
coatings

Article

Use of Silver Nanoparticle–Gelatin/Alginate Scaffold
to Repair Skull Defects

Yang Zhao, Jun Liu, Mingyue Zhang, Jia He, Bowen Zheng, Fan Liu, Zhenjin Zhao * and Yi Liu *

Department of Orthodontics, School of Stomatology, China Medical University, Liaoning Provincial Key
Laboratory of Oral Diseases, Shenyang 110001, China; yzhao79@cmu.edu.cn (Y.Z.); jliu89@cmu.edu.cn (J.L.);
myzhang97@cmu.edu.cn (M.Z.); jiahe@cmu.edu.cn (J.H.); bwzheng@cmu.edu.cn (B.Z.); fanliu@cmu.edu.cn (F.L.)
* Correspondence: zjzhao@cmu.edu.cn (Z.Z.); liuyi@cmu.edu.cn (Y.L.); Tel.: +86-24-3192-7709 (Z.Z.);

+86-24-3197-3999 (Y.L.)

Received: 22 August 2020; Accepted: 24 September 2020; Published: 30 September 2020
����������
�������

Abstract: The major objectives of this study were to investigate the effects of silver nanoparticles–
gelatin (AgNPs) on the physical and chemical properties of gelatin/alginate (Gel/Alg) scaffolds and
the bone-promoting effect of AgNP–Gel/Alg scaffolds. Gel/Alg scaffolds consisting of 0 µM, 200 µM,
400 µM, and 600 µM AgNPs were prepared. SEM was used to evaluate the physical properties of the
scaffolds. A CCK-8 assay was performed to determine the cell proliferation activity, and Micro-CT and
histological analysis were used to assess the osteogenic effect. The pore size, porosity, and the water
absorption and degradation rates of AgNP–Gel/Alg scaffolds were found to be increased compared
with those of Gel/Alg scaffolds (control group). CCK-8 showed that cell proliferation activity in the
200 µM group was significantly higher than that in the control group. Micro-CT analysis showed that
there was more new bone around AgNP–Gel/Alg than the control group, and the amount of bone
formation in the 200 µM group was significantly higher than that in the other groups. Masson staining
showed that numerous collagen fibers had proliferated around the AgNP–Gel/Alg scaffold and
tended to thicken over time. AgNP–Gel/Alg scaffolds promoted the repair of skull defects in New
Zealand rabbits and exerted a marked osteogenic effect in vivo. The 200 µM AgNP–Gel/Alg scaffold
was shown to be more suitable for bone tissue engineering materials.
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1. Introduction

In clinical practice, jaw defects or alveolar resorption caused by cysts of the jaw, tumors, trauma,
and periodontal and endodontic disease are very common [1]. For a long time, autogenous bone has
been defined as the gold standard for bone repair material owing to its excellent osteoconduction,
osteogenesis, and osteoinduction in replacing damaged or missing bones. However, secondary surgery
of autogenous bone increases the pain and risk for patients [2–4].

In recent years, with the in-depth understanding, development and utilization of bone tissue
engineering material, biomaterial has gradually become a new substitute for bone tissue, opening a new
path for the treatment of related diseases. Because it naturally draws in material, induces a low- level
immune response, and has great biocompatibility, hydrophilicity, and biodegradability, gelatin (Gel)
has attracted wide attention [5]; however, it also has demerits such as fast degradation and poor
mechanical properties, and the pore diameter of a Gel scaffold is large. As a natural polysaccharide,
alginate (Alg) can form scaffolds in a relatively short time and adjust the pore diameter of the scaffold
to make up for the defects of Gel [6]. Therefore, Gel/Alg scaffolds are widely used [7].

