Sci. 2024, 11,2310292

Median (Minimum-Maximum), n =5

Control IMC IMC/AgNWs
4w 8w 4w 8w 4w 8w
Union 10-)  1(1:2)  2(1-2)  2(2-3)  2(2:3))  4(3-4) D)
Cancellous bone  1(0-1)  2(1-2) 1(1-2)  2(2-3) 2(1-3) 3(2-4)
Cortical bone 0(0-0) 1(0-2) 1(0-1) 2(1:3)  1(1-2)*  3(2:3)¥
Marrow 0(0-1) 1(1-2) 1(1-2)  2(23) 20120 3(2-3)2
Inflammation 0(0-0) 2(1-2) 1(0-1)  2(2-3) 2(1-2) AP 4(3-4) D)

2 Compare to group Control, p < 0.05; ® Compare to group IMC, p < 0.05; Kruskal-
Wallis nonparametric ANOVA.

8 weeks, the quantitative micro-CT analysis showed that most of
the bone defect was healed (74.61 + 4.16%) by the IMC/AgNWs,
whereas 49.15 + 3.57% of the defect area was repaired in the IMC
group, and less new bone was formed (39.32 + 7.59%) in the con-
trol group (p< 0.0001 vs control and IMC groups). In addition,
the BMD in the IMC/AgNWs group (1815.78 + 102.44 mg cc™!)
was higher than that in the IMC group (1603.98 + 42.13 mg cc™,
p< 0.0001) and the control group (1555.29 + 77.60 mg cc™?, p<
0.0001). Similarly, the bone trabecular parameters of Tb. Th (p<
0.01 vs control and p< 0.05 vs IMC) and Tb. Sp (p< 0.01 vs con-
trol and p< 0.05 vs IMC) in the IMC/AgNWs group showed better
results.

The microstructure of the regenerated tissues at 4 and 8
weeks was investigated using HE and Masson’s trichrome stain-
ing (Figure 5). Compared to the IMC and control groups,
the IMC/AgNWs group regenerated greater new bone tissue
formation with lesser inflammatory cell infiltration. Masson’s
trichrome staining demonstrated denser, mature new bone
(darker red) in the IMC/AgNWs group than other groups, con-
sistent with micro-CT findings. To specifically evaluate the histo-
logical results, a modified Histological Scoring System was fur-
ther introduced.?>2%] We evaluated the tissue response after ma-
terial implantation from five aspects: union, cancellous bone, cor-
tical bone, bone marrow of bone regeneration and inflammation
(Table 1). At weeks 4 and 8, the IMC/AgNWs group had signifi-
cantly higher scores than the control group in terms of union, cor-
tical bone, arrow, and inflation (p < 0.05). In addition, the scores
of the IMC/AgNWs group at 4 and 8 weeks of inflammation were
significantly higher than those of the IMC group (Table 2). No
biotoxicity of IMC/AgNWs was found in the HE staining of in-
ternal organs (Figure S5b, Supporting Information).

Since the degradation behavior of scaffolds is closely related
to the regeneration effect, the degradation rate of IMC/AgNWs
was evaluated both in vitro and in vivo. According to the in
vitro degradation results, the IMC/AgNWs degraded to 92.53%,
72.66%, 17.10%, and 5.23% the remaining weight in collage-
nase degradation solution on days 1, 3, 5 and 7, while the rem-
nant IMC was 90.97%, 73.64%, 20.55%, and 3.47% on days
1, 3, 5 and 7 (Figure S6a, Supporting Information). There
was no significant difference between the two groups at any
time points. SEM images (Figure S6b, Supporting Information)
demonstrated significant structural damage and morphological
changes of IMC/AgNWs and IMC in collagenase degradation
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solution over time. The in vivo degradation rate was calculated
based on HE staining tissue sections of rat infected periodontal
defects at 4 and 8 weeks (Figure S6¢c, Supporting Information).
The results showed that the remnant IMC/AgNWs was = 26.73%
at 4 weeks of implantation, and decreased to ~ 9.67% at the 8
weeks. Similar results were found in the IMC group (Figure S6c,
Supporting Information).

To further validate if the BMP2/Smad/Runx2 pathway partic-
ipated in the regeneration process, immunohistochemistry and
immunofluorescence staining were carried out. Immunofluores-
cence showed elevated, concentrated RUNX2 expression in the
IMC/AgNWs group (14.00% + 1.52 at 4 w, 27.12% + 1.39 at 8
w) compared to the IMC group (6.40% + 0.51 at 4 w, 16.47%
+ 2.14 at 8 w, p < 0.0001) and control group (4.80% =+ 0.37 at
4w, 6.61% + 0.55 at 8 w, p < 0.0001) (Figure 6a). P-SMAD1/5
upregulation showed a consistent trend among groups at 4
weeks (IMC/AgNWs: 26.56% + 2.16; IMC: 11.94% + 0.75, p <
0.0001; Control: 5.31 + 0.24, p < 0.0001). Immunohistochem-
istry revealed comparative BMP2 expression kinetics (Figure 6a)
(IMC/AgNWs: 67.20 + 1.66/slice at 4 wand 95.00 + 5.15/slice at 8
w; IMC: 40.20 + 1.39/slice at 4 w and 46.20 + 5.56/slice at 8 w, p <
0.001; Control: 21.20 + 1.46/slice at 4 w and 22.60 + 2.89/slice at
8w, p <0.0001). Overall, the data support IMC/AgNWs activation
of the BMP2/Smad/Runx2 pathway during regeneration. Fur-
thermore, iNOS expression was lower in the IMC/AgNW group
at 4 weeks, suggesting an anti-inflammatory effect (30.40 + 1.54
per slice compared to 51.00 = 2.07 for IMC, p < 0.0001 and 56.00
+ 1.58 for control, p < 0.0001, Figure 6b). These findings were
consistent with in vitro results.

