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Background: Existing implant materials cannot meet the essential multifunctional requirements of repairing infected bone defects,
such as antibacterial and osteogenesis abilities. A promising strategy to develop a versatile biomimicry composite of the natural bone
structure may be accomplished by combining a multifunctional nanoparticle with an organic scaffold.

Methods: In this study, a quaternary ammonium silane-modified mesoporous silica containing nano silver (Ag@QHMS) was
successfully synthesized and further combined with silk fibroin (SF) to fabricate the multifunctional nano-reinforced scaffold (SF-
Ag@QHMS) using the freeze-drying method. Furthermore, the antibacterial and osteogenic effects of this composite were evaluated
in vitro and in vivo.

Results: SF-Ag@QHMS inherited a three-dimensional porous structure (porosity rate: 91.90 + 0.62%) and better mechanical character-
istics (2.11 £ 0.06 kPa) than that of the SF scaffold (porosity rate: 91.62 + 1.65%; mechanic strength: 2.02 + 0.01 kPa). Simultaneously, the
introduction of versatile nanoparticles has provided the composite with additional antibacterial ability against Porphyromonas gingivalis,
which can be maintained for 15 days. Furthermore, the expression of osteogenic-associated factors was up-regulated due to the silver ions
eluting from the composite scaffold. The in vivo micro-CT and histological results indicated that the new bone formation was not only
localized around the border of the defect but also arose more in the center with the support of the composite.

Conclusion: The multifunctional silver-loaded mesoporous silica enhanced the mechanical strength of the composite while also
ensuring greater and sustained antibacterial and osteogenic properties, allowing the SF-Ag@QHMS composite to be used to repair
infected bone defects.
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Introduction

Clinically, biofilm-related periodontitis or peri-implant inflammation often causes local infectious bone defects in
dentistry, leading to tooth mobility and loss, implant failure and other repercussions.' Similar to other infectious diseases,
bone infections require antibiotic treatment to eradicate infectious pathogens. However, antibiotics can hardly penetrate
bone tissue, so oral antibiotic therapy cannot result in effective drug concentration.” Therefore, biocompatible anti-
infective materials are often implanted as a supportive treatment nowadays.” It has been discovered that the most
effective method for treating infectious bone defects is to prevent bacterial colonization, thus inhibiting the formation of
biofilm on the surface of the implant material.* Therefore, a logical assumption is that constructing an efficient and

continuously antibacterial implant material surface may be a better solution.
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From the perspective of tissue engineering, bone tissue can be regarded as a complex nano-scale composite material
—a lamellar structure formed by a mixture of organic extracellular matrix components, inorganic calcium phosphate
nanoparticles and hydroxyapatite crystals.” Therefore, a biomimetic composite scaffold composed of the organic phase
and inorganic components is considered an ideal substitute for bone reconstruction.® SF and chitosan (CS) are two kinds
of organic matrices used to fabricate osteogenic scaffolds. SF, a natural biological macromolecule extracted from
silkworm cocoons, is a potential material for scaffolds fabrication;’ despite its many advantages, such as low price,
easy availability, good biocompatibility and biodegradability and ease of processing into fiber.* '® However, neither
antibacterial nor osteogenic bioactive activities were present in pure SF, which were fundamental requirements for
infectious bone defect regeneration. CS is a biocompatible cationic degradable macromolecular polysaccharide with
a certain antibacterial effect.'’ However, due to its fast degradation rate, low mechanical strength, and lack of elasticity
and toughness, it was not suitable for use as a scaffold alone.'? It has been found that the mixture of CS and SF solution
can promote the formation of B-sheet, reduce the water solubility of SF and improve its mechanical properties."
Therefore, SF and CS are often used together to produce various biological scaffold materials.'*'> Moreover, tyrosine,
the main component of silk fibroin, has a potent electron-donating ability, possibly allowing it to combine with
nanoparticles.'®

To further improve the performance of SF-based materials, the introduction of multifunctional nanoparticles provides
an efficient approach to achieving the required target properties for infectious bone regeneration.17 However, many
studies combine SF with different nanoparticles; they mainly focus on enhancing the mechanical and osteogenic
properties of scaffolds while ignoring their versatility.'® In our previous study, we successfully synthesized
a multifunctional mesoporous silica nanoparticle containing nano silver (Ag@QHMS) with antibacterial properties and
in vitro osteogenic induction capabilities.'”** However, due to their small size, nanoparticles cannot maintain enough
support in defects. Simultaneously, they may enter veins or be endocytosed by cells, which may result in unfavorable
reactions that restrict their direct application.”' Therefore, the combination of the SF scaffold and Ag@QHMS
mesoporous silica nanoparticles can more reasonably and effectively exert the biological activity of nanoparticles
while also increasing the strength of the scaffold.

Overall, the purpose of this study was to examine the feasibility of producing a composite scaffold by mixing
multifunctional Ag@QHMS nanoparticles with silk fibroin. In addition, antibacterial and osteogenic efficacy in vivo and
in vitro were further evaluated to explore their potential clinical application prospects.