Silver nanoparticles–gelatin (AgNPs) not only have broad-spectrum antibacterial activity and
are effective against antibiotic-resistant strains but can also promote the proliferation and migration
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of keratinocytes [8]. Because of their remarkable antibacterial effect, AgNPs have been widely used
in the medical field, especially in implants of bone transplantation [9]. In addition, previous studies
have focused on the cytotoxicity and genotoxicity of AgNPs, but little is known about its effects on cell
differentiation [10]. Other studies have shown that AgNPs can promote fibroblasts to differentiate
into myofibroblasts and accelerate wound contraction [11,12]. Hui Q et al. [13] found that AgNPs
at appropriate concentrations can promote the osteogenic differentiation of urine-derived stem cells.
Zhang R et al. [14] found that AgNPs can promote osteogenic differentiation of mammalian bone
marrow mesenchymal stem cells. In the early stage of the study, AgNPs were shown to improve the
osteogenic differentiation of periodontal ligament fibroblasts [15]. However, the ability of AgNPs to
promote osteogenesis in vivo has not been reported.

The aim of our study was to evaluate the osteogenic effect of AgNPs in vivo by preparing
AgNP–Gel/Alg scaffolds and applying them to defect models of the New Zealand rabbit skull.

2. Materials and Methods

2.1. Preparation of AgNP–Gel/Alg Scaffolds

Scaffolds containing AgNPs were initially prepared. First, 0.015 g of Alg and 2 g of Gel powder
were added to 10 mL of deionized water, and the mixture was stirred rapidly at high temperature in
a magnetic stirring apparatus until dissolved to obtain 0.15% (w/v) Alg and 20% (w/v) Gel solutions.
Alg and Gel were mixed in equal volumes and added to the AgNP solution, and then the mixture
was subjected to ultrasound treatment to obtain liquids containing Gel/Alg mixed with different
concentrations of AgNPs, namely, 0 µM, 200 µM, 400 µM, and 600 µM. The evenly mixed solution
was poured into a 48-well plate, stored at −20 ◦C overnight and lyophilized for 48 h. The cross-linked
scaffold was incubated in 2% CaCl2 overnight at 4 ◦C and cleaned in distilled water to remove additional
CaCl2. Then, the cross-linked scaffold was placed in a 2% glutaraldehyde solution for 30 min and
rinsed with distilled water to remove the additional glutaraldehyde. The cross-linked scaffold was
stored overnight at −20 ◦C and lyophilized at −50 ◦C for 48 h.

2.2. Morphological Characterization of the AgNP–Gel/Alg Scaffold

The morphology of AgNP–Gel/Alg was determined by a scanning electron microscope
(SEM, CamScan MX2600FE, West Sussex, UK). A scaffold slice, which was obtained with a scalpel,
was fixed to conductive glue, and the surface of the sample was iron-sputtered. SEM images were
collected at an acceleration voltage of 15 kV and 200 times magnification. The pore diameter of the
prepared sample was analyzed and detected by Image J analysis software.

2.3. Determination of the Porosity of the Scaffold

First, the weight of the scaffold sample (diameter: 10 mm; thickness: 3 mm) was measured and
recorded as W1. Liquid displacement was used to measure the scaffold porosity. Because ethanol
has no effect on the expansion or contraction of the scaffold, it was chosen as the replacement fluid.
The geometrical volume (V) of the cylindrical scaffold was calculated, and the scaffold was submerged
in pure ethanol in a vacuum for 20 min. In order to induce the ethanol to infiltrate the scaffold,
it was continuously circulated in a vacuum pumping and recompression system until there were no
bubbles. After removing excess ethanol from the surface with filter paper, the weight of the scaffold
was determined and recorded as W2. Porosity was calculated by the following equation:

Porosity (%) = (W2 −W1)/ρV × 100(ρ = 0.789 mg·mL−1)

2.4. Determination of the Swelling Ratio of the Scaffold

First, the weight of the scaffold sample (diameter: 10 mm; thickness: 3 mm) was determined and
recorded as W1. The scaffold was soaked in 1× PBS at 37 ◦C for 24 h to measure its water absorption.
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At the end of the swelling phase, the scaffold was cleaned in deionized water to remove any ions
absorbed on the surface and then dried with filtered water. The wet weight was recorded as W2.
The rate of swelling of the scaffold was calculated using the following formula: swelling rate (%) =

(W2 −W1)/W1 × 100.