2.5. IMC/AgNWs Regenerates Peri-Implant Alveolar Defects in
Beagle Dogs

The beagle peri-implantitis model was established using the
standardized technique of ligating surgical thread around im-
plant fixtures, a classic mature method that induces pathology
comparable to clinical conditions,!?-?! which had great value to
the clinical treatment. It took 1 year to induce and treat peri-
implantitis in 6 beagles with 24 implant sites total (Figure 7a;
Figure S7a—d, Supporting Information). Cone beam computed
tomography (CBCT) was performed after osseointegration (6
months), pre-treatment (9 months), and post-regenerative ther-
apy (12 months) to intuitively observe peri-implant bone for-
mation (Figure S7e, Supporting Information). Registration of
the two CT scans identified bone regeneration after therapy
(Figure 7b). The IMC/AgNWs group exhibited more new bone
outlined in both sagittal and coronal sections (green area exter-
nal to the yellow line).

Micro-CT statistics revealed significantly greater vertical new
bone height in the IMC/AgNWs group (2.021 + 0.211 mm) ver-
sus the IMC (1.140 + 0.175 mm, p < 0.0001) and control groups
(0.507 £ 0.132 mm, p < 0.0001) (Figure 7c). IMC/AgNWs also ex-
hibited obviously higher new alveolar BV/TV (82.0 + 2.9%) com-
pared to IMC (65.5 + 3.3%, p < 0.0001) and controls (0.563 +
0.028, p < 0.0001). The BMD in the IMC/AgNWs group (1808.73
+ 26.39 mg cc™!) was higher than that in the IMC group (1647.76
23.91 mg cc™!, p < 0.0001) and the control group (1542.81
13.18 mg cc™!, p < 0.0001). Similarly, the Tb. Th which re-

H H
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flects trabecular bone parameters of new alveolar bone was signif-
icantly greater in the IMC/AgNWs group than that of the other
two groups (p < 0.0001 vs control and p < 0.05 vs IMC). Like-
wise, HE, Masson, and toluidine blue staining (new bone indi-
cated by red arrows) demonstrated excellent osteogenesis and
near-complete healing of the experimental defect (Figure 7d). No
remnant IMC or IMC/AgNWs was found after 12 weeks of im-
plantation from the histological staining section, indicating that
both IMC and IMC/AgNWs could be completely degraded in vivo
up to 3 months.

3. Discussion

Currently, bone repair materials used for infectious vertical bone
regenerative therapy mainly include antibiotic bone cement,
biodegradable antibiotic sustained-release systems, electroactive
and photodynamic materials. Antibiotic combined with Poly-
methyl methacrylate or calcium phosphate cement is currently a
sustained-release bone graft material for bone tissue infections,
but their non-degradability limits their clinical application.*"!
Ceramic calcium phosphate (such as hydroxyapatite, and p-
tricalcium phosphate) and synthetic polymers (such as Polylactic
acid) are other common carriers for antibiotics. These systems
have the characteristics of high initial release and long duration.
However, compared with natural bone, these grafts lack osteoin-
duction and have poor physicochemical, biological, and degrad-
ability properties, posing greater risks of bone resorption.[3!]

Implants with drug-laden coatings achieve short-term anti-
inflammatory and antibacterial effects in preventing plaque
colonization.*?! However, antibiotics tend to induce bacterial re-
sistance and fail to maintain effective drug concentrations for
long-term. Nano-modifying titanium implant surfaces!**** also
faced challenges like weak corrosion resistance, susceptibility
to aging, and incompatibility between osteogenic and antibac-
terial effects. For cases with obvious vertical bone defects from
periodontitis or peri-implantitis, soft tissue pressure could in-
hibit bone regeneration without a mechanically strong stent or
scaffolds.*] Collectively, improved regenerative approaches are
needed to address these limitations.