Materials and Methods

Materials

Tetraethyl orthosilicate (TEOS, AR), ammonium aqueous solution (25~28%), chitosan (CS, medium molecular) and
cetyltrimethylammonium bromide (CTAB, AR) were purchased from Sigma-Aldrich (Shanghai, China).
Carboalkylammonium chloride (SiQAC, purity 65%), silver nitrate (AgNO;), sodium citrate dehydrates, phosphate
buffered saline (PBS), sodium bicarbonate (Na,COs3) and ethanol were acquired from Xilong Scientific Cooperation
(Beijing, China). Lithium bromide (LiBr) and glacial acetic acid (AR) were purchased from Aladdin (Shanghai, China).
Silkworm cocoons were obtained from Huzhou, China.

Synthesis of Nano-Reinforced Silk Fibroin Scaffold

The synthesis procedure is shown in Figure 1. At 60 °C, 20 g of silk degummed by Na,COj; solution was dissolved in
100 mL lithium bromide (9.3 mol/L) solution at 60°C, and after dialysis, centrifugation and filtration, 6 wt% SF stock
solution was obtained. Next, at a volume ratio of 3:1, mix it with a CS solution (0.02 g/mL, pH = 7). The nano silver was
then reduced from silver nitrate and coated layer by layer with silica shell by adding TEOS/ethanol (10 mM) under 24
h of constant severe agitation. In addition, a TEOS:SiQAC (9:1) mixture was added for covalent functionalization with
quaternary ammonium salt (QAS). Under the protection of CTAB, the outer shell of silica can be etched into the
mesoporous structure to synthesize the multifunctional nanoparticles of QAS-modified hollow mesoporous silica contain-
ing nano-Ag (Ag@QHMS). Under ultrasonic oscillation, the pure hollow mesoporous silica (HMS), QAS-modified
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Figure | Synthesis procedure of nano-reinforced scaffold composite.

hollow mesoporous silica (QHMS) and Ag@QHMS were added to the mixed solution at a biocompatibility concentra-
tion of 200 ug/mL."'®'? After removing the bubbles, an appropriate amount of crosslinking agent Genipin was added to
strengthen the nano-reinforced crosslink for six hours. The mixtures were then added 1mL/well into a 24-well plate under
ultrasonic variation, followed by a freeze-drying technique to obtain the composite scaffolds of SF-HMS, SF-QHMS and
SF-Ag@QHMS. Pure SF served as a control.

Scaffold Characterization

To investigate the structure of these nano-reinforced scaffolds, various characterization methods were utilized.
A scanning electron microscope (SEM) was used to observe the surface features. The sample was observed at 100 kV
using a JEM-2100 microscope (JEOL Co., Ltd., Tokyo, Japan). Furthermore, five areas of the SEM images were selected
to measure the pore size. The X-ray diffraction (XRD) spectra were obtained using a Bruker D8 Discover powder
diffractometer (Brook Scientific, Beijing, China) at a diffraction angle of 20°< 26 < 80°. Fourier transform infrared
(FTIR) spectra were measured under a Nicolet is50 (Thermo Fisher Scientific, Shanghai, China) to detect the peak shifts
of the nanoparticles. A universal material testing machine (Shimadzu, China) was used to test the compressive strength of
the scaffold in a wet state, and PBS was used as the soaking liquid. Prepare 10 mm high scaffold samples, load 100 N,
load speed of 1 mm/min, load distance of 7 mm and measure five samples in each group. Draw a stress-strain curve, then
draw a straight line parallel to the initial linear part from the 1% strain, and the ordinate of the intersection with the
stress-strain curve is defined as the compressive strength.

Scaffold Porosity, Swelling Rate and Hygroscopicity Rate

This experiment uses ethanol to examine the scaffold’s porosity because, compared to the aqueous solution, ethanol
solution is more easily able to permeate the tiny pores, resulting in a lower scaffold deformation rate and swelling rate.
Each group took five samples for testing.

Vy =V
Porosity rate(%) :ﬁ x 100%
2=V

where V:the volume after loading 10 mL of absolute ethanol is loaded into the graduated cylinder;

V,:the current volume of ethanol in the graduated cylinder after different sets of scaffolds of the same size are entirely
immersed in the graduated cylinder;
V3:the amount of ethanol remaining after removing the scaffold volume.
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Swelling rate (%) = x 100%
Vy:the initial volume of the scaffold;

V,:the wet volume of the scaffold after being immersed in PBS for 24 h.
Wy — W,

100
7, X %

Hygroscopicity rate(%) =
W :the weight of the scaffold after removing the surface water;
W,:the weight of the scaffold after completely drying in an oven at 65 °C.

Contact Angle

SF, SF-HMS, SF-QHMS and SF-Ag@QHMS samples were placed on the platform, followed by adding ~3 pL water
each time to automatically measure the contact angle. Each sample was measured in parallel in the five different places to
obtain the mean value.