In this study, we fabricated a biomimetic, bio-functional scaf-
fold by assembling AgNWs within mineralized collagen fibrils,
mimicking native bone mechanical properties. Rather than sur-
face deposition, AgNWs were wrapped inside IMC to establish
a biocompatible tissue interface while retaining antimicrobial
functions. The IMC/AgNWs exhibited a broad spectrum of an-
timicrobial properties and excellent osteoinductive activities even
under inflammatory conditions in vitro. By constructing infec-
tious vertical alveolar bone defect models in rats and beagle dogs,
we showed that the IMC/AgNWs achieved a near-complete heal-
ing and osseointegration by promoting osteogenesis and inhibit-
ing bacteria-induced inflammation.

Similar to the etiology of periodontitis, clinical and animal
experiments have confirmed that plaque biofilm is the important
cause of peri-implantitis and other infectious bone defects.*¢!
Current clinical treatments including mechanical and chemical
debridement provide weak and unsustainable antiinfection
and antibacterial effects, as the inflammatory environment
is unfavorable for osteogenesis.’’] This study used S. aureus
and P. gingivalis as model bacteria, as they are the two most
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Figure 6. a) Representative Immunohistochemical and immunofluorescent staining images of BMP2, RUNX2, and P-SMAD 1/5 in the defect areas at
different time points (i). (i) Semi-quantitative analysis of positive cell numbers in (i). b) Representative Immunohistochemical staining images of iINOS
(i) and (i) semi-quantitative analysis of positive cell numbers at 4 weeks in the defect areas. n = 5 biologically independent samples, by one-way ANOVA

with Tukey’s post hoc test. *: p< 0.05; “*: p < 0.01; ™ p < 0.007; ***: p< 0.0001. ns: non-significant difference.
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Figure 7. IMC/AgNWs regenerates peri-implant alveolar defects in beagle dogs. a) Schematic outline and surgical process of peri-implantitis in beagle
dogs. b) Representative coronary and sagittal sections, and 3D reconstruction of peri-implantitis areas (i). On both coronary and sagittal CBCT, the
yellow line outlines the bone resorption profile before treatment, while the green areas beyond the yellow line are the new bone after treatment. Similarly,
the green parts represent the new bone in the peri-implantitis area in 3D reconstruction model. (ii) Quantitative analysis of new bone height, BV/TV/,
BMD, and Tb:Th of newly formed alveolar bone in micro-CT images. d) Representative HE, Masson, and toluidine blue staining images of newly formed
bone (red arrows) among three groups. (n = 5 biologically independent samples, by one-way ANOVA with Tukey’s post hoc test *: p < 0.05; : p < 0.01;
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common pathogenic bacteria associated with oral infectious
disease representing the aerobic Gram-positive and anaerobic
Gram-negative phenotypes, respectively.?®*! In vitro antibacte-
rial assays demonstrated that 0.5 mg mL~' AgNWs could destroy
bacterial cellular structures and disturb biofilms. Higher AgNWs
concentrations correlated with stronger antibacterial activity.
The antimicrobial mechanism of nano-silver relies mainly on
three aspects: nano-effects, silver ion antimicrobial action, and
reactive oxygen species generation. Compared to bulk silver,
nanoscale silver has a larger surface area overcoming the disad-
vantages of oxidization and precipitation of silver ions, providing
longer antibacterial efficacy and performance.['>?° The specific
electrical structure of silver nanomaterials can disrupt bacterial
cell membranes and walls.l*") Concurrently, oxidation of nano-
silver releases antimicrobial silver ions that bind DNA, inducing
deformation, inhibiting transit across bacterial membranes,
producing oxidative stress, and deactivating enzymes.[*1#?]
While biotoxicity concerns arise from possible large releases of
free silver ions,!*¥] relevant studies confirm silver nanomaterial
safety.**5] Additionally, limited contact between nanomaterials
and the body, as well as silver nanoparticles’ minimal toxicity to
organisms as a whole, have been shown.[**#’] In this study, Ag-
NWs demonstrate better biocompatibility and lower toxicity both
in vitro and in vivo. When the concentration of AgNWs increased
to 1.0 mg mL~!, more discrete Ag nanoparticles were observed,
accompanied by a sharp decrease in measured biocompatibility.
Therefore, 0.5 mg mL~! of AgNWs was used and produced excel-
lent antibacterial, anti-inflammatory and in situ bone formation
effects.

The BMP signaling pathway classically regulates bone forma-
tion. The Smad1/5 signaling pathway can be activated by BMP2,
inducing downstream Runx2 expression as revealed by previous
researches.[*®%] Similarly, Liu et al. showed that promotion of
mesenchymal stem cell osteogenesis was mainly mediated by ac-
tivation of the BMP2/Smad5 pathway.*"! In our study, obvious
upregulation of SMADS5 and P-SMAD1/5 expression was found
in the IMC and IMC/AgNWs groups under inflammatory condi-
tions in vitro. Furthermore, increased expression of P-SMAD1/5
was again observed after IMC/AgNWs treatment of infected pe-
riodontal defects in rats. Based on these results, promotion of
PDLSC osteogenesis under inflammatory conditions may be me-
diated by activation of the BMP2/Smad/Runx2 pathway. The im-
mune mechanism of antibacterial and anti-infectious effects of
IMC/AgNWs needs to be explored further.

Among different clinical challenges, peri-implantitis and peri-
odontal defects are typical infected vertical bone defects and are
a major biological complication that may lead to implant fail-
ure if not treated promptly. To mimic clinical settings, we as-
sessed the translational potential of IMC/AgNWs in two mod-
els: infected periodontal defects in rats and peri-implantitis in
beagles. The peri-implantitis model established in this study is
comparable to clinical conditions, and has important value for
clinical treatment. Owing to their balanced osteogenic and an-
tibacterial properties, IMC/AgNWs achieved excellent regenera-
tion in repairing both defects. Comparison with the control group
showed that extensive inflammatory cell infiltration persisted af-
ter debridement alone or in combination with IMC, highlighting
the importance of the antimicrobial and anti-inflammatory prop-
erties of IMC/AgNWs. Histological evaluation and imaging anal-
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yses indicate the possibility of applying IMC/AgNWs to treat peri-
implantitis and infectious vertical bone defects. Our future study
needs to involve a wider variety of bacteria and include long-term
efficacy assessments.

4. Conclusion

In summary, a biomimetic multifunctional scaffold was con-
structed for infectious vertical bone augmentation in rats and
beagle dogs. The bone-like staggered nanostructure and mechan-
ical properties of IMC/AgNWs endowed the scaffold with ex-
cellent biocompatibility and osteoinduction. Furthermore, the
IMC/AgNWs possessed a broad spectrum of antimicrobial prop-
erties and anti-inflammatory function, owing to a larger length-
to-diameter ratio and a slower release of silver ions of Ag-
NWs assemble inside the scaffold. Therefore, self-assembly and
biomimetic mineralization technologies can be widely used to
synthesize multifunctional scaffolds for complex bone defect re-
pair.

5. Experimental Section

Preparation of Silver Nanowires (AgNWs):  0.334 g of polyvinylpyrroli-
done powder was dissolved in 17 mL of ethylene glycol and added to the
flask, and then the mixture was heated to 170 °C. 0.025 g of silver chlo-
ride powder was dissolved in T mL of ethylene glycol and injected into
the polyvinylpyrrolidone solution at 170 °C. After 5 min of reaction, the
prepared ethylene glycol solution of silver nitrate (0.110 g, 2 mL) was in-
jected into the reaction flask within 10 min. The reaction was maintained
at 170 °C for 30 min, during which magnetic stirring was continued. Af-
ter the reaction was completed, the mixture was naturally cooled to room
temperature, an appropriate amount of water and ethanol were added,
and then centrifuged at 8000 r min~" for 5 min to collect the precipitate
to remove the solvent. The obtained precipitate was dispersed again in a
mixed solvent of water and ethanol, and then centrifuged at 1000 r min~!
for 15 min to collect the precipitate. The above experiment was repeated
three times. The obtained AgNWs were dispersed in water for subsequent
characterization and applications.

Synthesis of IMC/AgNWs: A biomimetic self-assembly method was
used to synthesize the IMC/AgNWs scaffold.l"#-16] Briefly, pre-fabricated
AgNWs (10 mg mL™") were mixed with type | tropocollagen (Corn-
ing, 4.05 mg mL™") and reconstituted in a potassium buffer contain-
ing 30 mm Na,HPO,, 200 mm KCl, and 10 mm KH,PO, for 48 h at
37 °C. The assembled collagen was cross-linked using 0.3 m 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide and 0.06 m N-hydroxysuccinimide for
4 h and mineralized using 9 mm CaCl,, 4.2 mm K,HPO, and 0.2 mg mL~!
poly-aspartic acid for at 37 °C for 7 days. To prepare bone-like porous
scaffolds, the assembled collagen was frozen at —20 °C overnight and
lyophilized for 12 h. To fabricate the IMC and IMC/AgNWs on culture
plates for SEM, biocapacity, and antibacterial tests, 1 mL of 1 mg mL™!
type | tropocollagen solution or the mixture (collagen: AgNWs = 1:19) was
dripped onto the bottom of the well and left to gel by incubation at 37 °C
for 2 days. Finally, the assembled collagen was crosslinked for 4 h and
mineralized at 37 °C for 3 days (Table S1, Supporting Information).

Scanning Electron Microscopy (SEM): The microstructure of scaffolds
was observed by SEM (Hitachi SU8020, Japan for scaffolds) at 15 kV. The
bacteria and biofilms were first fixed with 2.5% glutaraldehyde 0.1 m phos-
phate buffer for 15 min, being observed by field emission scanning elec-
tron microscope (FE-SEM, JEOL JSM-7900F, Japan for bacteria). All the
samples were dehydrated in a graded sequence of ethanol (50%—100%),
dried to the critical point, and then coated with gold using a sputtering
process for 2 min at 20 mA.