Ag Release Profile

The SF-Ag@QHMS scaffold was immersed in 200 mL simulated body fluid (SBF) and incubated for half a month at
37°C in a constant temperature shaker at 1000 rpm/min. At 2 h, 6 h, 12 h, 24 h, 2 days, 3 days, 7 days, 10 days, and 15
days, 2 mL of liquid was extracted, and the concentration of silver ions was measured using an inductively coupled
plasma generator.

Antibacterial Properties of the Scaffold

Using brain heart infusion broth containing 5 mg/L hemin, 1 mg/L vitamin K3 and 5% yeast extract (the solid plate needs
to be supplemented with 2% agar and 5% defibrinated whole sheep blood at 50 °C), Porphyromonas gingivalis was
cultured anaerobically at 37 °C, 80% N,, 10% H, and 10% H,0 (ATCC33277, American Type Culture Collection, USA)
for 48 h. Adjust the bacterial suspension to 3x10” colony forming units (CFU/mL) for use.

Bacteria on the Scaffold

Place the sterilized SF, SF-HMS, SF-QHMS and SF-Ag@QHMS on the bottom of the 24-well plate, respectively. The
bacterial suspensions prepared above were then appropriately inoculated on the surfaces of different materials and co-
cultured in an anaerobic incubator for three days. After three days, the culture medium was removed, gently washed three
times with PBS, and then fixed with 4% paraformaldehyde. Afterwards, the morphology and distribution of bacteria on
different scaffolds were observed using SEM.

Microbial Viability
For 15 days, inoculate SF, SF-HMS, SF-QHMS, and SF-Ag@QHMS with bacteria, respectively. At 1, 2, 3,7, 10 and 15
days, an XTT reagent was added to evaluate the viability of residual bacteria on different scaffolds at 450 nm.

In vitro Osteogenesis Effects

The cells used in the experiment were rat bone marrow mesenchymal stem cells (BMSC) purchased from the Chinese
Academy of Sciences Cell Bank (Shanghai). The cells were recovered and incubated with low-sugar culture medium
(containing 10% fetal serum, penicillin 100 pL/mL and streptomycin 100 pg/mL) under 5% CO, in a 37 °C cell
incubator. When the cells have reached 80-90% confluency, add an appropriate amount of 0.25% trypsin for digestion
and cell passage. The cells used in all experiments were ranged from P3 to P5.

SEM Observation of Cell Morphology

Cell inoculation was the same as described above; After three days, the culture medium was removed, the cells were
washed three times with PBS, and 4% paraformaldehyde was added to each well for 15 min at room temperature before
being rinsed three times with PBS. The cells were then subjected to ethanol gradient dehydration, with concentrations of
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30%, 50%, 70%, 80%, 90%, 95% and 100% for 10 min each. The use of CO, critical point drying, spray gold and
scanning electron microscope to observe the morphology of the cells on scaffolds of different shapes.

Cell Viability

The CCK-8 kit (Dojindo Laboratories, Shanghai, China) was used for cell viability detection. Place the scaffold in a 24-
well plate and seed the cells with the same density as described above. Add 1 mL of complete culture medium to each
well. On days one, three and five after seeding, 100 uL of CCK-8 was added to each well. Incubate for 2 h at 37 °C, then
aspirate 100 puL from each well and transfer to a new 96-well plate, measure the absorbance (OD) at 450 nm with
a microplate reader, and repeat the test three times for each group of scaffolds and each group of five samples.

ALP Activity

An alkaline phosphatase activity (ALP) test and BCIP/NBT alkaline phosphatase staining were introduced to investigate
the mineralization ability. In detail, 2x10° BMSCs were first seeded onto each scaffold and co-culture for one week
before being washed with PBS, and lysed with Ripa (Solarbio Science & Technology Co., Beijing, China) at 4 °C for 30
min, followed by centrifuging at 3000 rpm for 5 min to collect the supernatant. The amount of ALP in the supernatant
was then evaluated at 405 nm using an alkaline phosphatase assay kit (Solarbio Science & Technology Co., Beijing,
China). Meanwhile, a BCIP/NBT alkaline phosphatase color kit (Beyotime, Beijing, China) was introduced to access the
distribution of ALP. The steps were as follows: the cells were washed twice with PBS and then fixed with 4.0%
paraformaldehyde on ice for 30 min. The samples were rinsed three times again with PBS before being stained with
0.33% BCIP/0.66% NBT buffer for 10 min. The stained sample was observed and imaged using a microscope at 4x
magnification.