Transmission Electron Microscopy (TEM): The ultrastructure of scaf-
folds and bacteria was examined by TEM at 100 kV. The IMC and
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IMC/AgNWs fibrils were deposited onto Formvar carbon-coated nickel
grids and stained with 1% sodium phosphotungstate for TEM imaging
(Hitachi HT7700, Japan). The bacteria and biofilms were first fixed with
2.5% glutaraldehyde 0.1 M phosphate buffer for 1 h, followed by staining
in 1% OsOy, dehydration in ethanol (30 to 100%) and embedded in epoxy
resin at 65 °C for 48 h. Ultra-thin sections of 70—100 nm thickness were ob-
tained using an ultramicrotome, collected on copper grids, and observed
by TEM (JEOL JEM-1011).

Atomic Force Microscopy (AFM):  Atomic force microscopy (AFM) was
used to assess the nanomechanical characteristics of the scaffolds (Di-
mension Icon, Bruker, USA). Individual layers of IMC and IMC/AgNWs
were constructed on freshly cleaved mica surfaces under ambient condi-
tions (room temperature). For each specimen, three scanned represen-
tative regions were analyzed to determine the Young’s modulus. Fifteen
random samples measuring 600x600 nm were selected from each map-
ping image. Nano Scope 18 software evaluated the 512x512-pixel prop-
erty maps obtained from the scans. This yielded evaluation of the Young's
modulus for both scaffold types at the nanoscale level.

Human Periodontal Ligament Stem Cell (PDLSC) Isolation and Cul-
ture:  Human periodontal ligament stem cells (PDLSCs) were isolated
as previously described.>! In brief, periodontal ligament tissue was
scraped from tooth roots and digested for 1 h at 37 °C in a so-
lution containing 4 mg mL~" dispase Il (Solarbio) and 3 mg mL™"
type | collagenase (Sigma). Single-cell suspensions were then used
to establish PDLSC cultures. The obtained PDLSCs were employed
to assess biocompatibility, proliferation, and osteogenic induction po-
tential of the scaffolds. All experimental protocols were approved by
the Ethical Committee of Peking University School of Stomatology
(No. PKUSSIRB-201951179).

Cell Counting Kit-8 Assay: The 48-well plates precoated with IMC or
IMC/AgNWs at varying concentrations were sterilized by immersion in
75% ethanol for 2 h, followed by exposure to ultraviolet light for 2 h prior
to use. The 48-well plates were used as controls. Identified human PDLSCs
(1x10*) were seeded onto the different films on days 1, 3, and 7. Cell viabil-
ity was assessed on each day using a microplate reader to measure optical
density values at 450 nm, following the manufacturer’s instructions for the
quantification assay.

Live/Dead Cytotoxicity Assay: Identified human PDLSCs (1x10%) were
seeded onto the different substrates as previously described on days 1and
7. For live/dead staining, a working solution comprising 2 pum calcein ace-
toxymethyl and 8 um propidium iodide was prepared following the man-
ufacturer’s instructions. After gently washing adherent cells with PBS to
remove the supernatant, cells were incubated with the working solution
at room temperature for 30-45 min. Subsequently, the staining solution
was aspirated, and the incubation terminated. A total of 10 uL of PBS was
added to transfer stained cells to a clean glass slide, which was then cov-
ered and sealed. Labeled cells were observed under a fluorescence micro-
scope to assess viability.

Bacteria Strain and Culture Conditions: Porphyromonas gingivalis (P.
gingivalis, ATCC 33277) was routinely incubated at 37 °C in an anaero-
bic chamber, containing an atmosphere of 80% N, and 20% CO,. The
liquid media of brain-hear infusion broth (BHIS) was supplemented with
hemin (5 mg mL™") and vitamin K1(1 ug mL™"). The solid media of BHIS
blood agar was acquired after adding 20 mg mL™" brain-heart infusion
agar (Oxoid Inc., Ogdensburg, NY, USA) and 50 pL mL~" sterile defib-
rinated sheep blood to the liquid media. Gram staining and 16S rDNA
identification were performed to confirm pure culture status of P. gingi-
valis ATCC 33277. Staphylococcus aureus (S. aureus) 26003 was cultured in
a Luria-Bertani (LB) medium containing tryptone (10 g L™'), yeast extract
(5gL™"),and NaCl (10 g L™") at 37°C overnight. The solid culture medium
was added 20 mg mL~" agar (Oxoid Inc., Ogdensburg, NY, USA).

Colony Form Units (CFU) Assay:  S. aureus and P. gingivalis were diluted
to 1x108 CFU mL~" and inoculated on different substrates (control, IMC,
and 0.5 mg mL~"-IMC/AgNWs) for 24 and 48 h in a 48-well plate. The
upper suspensions were sucked out, mixed, and serially diluted. All the
samples were inoculated on sterile agar plates for 24 (S. aureus) and 72 h
(P. gingivalis) for further counting by using easy-spiral Pro (Interscience,
St. Nom La Brete‘che, France).

Ady. Sci. 2024, 11, 2310292

www.advancedscience.com

Live/dead Fluorescent Staining:  S. aureus (1x10® CFUmL™") and P. gin-
givalis (1x107 CFU mL~") were inoculated on different substrates (IMC,
0.5 mg mL~-IMC/AgNWs) as previously described. After being rinsed
3 times with 0.9% saline, the biofilms were stained with LIVE/DEAD Ba-
clight bacterial viability kit (Invitrogen, Waltham, MA, USA) for 20 min. The
stained biofilms were then observed by a confocal laser scanning micro-
scope (Leica Microsystems, Mannheim, Germany). Excitation and emis-
sion wavelengths were set to be 488 and 520 nm, respectively.

SEM Imaging of the Biofilm and S. aureus:  S. aureus (1x10® CFU mL~")
and P. gingivalis (1x10” CFU mL~") were inoculated on different substrates
(IMC, 0.5 mg mL~"-IMC/AgNWs) as previously described. After being
washed with PBS and fixed with 2.5% glutaraldehyde 0.1 m phosphate
buffer for 15 min, followed by serial dehydration with ethanol, the biofilms
were examined under a field emission scanning electron microscope (FE-
SEM, JEOL JSM-7900F, Japan). The upper suspensions of treated S. aureus
were centrifugated and resuspended in 2.5% glutaraldehyde 0.1 m phos-
phate buffer for 15 min, followed by serial dehydration. A liquid-drop was
mounted onto aluminum stubs and examined under a FE-SEM.

TEM Imaging of P. gingivalis:  P. gingivalis (1x107 CFU mL~") was inoc-
ulated on different groups of films (IMC, 0.5 mg mL~'-IMC/AgNWs) for
48 h in a 48-well plate. The upper suspensions were sucked out and cen-
trifugated. The sediment was fixed in 2.5% glutaraldehyde 0.1 M phosphate
buffer for 1 h, followed by staining in 1% OsO4, dehydration in ethanol
(30-100%) and embedment in epoxy resin polymerized at 65 °C for 48 h.
The samples were sectioned with an ultramicrotome collected on copper
grids and examined under a transmission electron microscope (JEOL JEM-
1011).

Alkaline Phosphatase Staining: For alkaline phosphatase (ALP) assay,
identified human PDLSCs (1x10*) were cultured in osteogenic medium
(culture media supplemented with 0.05 mm ascorbic acid 2-phosphates,
10 mm f-glycerophosphate, and 107 m dexamethasone) on different sub-
strates (control, IMC, 0.5 mg mL~'-IMC/AgNWs) for 7 days. ALP activi-
ties of PDLSCs in the different groups were measured with Alkaline Phos-
phatase Assay Kit (Beyotime, China) following the manufacturer’s proto-
col. After incubation with p-nitrophenyl phosphate, the quantitative ALP
activity was measured by measuring the OD values at 405 nm.

Alizarin Red S Staining: To detect mineral nodule formation, iden-
tified human PDLSCs (1x10%) were fixed and stained with 2% Alizarin
Red S (ARS) (Sigma—Aldrich, USA) solution after culturing in osteogenic
medium for 14 days. The photographs were captured. The stained cells
were then detained with 10% acetylpyridinium chloride (Sigma-Aldrich,
USA) and measured for OD values at 590 nm.

Quantitative Real-Time Polymerase Chain Reaction (RT-PCR): Identi-
fied human PDLSCs (5x10%) were cultured in osteogenic medium on
different substrates (control, IMC, 0.5 mg mL~'-IMC/AgNWs) as previ-
ously described for 7 days. For IMC+LPS and IMC/AgNWs+LPS groups,
PDLSCs (5x10%) were cultured in osteogenic media supplemented with
lipopolysaccharide (10 ug mL=" P. gingivalis-LPS, Sigma-Aldrich, USA) for
7 days to evaluate osteogenic activity under inflammatory conditions. To-
tal RNA was extracted using Trizol reagent (Thermo Fisher Scientific), and
cDNA was synthesized using SuperScript Ill One-Step RT-PCR System
with Platinum Taq High Fidelity (Invitrogen). Quantitative RT-PCR was per-
formed on a 7900HT Fast Real-Time PCR using SYBR Green (Invitrogen).
The primers were listed in Table S2 (Supporting Information).[>!