Osteogenic Differentiation-Related Gene Expression

The expression levels of osteogenic differentiation-related genes, including runt-related transcription factor 2 (Runx2),
alkaline phosphatase (ALP), osteopontin (OPN), osteocalcin (OCN), bone sialoprotein (BSP) and collagen type 1 (Col-
1), were further investigated by quantitative reverse transcription polymerase chain reaction (qRT-PCR). After two
weeks, the total RNA of cells co-cultured on the scaffold was extracted using TRIzol (Takara Biomedical Technology
Co., Ltd., Beijing, China), reverse transcript to the template using the PrimeScript™ RT reagent kit with gDNA Eraser
(Takara Biomedical Technology Co., Ltd., Beijing, China), and then mixed with TB Green® Premix Ex Taq™ (Takara
Biomedical Technology Co., Ltd., Beijing, China) for PCR on a LightCycler® 480 instrument (Roche Diagnostics Ltd.,
Shanghai, China). The primer sequences of the target genes are shown in Table 1. The resulting mRNA levels were
normalized to GAPDH and compared with those of the control group using the 2 method.

In vivo Bone Formation Evaluation

Establishment of Rat Jawbone Defects

All experimental procedures were approved by the Experimental Animal Ethics Committee of Fujian Medical University
(No: FIMU-IACUC2019-0120) in accordance with the Guiding Principles for the Care and Use of Laboratory Animals
(China).

Table I The Primer Sequence

Target Gene Specific Primer Sequence (5'to 3’)
Gene Forward Sequence Reverse Sequence
Runx2 TCCCAGTATGAGAGTAGGTGTCC GGCTCAGATAAGAGGGGTAAGAC
ALP CCTAGACACAAGCACTCCCACTA GTCAGTCAGGTTGTTCCGATTC
Col TCTGACTGGAAGAGCGGAGAG GAGTGGGGAACACACAGGTCT
OCN GACCCTCTCTCTGCTCACTCTG CACCTTACTGCCCTCCTGCTT
BSP CGGCCACGCTACTTTCTTTA CCCTCCTCCTCCGAACTATC
GAPDH CGGCAAGTTCAACGGCACAGTCAAGG ACGACATACTCAGCACCAGCATCACC
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Thirty male SD rats (weighing about 250 + 20 g, provided by the Experimental Animal Center of Fujian Medical
University, SYXK-2016-0006) were randomly divided into five groups: control, SF, SF-HMS, SF-QHMS and SF-Ag
@QHMS. The surgical procedure was as follows: first, the rats were anaesthetized with sodium pentobarbital intraper-
itoneally. Next, a longitudinal incision of about 1.5 cm was made along the left mandible, 5 mm below the mandible, to
expose the jaw area. A circular bone defect with a diameter of 3 mm under the anterior inferior outer oblique line of the
first molar was created using a high-speed turbine and split drill. The prepared scaffolds were placed into the defect, and
finally, the incisor was sutured.

Micro-CT

All animals were sacrificed after six weeks, and the entire left mandible without any soft tissue was collected and fixed with
4% paraformaldehyde for 48 h. The regeneration of new bone in the defect was then measured using micro-CT. The N-Recon
software was used to reconstruct the three-dimensional image of the bone defect area, and the CT-AN software was used for
qualitative analysis, including bone volume in tissue volume (BV/TV), bone surface area to bone volume ratio (BS/BV),
trabecular bone thickness (Tb.Th), trabecular bone number (Tb.N, 1/mm) and trabecular bone separation (Tb.Sp).

Histopathology

After fixation, the harvested specimens were embedded in epoxy resin. All specimens were subsequently trimmed and
polished to achieve a final thickness of 40 um. All slides were stained with HE and Masson tricolor, as previously
described®® and then observed and photographed under a light microscope (AxioCam ICc5; Carl Zeiss Microscopy
GmbH, Munich, Germany).

Statistics

Statistical analysis was performed using SPSS 22.0 (IBM Co., Chicago, IL, USA). The Shapiro—Wilk and Levene tests
were performed to determine the normality and homogeneity of variance in each group of data. After that, each data
group was analyzed by one-way analysis of variance and Bonferroni pairwise comparison. For all analyses, statistical
significance was preset to o = 0.05.

Results

Characterisation of Ag@QHMS Composite Scaffold

SEM Observation of Scaffold

The appearance of the scaffolds SF, SF-HMS, SF-QHMS and SF-Ag@QHMS are shown in Figure 2. Under a low
magnification lens (800x), all four sets of scaffolds display a loose and irregular porous structure, with the pore walls
appearing to stand up like leaves. However, under a medium magnification lens (2000x), the morphologies of these
scaffolds are completely different. The pore wall of the pure SF scaffold was thin, and the surface texture was smooth.
The hole walls of the SF-HMS, SF-QHMS and SF-Ag@QHMS were slightly thicker and denser. Under high magnifica-
tion (10,000x), the hole walls were likely rough and scattered with spherical protrusions that were embedded in the hole
wall. Furthermore, the nanoparticles in some areas have agglomeration. The pore size of each scaffold was 217.35+ 36.48
um, 167.73 £ 42.79 um, 152.57 £ 35.12 um and 233.40 + 74.85 um.