Western Blotting: ldentified human PDLSCs (5x10%) in IMC+LPS
group and IMC/AgNWs+LPS group were cultured in LPS induced-
osteogenic medium for 7 days as previously described, while the os-
teogenic medium in control group did not contain LPS. Total proteins
from cell lysates were harvested by RIPA Buffer (Thermo Fisher Scien-
tific, Cat#89 900) with Protease/Phosphatase Inhibitor Cocktail (Thermo
Fisher Scientific, Cat#87 786) on ice. The lysates underwent a 20-min,
12000 X g centrifugation at 4 °C. Pierce BCA protein assay kit (Cat#23 225,
Thermo Fisher Scientific) was used to quantify proteins. The absorbance
was measured with a Bio-Rad microplate reader at 595 nm. Then, equal
amounts of 20-30 ug proteins were mixed with 5x loading buffer (So-
larbio, P1040) and cooked for 10 min at 99 °C. The samples were sep-
arated by 10% SDS-polyacrylamide gel electrophoresis, and then trans-
ferred to polyvinylidene difluoride membranes and blocked in 5% non-
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fat milk in 0.1% TBS-Tween (Sigma-Aldrich, P9416). The membranes
were separately probed with corresponding primary antibodies against
GAPDH (1:1000, Proteintech, Cat#60004-1-Ig), BMP2 (1:1000, Abcam,
Cat#AB214821), Runx2(1:5000, CST, Cat#D1L7F), Smad5 (1:1000, CST,
Cat#12 534) and p-Smad1/5 (1:1000, CST, Cat#12 534) overnight at 4 °C.
Membranes were washed three times in TBS with 0.1% Tween-20 for 5—
10 min each time, and HRP-conjugated secondary antibodies (1:10 000,
diluted with TBST, ZSGB-BIO, Cat#ZB-2301 and Cat#ZB-2305) were incu-
bated for 1 h, washed twice in TBS with 0.1% Tween-20 and imaged by an
Odyssey Imaging System. Quantitative analysis was performed by Image
) software (Table S3, Supporting Information).

The Effect of IMC/AgNWs on Inflammatory Responses In Vitro: |den-
tified RAW264.7 cells were cultured in DMEM containing 10% FBS at
37 °C in 5% CO, on different substrates (control, IMC, 0.5 mg mL™-
IMC/AgNWs). After 6 h of adhesion, the culture medium of RAW264.7
cells was replaced with fresh DMEM containing 10% FBS and 1 ug mL™!
P. gingivalis-LPS (Sigma—Aldrich, USA). After 24 and 72 h, total RNA from
cultured RAW264.7 cells was isolated and used for quantitative real-time
RT-PCR.

Immunofluorescence Staining: Briefly, after 24 h of culture on differ-
ently coated coverslips, RAW264.7 cells were fixed in 4% paraformalde-
hyde, permeabilized with 0.25% Triton-X, and blocked by 1% BSA.
Subsequently, the primary antibodies against CD68 (Cat#28058-1-AP),
CD206 (Cat#AB64693) and iINOS (Cat#AB178945) with 1:100 dilu-
tion were dropped onto coverslips and incubated overnight at 4
°C. Then the coverslips were incubated with the respective fluores-
cein isothiocyanate-conjugated (Cat#ZF-0311) or tetramethylrhodamine
isothiocyanate-conjugated (Cat# SR131) secondary antibody for 30 min,
followed by 5 min of nuclear staining with DAPI. The samples were ob-
served with a Zeiss laser-scanning microscope (LSM 510) coupled to a
LSM 5 release 4.2 software.

In Vivo Application on Rat Infected Periodontal Defect Models:  Infected
periodontal defect models in rats were performed according to the pre-
viously published protocols!'”] (Figure 4a; Figure S2a, Supporting Infor-
mation). Male Wistar rats (150-200 g, 6 weeks old) were randomly di-
vided into three groups including the negative control, IMC, IMC/AgNWs
groups (n =5 for each group, Table S4, Supporting Information). After
anesthetized and disinfected, the buccal alveolar bone, periodontal lig-
ament, and root surface of the left mandibular first molar with round
burs were removed and a hemispherical periodontal defect (1.5 mm in
depth, 3 mm in diameter) was created. A tip of gutta-percha was marked
at the edge of the defect and 10 pL of S. aureus (1x107 CFU mL™") was
injected into the defect area. For the control group, the defect area was
filled without any scaffolds and covered with Bio-Gide membrane only.
For the experimental groups, the periodontal defect area was filled with
IMC or 0.5 mg mL™"-IMC/AgNWs scaffolds plus Bio-Gide membrane
respectively. Each site was implanted with the same size of cylindrical
IMC or IMC/AgNWs scaffolds (4 mm in diameter, 2 mm in height). No
seeded cells were used in either group. After 4 weeks, a similar infected-
hemispherical-periodontal defect was created in the right side through the
same approach. Four weeks later, rats were sacrificed by over-anesthesia,
and both mandibles were obtained and fixed with 10% formalin. All animal
procedures were approved by the Peking University Institutional Animal
Care and Use Committee (No. LA2021064).

In Vivo Application on Beagle Peri-Implantitis Models: ~ Six 1-year male
beagles underwent extractions, implant placement, and ligature place-
ment for induction of peri-implantitis utilizing an expedited approachl?®]
(Figure 7a). In detail, six beagles had their bilateral mandibular premo-
lars P2 and P4 extracted, and were fed with liquid food for two weeks,
then fed with normal food for 2.5 months. After 3 months of healing, 24
implants (3.4 mm in diameter and 9 mm in length) were implanted. Dur-
ing the next 3 month of implantation healing, normal feeding and oral
plaque control with chlorhexidine cotton ball were required. At 6 months,
the abutment and ligature were placed at the same time. After 3 months
for induction of peri-implantitis (Figure S4a, Supporting Information), the
ligature was removed and an open flap debridement was performed to
remove the granulation tissue and allow for further regenerative therapy
(Figure S4b, Supporting Information). All the 24 sites were divided into 3
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groups randomly. For the negative control group, nothing was put after de-
bridement. For the experimental groups, the peri-implant defect was filled
with IMC or 0.5 mg mL™-IMC/AgNWs scaffolds (Figure S4c, Supporting
Information). Each site was implanted with enough scaffolds (6 mm in
diameter, 2 mm in height, 3-5 pieces) to fill up the defective area. Three
months after regenerative treatment, all the beagles were sacrificed, and
the mandibles were harvested (Figure S4d, Supporting Information). The
animal research protocol was approved by the Peking University Institu-
tional Animal Care and Use Committee (No. LA2021065).