Fourier Transform Infrared Spectrum

The FTIR spectrum of the scaffolds is shown in Figure 3A. The peaks at ~1623 cm ' and ~1518 cm™' were due to C=0
conjugate polarization and NH, polarization, respectively. They represent the main characteristic functional groups of SF and
"and ~1063 cm ™' resulted from the
rocking motion and symmetrical stretching of Si-O-Si, respectively. These characteristic peaks of mesoporous silica appear

CS, which are the main components of the scaffolds. The small peaks at ~460 cm™

on the three groups of scaffolds except SF, demonstrating the successful attachment of mesoporous silica nanoparticles.

X-Ray Diffraction
Figure 3B depicts the XRD spectra of SF, SF-HMS, SF-QHMS and SF-Ag@QHMS. The common small peaks at 20.8°
and 22.6° were the B-sheets structure of silk fibroin. The diffraction of the mesoporous shell of silica contributed to the
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Figure 2 SEM topography of SF, SF-HMS, SF-QHMS and SF-Ag@QHMS scaffolds (magnification: 800%, 2000x and 10,000x). All scaffolds exhibited a loose and irregular
porous structure with a leaf-like pore wall. In more detail, the hole walls of the SF-HMS, SF-QHMS and SF-Ag@QHMS were slightly thicker and denser than pure SF.
Nanoparticles can be seen as embedded in the wall, with agglomeration in some areas.
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Figure 3 Characterization of the scaffolds. (A) X-ray diffraction patterns; (B) Fourier transform infrared spectrum; (C) porosity percentage; (D) swelling rate; (E)
hygroscopicity rate; (F) mechanical strength to stain of the scaffolds; (G) the statistical results of mechanical strength; (H) the static contact angle of the scaffolds. (N = 6,
*p < 0.05; ¥*p < 0.01, #p < 0.001); (I) the release profile of Ag in SF-Ag@QHMS.
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small peaks at 44.7°, 64.8° and 77.2° in SF-HMS, SF-QHMS and SF-Ag@QHMS. The diffraction peaks in SF-Ag
@QHMS at 30.1° and 38.1° may be related to the double-layer mesoporous shell texture.

Scaffold Porosity, Swelling Rate and Hygroscopicity Rate

As shown in Figures 3C-E, the porosity of SF, SF-HMS, SF-QHMS and SF-Ag@QHMS, which was necessary for
nutrition and cell penetration, was 91.62 + 1.65%, 91.70 + 0.91%, 91.98 + 0.62% and 91.90 £ 0.62%. The hygroscopicity
rates for good biomaterials were 267.9 = 19.0%, 271.8 £+ 30.4%, 274.9 + 10.5% and 278.3 = 16.1%, respectively. The
relative swelling rates were 8.95 = 1.90%, 7.88 £ 3.04%, 7.91 = 1.05% and 8.28 = 1.60%, indicating the ability of space
fit and support after compression. All of the above had no statistically significant difference (p > 0.05).

Mechanical Properties of the Scaffold

The mechanical strengths are shown in Figures 3F and G. The mechanical strengths of these scaffolds were 2.02 + 0.01
kPa, 2.04 + 0.03 kPa, 2.01 + 0.03 kPa and 2.11 £+ 0.06 kPa, respectively. It can be seen that the addition of different
nanoparticles slightly enhanced the compressive strength of the scaffold. Among them, the difference between SF and
SF-QHMS in compressive strength was statistically significant (p < 0.01).

Static Contact Angle

The contact angle reflects the surface energy and hydrophilicity of the surface of the biological material and the affinity
of the biological material for proteins and other biological molecules. As shown in Figures 3H, the static contact angles
of SF, SF-HMS, SF-QHMS and SF-Ag@QHMS were 107.71 + 6.26°, 91.57 + 3.92°, 120.14 + 5.59° and 128.36 + 1.58°,
respectively. The addition of HMS to the SF scaffold resulted in the poorest hydrophilicity (p < 0.001), while the addition
of QHMS (p < 0.05) and Ag@QHMS (p <0.001) increased the hydrophilicity of the scaffold.

Ag Release Profile

Figure 31 shows the release of silver ions in SF-Ag@QHMS immersed in SBF, demonstrating that the overall release
trend is slow and sustained for up to half a month. On the first day of soaking, Ag" released slightly quickly, reaching
3.45 pg/mL, and then gradually reduced from days 2 to 15, with the highest release concentration not exceeding 7 pg/mL.

Antibacterial Test

SEM Observation of Bacteria on the Scaffold

Figure 4A clearly illustrates the growth and distribution of bacteria on the surface of the scaffold, especially in the pores.
The number and distribution of bacteria on SF-HMS were quite similar to SF, but the number of bacteria in SF-QHMS
and the group was significantly reduced, and bacteria can merely see on SF-Ag@QHMS, showing scattered distribution.

Bacteria Viability

The growth curves of bacteria on SF, SF-HMS, SF-QHMS and SF-Ag@QHMS within 15 days are shown in Figure 4B.
The growth trend of bacteria in the SF and SF-HMS groups was common without pronounced inhibition. The bacteria
proliferated rapidly within one to four days and then slowly over the next 15 days. Meanwhile, both SF-QHMS and SF-
Ag@QHMS exhibited evident antibacterial effects within one to four days, but SF-QHMS gradually restored bacterial
proliferation after four days, whereas SF-Ag@QHMS considerably inhibited bacterial proliferation for at least 15 days
despite a weakening of its antibacterial effect.