Microcomputed Tomographic (micro-CT) Analysis:  All fixed samples
were scanned with a micro-CT system (Inveon, Simens, German) at 80 kV
and 500 pA. The Inveon Research Workplace 4.0 software was used for 3D
image reconstruction. The region of interest area was selected semiauto-
matically, and the bone volume and thickness of the newly formed alveolar
bone were measured by the software automatically (Table S5, Supporting
Information).

Histological Staining Assessment: The harvested samples were fixed
immediately in 10% neutral buffered formalin for 24 h, dehydrated us-
ing a gradient ethanol (70-100%), and embedded in paraffin blocks. His-
tological sections with 5 um in thickness were prepared using a micro-
tome. HE, toluidine blue, and Masson’s trichrome stainings were per-
formed according to standard procedures. The protein expression in the
tissues was examined using immunohistochemistry or immunofluores-
cence. All the sections underwent antigen retrieval using 0.125% trypsin
and 20 pg mL~" proteinase K for 30 min at 37 °C, followed by being blocked
for 1 h with 5% bovine serum albumin (BSA, Solarbio, Cat# A8010). For
immunohistochemistry, tissue sections were incubated with anti-BMP2
(Abcam, Cat#AB214821) or anti-iINOS (Abcam, Cat#AB178945) at a di-
lution of 1:200 by 3% w/v BSA overnight at 4 °C, followed by washing
and incubating with horseradish-peroxidase-conjugated secondary anti-
bodies (ZSGB-BIO, diluted with PBS, Cat#PV-9001). For immunofluores-
cence staining, sections were incubated with anti-Runx2 (CST, Cat#D1L7F)
or anti-P-SMAD 1/5 (CST, Cat#12 534) at a dilution of 1:100 by 3% w/v
BSA overnight at 4 °C, followed by being incubated with FITC secondary
antibodies (ZSGB-BIO, diluted with PBS, Cat#ZF-0311). Confocal micro-
scopic images were acquired with a laser-scanning microscope (LSM 510,
Zeiss, Germany), and then processed with LSM 5 Release 4.2 software.
Each group included a minimum of three slides, all of which were exam-
ined at the defect margin and the defect center including the scaffolds.

Radiographic Evaluation in 3-D for Peri-Implantitis:  All the dogs under-
went periapical radiographs and CBCT scanning before and 3 months af-
ter the regenerative therapy, using the same projection condition (New-
Tom 5G XL, NewTom, ltaly). The 2 sets of Dicom data (before regenerative
therapy, and 3 months after the treatment) were output and transferred to
volumetric imaging software (Mimics Research 20.0, Materialise, Leuven,
Belgium), in which virtual models of the lower jaw were 3-D reconstructed
and superimposed.

The Degradation Assay of IMC/AgNWs In Vitro and In Vivo:  To evaluate
the degradation rate of IMC/AgNWs in vitro, the scaffold was immersed
in media (Dulbecco’s PBS with MgCl, and CaCl,, Sigma-Aldrich) con-
taining 20 pg collagenase type | (0.1 mg mL™", Sigma, USA) at 5% CO,,
95% humidity, and 37 °C with a fixed ratio of mass to medium volume of
0.1 mg mL~" (ISO 10993-6:2016 [E]). The scaffolds were lyophilized and
weighed on days 1, 3, 5 and 7 after immersion. The degradation rate is
indicated by the rate of remnant weight of IMC/AgNWSs using a formula
below:

The rate of remnant weight = M, / My X 100% (1)

where, M: The weight of scaffolds before immersion. M,: The weight of
scaffolds at each immersion time point.

To evaluate the degradation rate of scaffolds in vivo, HE staining sec-
tions of rat infected periodontal defects after 4, and 8-weeks treatment
were used. The percentage of the retained scaffold area in the sections
was calculated in image ) software.

Statistical Analysis: All experiments were performed in at least bio-
logical triplicates. Statistically significant differences were assessed by
unpaired two-tailed Student’s t-test and one-way analysis of variance
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(ANOVA) with Turkey's post hoc test (among three groups) using Graph-
Pad Prism 10 (GraphPad Software Inc.). p< 0.05 was considered statisti-

cally significant. *p < 0.05; “p < 0.01; “*p < 0.001.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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