In vitro Osteogenesis Effects

Cell Morphology of the Scaffolds

Figure SA shows the morphology of BMSCs under SEM after three days of growth on four different scaffolds. It can be
seen that the morphology of the cells was slightly different. On the SF, the cell body was plump, long and spindle-like,
and some of the cells differentiated to form pseudopods attached to the surface of the scaffold. The cell body was
expanded and the number of pseudopodia increased on SF-HMS. On the SF-QHMS and SF-Ag@QHMS, the differ-
entiation of BMSCs was more pronounced. The cell body became wide and flat, and the cells were covered with many
slender pseudopods, thereby increasing the cell adhesion ability.
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medium depending on the time.
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Figure 5 (A) Cell morphology grown on scaffolds (Magnification: 2000 and 5000x); (B) proliferation curve of BMSC on scaffolds; (C) ALP activity after one week of
growth on scaffolds (*p < 0.05); (D) the ALP distribution colored by BCIP/NBT.

Cell Viability

The proliferation of BMSC on SF, SF-HMS, SF-QHMS and SF-Ag@QHMS is shown in Figure 5B. In general, SF, SF-
HMS, SF-QHMS and SF-Ag@QHMS have similar effects on the proliferation of BMSCs, indicating that the addition of
HMS, QHMS and Ag@QHMS did not affect SF scaffolds cytotoxicity. However, on the first day, it can be seen that the
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proliferation of BMSCs in the SF-Ag@QHMS group was significantly higher than that of the other groups, indicating
that the addition of nano silver in Ag@QHMS had a certain effect on promoting proliferation in the early stage.

Quantitative Detection of ALP Activity

Figure 5C shows the quantitative analysis of ALP activity in the cell lysate seeded on the scaffold, in which only SF-Ag
@QHMS significantly enhanced ALP activity compared to the others (p < 0.05). As shown in Figure 5D, the alkaline
phosphatase was scattered into the pores with blue-violet colouring on the scaffolds. Among them, the density and
distribution in the SF-QHMS and SF-Ag@QHMS groups were more apparent. The density in the SF-HMS group was
scattered and slightly less than in the SF group.

Osteogenic Differentiation-Related Gene Expression

The gene expression levels after osteogenic induction on each scaffold for one week and two weeks are shown in
Figure 6. It can be found that when SF-Ag@QHMS was compared to the control group, the expression levels of Runx2,
OPN, OCN and BSP (p < 0.05) in SF-Ag@QHMS increased at one week, and the up-regulating expression of ALP (p <
0.001) and Col-1 (p < 0.001) was more significant. However, SF-HMS and SF-QHMS only showed differences in up-
regulating the expression of ALP (SF-HMS: p < 0.05, SF-QHMS: p <0.01). At two weeks, the Ag@QHMS continued to
up-regulate the expression of the above genes, while the difference in ALP expression levels in SF-HMS and SF-QHMS
at one week had returned to normal. The up-regulation of Col-1 in the SF-HMS group showed a significant difference
(p < 0.05), but it decreased the BSP expression (p < 0.05).

In vivo Assessment of the Bone Formation

Micro-CT Imaging and Analysis

The bone defects prepared in the rat mandibular and the new bone formation six weeks after scaffold implantation were
observed using micro-CT scanning, as shown in Figure 7A. The reconstruction model clearly exhibited that the hollow
circle bone defects had become partial bone filling after six weeks of scaffold implantation. Detailed information on the
new bone is shown in Figure 7B. The ratio of bone volume in tissue volume (BV/TV) in SF was slightly lower than in
the control group, while the new bone volume of SF, SF-HMS, SF-QHMS and SF-Ag@QHMS gradually increased, but
only the difference between SF and SF-Ag@QHMS, was significant (p < 0.05). The ratio of surface area to bone volume
(BS/BV) decreased steadily, indirectly indicating that the osteogenesis volume in the region gradually increased.
Similarly, the increasing trend in each group was found in the average trabecular thickness (Tb.Th) and the number of
trabecular bones (Tb.N). The trabecular separation degree (Tb.Sp) was gradually reduced, indicating that an increase in
new bone formation leads to a decrease in the average width between trabecular bones.

Histological results

Figure 8 shows the histological changes in the bone defects after six weeks of healing through HE and Masson staining.
At 40x magnification, it can be clearly seen that the bone defects had been fulfilled with certain new trabecular bones
depending on the different scaffold implantations. In detail, these new trabecular bones, which mainly formed as strips or
bone islands, aligned quite differently from the radial arrangement of the surrounding normal tissues. In addition, the
formation of new bones that were dyed red by HE and blue by Masson was mainly located on the edge of the defects and
then eventually moved towards the center. SF-QHMS and SF-Ag@QHMS produced more new bone than SF and SF-
HMS, particularly in the central region. At 100x magnification, a small amount of undegradable blue-violet star reticular
scaffolds remained between the disorderly arranged new bone trabecula.

Discussion

The enormous advancement of materials science has witnessed the rapid development and remarkable progress of tissue
engineering. Generally, a single-component scaffold cannot provide all the prerequisites for efficient tissue regeneration.
To overcome these inevitable drawbacks, combining nanomaterials with tissue engineering scaffolds is necessary to
produce ideal scaffolds that mimic the structure of a natural extracellular matrix, thereby providing relevant biomecha-

nical guidance and effective bioactive factors for biological regeneration.lg*zo
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Figure 6 Expression levels of genes related to osteogenic differentiation in BMSC after co-cultivation for one week (A) and two weeks (B). (*p < 0.05; **p < 0.01;

#p < 0.001).

5673
Dove:

https:

International Journal of Nanomedicine 2022:17


https://www.dovepress.com
https://www.dovepress.com

Li et al Dove

"R O

Pre-operation

SF-HMS .
I — SF-Ag@QHMS

BV/TV BS/TV

25

B 60

40 -

20 H

O°o, S &,9& S & Q’z- DN o;% %vo %:7
% T @94@ ‘70@09 % % 0©99
% %
Tb.Th Tb.N Tb.Sp
25
60
2.0
i _ 154
£ iE
£ £
1.0 o
20
0.5
0 - 0.0 -
@, % S % K Q, & K %, % Q, % K % %K
7, X ’0&% 'Yo©% ey e %@ '70@% 7, K8 994@ ’Vo©o
% % K

Figure 7 (A) Micro-CT three-dimensional reconstruction images of rat jaw defects before surgery and six weeks after scaffold implantation; (B) The evaluation of new bone
formation in the bone defect area includes: the ratio of bone volume to the entire defect (BV/TV), the ratio of bone surface area to bone volume (BS/BV), trabecular bone
thickness (Tb.Th) and bone size, the number of trabecular bones (Tb.N) and the separation of trabecular bones (Tb.Sp) (*p < 0.05).

Characterization of Ag@QHMS Composite Scaffold

The selection of scaffold matrix material influences not only cell adhesion, proliferation and differentiation but also
affects the macroscopic tissue characteristics of the scaffold.”>*> However, some studies have suggested that some
adverse biological reactions, such as inflammation caused by natural silk, may be attributed to residual sericin.**
Therefore, the scaffold matrix—SF with the same structure as natural type I collagen—was extracted using a high-
temperature alkaline degumming procedure to resolve sericin.”> The pores, which can promote better growth of cells,
were directly produced by the freeze-drying method.?®*” The pore size of SF-Ag@QHMS was 233.40 + 74.85 um;
among them, pores > 100 pm were conducive to the diffusion of oxygen and nutrients, resulting in cell survival and
angiogenesis; pores of 200~350 pum were particularly suitable for osteoblasts to grow into the scaffold.”® At the same
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Figure 8 HE and Masson staining of bone formation osteogenesis in different scaffolds after six weeks of healing.

time, the nanocomposite obtained by freeze-drying has a good bonding and crosslinking interface between the nano-
particles and the polymer matrix, which helps to increase the scaffold’s strength.?’

Mesoporous silica nanoparticles (MSN) lack the mechanical strength and proper space necessary for cell attachment,
proliferation and differentiation, and new tissue formation, forcing MSN to combine with a certain three-dimensional
scaffold.*® Furthermore, the introduction of MSN can significantly strengthen the SF scaffold.>' This may be due to the strong
electrostatic interaction between the negatively charged tyrosine in SF and the positively charged QAS on Ag@QHMS.*
However, different MSN may have a different effect on composite strength due to their own nanostructures. HMS and QHMS
were hollow structures with lesser strength than the nearly solid Ag@QHMS core-shell structure.'*2° Therefore, it is significant
that only SF-Ag@QHMS strength increased. Interestingly, the inclusion of HMS, QHMS and Ag@QHMS nanoparticles
thickened the pore wall without affecting the scaffold’s hydrophobicity and swelling ability. The positive charge of QAS long
chain and nano silver may contribute to the increase of hydrophilicity of SF-QHMS and SF-Ag@QHMS than that of SF. This
effect, combined with an increased roughness of the nanoparticle surface, improved the scaffolds’ ability to adsorb cells and
protein macromolecules for osteogenic differentiation.*

The accumulating concentration of nano silver can be maintained at a sustained-release of 7 pg/mL for two weeks,
which was regarded as safe for biological application.’® The slow release of silver nanoparticles mainly depends on
MSN, and the small 2-5 nm pore size of the mesoporous shell successfully controlled the release rate of silver, which has
been confirmed in our published research. In this study, mesoporous nanoparticles anchored the surface of the SF
scaffold, and its pores were practically covered by SF and CS. However, the degradation rate of SF and CS was fast, so
the silver release curve was similar to that of Ag@QHMS.?’ The accumulated silver concentration mainly depends on the
concentration of Ag@QHMS embedded in the composite.
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Antibacterial Activity of SF-Ag@QHMS

In addition to improving the physical and chemical properties of the scaffold, nanoparticles could be employed to supply
biologically active components, providing the scaffold with more biologically active functionalities.'”> Because of the dual
mode antibacterial effects of direct contact killing by the long QAS chain covalently bonding to the surface and slow-released
antibacterial of nano silver, the long chain of surface-modified quaternary ammonium salt changes cell permeability, our
synthesized Ag@QHMS nanoparticles have exhibited satisfactory antibacterial efficacy against Escherichia coli,
Staphylococcus aureus and Porphyromonas gingivalis. The inclusion of nanoparticles to the SF-Ag@QHMS resulted in
antibacterial activity. The antibacterial experiment showed that compared to the simple SF scaffold, the bacteria colonized on
the surface of the SF-QHMS and SF-Ag@QHMS scaffolds were significantly lower. In addition, for at least four days, the
antibacterial ability of SF-QHMS and SF-Ag@QHMS scaffolds remained highly effective due to the direct bacterial contact
with the QAS modification surface. However, the antibacterial effects of SF-Ag@QHMS were reduced after four days, and
the proliferation of bacteria was still significantly inhibited and maintained stably after 15 days. This is consistent with the
release profile of silver ions. The continuing antibacterial activity from the initial stability helps the implanted scaffold resist
forming plaque biofilm and better perform its osteogenic function.

Osteogenesis Effect of SF-Ag@QHMS

SEM results showed that the surface of the pore wall of the nano-reinforced composite scaffold synthesized in this study
was rougher, and the hydrophilicity increased after positively charged modification, which resulted in a slight alteration
of the cell morphology. The nano-reinforce scaffold induced the cell body to become larger and pseudopodia accretion
for better cell adhesion. Wang et al also found that the presence of MSN in the hydrogel enabled the composite hydrogel
to absorb more protein and significantly improve cell adhesion.>> Furthermore, it was challenging to improve cell
proliferation and directed differentiation using a simple polymer or protein scaffold because of its limited biological
activity.’® MSN can be used as a reservoir of biologically active factors and combined with a scaffold to improve
regeneration ability.**>’ As our toxicity and proliferation results showed, SF and the other three nano-reinforced
scaffolds generally have the same effect on the proliferation of BMSCs. Only SF-Ag@QHMS slightly promoted better
proliferation on the first day, indicating that the biologically active function of the SF scaffold was enhanced by the
Ag@QHMS nanoparticles. The possible reason may be that the Ag@QHMS nanoparticles could adaptively promote cell
proliferation in a short period of time through the slow release of Ag+. At the same time, this low level of Ag+ had
certain osteogenic activity.*® In addition, studies have pointed out that MSN particles have a certain proliferation effect
on osteoblast precursors.>® This nano-scale biological activity has also successfully endowed the SF scaffold with
improved osteogenesis performance either in vivo or in vitro, such as the up-regulated expression of osteogenesis-
related genes. In particular, the in vivo new bone formation induced on the scaffold demonstrated that under the support
of the scaffold, osteoblasts above or below the scaffold could penetrate into the pores for growth, proliferation,
differentiation and mineralization, allowing new bone to be generated from the center of the defects. In contrast, the
new bone was first formed at the edge of the defect and gradually migrated towards the center in the control group.
Therefore, nanoparticle-enhanced composite scaffolds may be a potential approach for the application of nanoparticles,
such as MSN, in the field of tissue regeneration.

Nevertheless, it is important to note that the osteogenic effects of this multifunctional nanoparticle in vivo were not as
good as those in vitro. This partly reflects the limitations of in vitro experiments. The conditions in vitro were more
controllable and simpler, and the study period was usually only 7 to 21 days, during which the concentration of Ag+ was
relatively controlled without cytotoxicity. However, the composite scaffold was implanted into the defects for six weeks
in vivo, which may have resulted in the accumulation of Ag+ in the body and a disruption of the osteogenic effects.
Therefore, the use of such composite scaffolds needs to be cautious and further improved.

Conclusion
The nano-reinforced composite scaffold based on Ag@QHMS nanoparticles and SF was successfully assembled,
inheriting the three-dimensional porous structure and better mechanical properties of the SF scaffold.
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Simultaneously, the introduction of versatile nanoparticles has provided the composite with additional antibacterial
ability against Porphyromonas gingivalis, which can be maintained for 15 days. Furthermore, the expression of
osteogenic-associated factors was up-regulated due to the silver ion eluting from the composite scaffold. The in vivo
osteogenesis results showed that the new bone formation was not only localized around the border of the defect but also
arose more in the center with the support of the composite. In summary, the SF-Ag@QHMS composite scaffold has the
dual functions of antibacterial and osteogenesis and allowing for its application in the treatment of infectious bone
deformities.
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