2.5. Determination of the Degradation Rate of the Scaffold

In vitro biodegradability of the scaffold was tested by incubating the scaffold in the PBS solution
and evaluating the weight loss of the samples. The scaffold was cut into samples with the same weight
(W1) and soaked in 25 mL of PBS (pH = 7.4), before which the scaffold was sterilized for about 15 min
with 70% ethanol and washed three times with PBS. Incubation was performed in the dark. The samples
were incubated at 37 ◦C in PBS for 2, 4, and 6 weeks, and then the remaining scaffold was separated,
washed thoroughly with deionized water, and dried in a vacuum at 50 ◦C until it reached a constant weight
(W2). The weight loss due to deterioration of the scaffold was calculated using the equation. Each scaffold
was measured at least three times, and the average value was recorded. The rate of degradation was
calculated using the following formula: Degradation rate (%) = (W1 −W2)/W1 × 100.

2.6. Cell Proliferation in the Scaffold

MC3T3-E1 cells were cultivated in MEM medium containing 10% fetal bovine serum (FBS),
100 U/mL penicillin, and 100 µg/mL streptomycin in a humidified incubator at 37 ◦C and 5% CO2.
After reaching 80–90% fusion, the fifth generation of cells was centrifuged to produce a cell suspension
with a cell density of 1 × 105/mL. Cell suspensions (50 uL) were carefully inoculated on the surfaces of
0 µM, 200 µM, 400 µM, and 600 µM AgNP–Gel/Alg scaffolds (diameter: 10 mm; thickness: 3 mm) with
an inoculation density of 5000 cells/wells. Each group was set in three wells as replicates and placed in
a 37 ◦C incubator for cell adhesion. After 4 h, 500 uL of the medium was added. After incubation for 1,
3, 5, and 7 days, 300 uL of the medium was replaced with fresh medium, and 30 uL of cholecystokinin-8
(CCK-8) reagent was added to every well and thoroughly mixed. The culture plate was placed in an
incubator for 2 h. After that, 100 µL of the medium was transferred to a 96-well plate, and the OD
value was measured at 450 nm.

2.7. Model Preparation of Critical Skull Defects of Rabbits and Animal Grouping

The protocol was approved by the Ethical Committee and the Laboratory Animal Center of
China medical university, Shenyang, Liaoning, People’s Republic of China. New Zealand white
rabbits were weighed and intramuscularly injected with 0.2 mL of new chloramine ketone solution.
The hair over the rabbit’s ear vein was removed with a shaver, and 3% (1 mL/kg) sodium pentobarbital
solution was injected into the ear vein. The rabbit underwent local anesthesia with primacaine
adrenaline. A longitudinal incision of about 5 cm was cut along the midline of the skull; the skin and
mucoperiosteum were peeled off with a dissector, and the operation area was completely exposed.
To avoid damaging the dura, four circular full-thickness bone defects with a diameter of 10 mm were
drilled along both sides of the suture with a ring drill, during which ice brine was used for physical
cooling. The operation area was locally injected with 1 mL of 400,000 units of the scaffold material
in penicillin sodium solution and sutured. An intramuscular injection of 400,000 units of penicillin
sodium solution was administered for three consecutive days after the operation.

Twelve New Zealand white rabbits were divided randomly into two groups based on the time of
observation. Four scaffolds (Gel/Alg (control group), 200 µM AgNP–Gel/Alg, 400 µM AgNP– Gel/Alg,
and 600 µM AgNP–Gel/Alg) were implanted at random into the skull defects of rabbits, and the
wounds were closed with stratified suture. After the operation, the rabbits were placed in cleaning
cages, and wound healing and inflammatory reactions were observed after they woke up (Figure 1).
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Figure 1. Rabbit skull defect preparation and material implantation: (A). reparation of rabbit skull
defect models; (B). the implantation of AgNP–Gel/Alg stents with different scaffolds.

2.8. Iconographical and Histological Analyses after the Operation

After surgery, six animals were sacrificed at 4 and 8 weeks. The skull defect locations were
exposed, and peripheral bones and soft tissues were surgically removed. The critical skull bone defect
sites were scanned by micro-computed tomography (Micro-CT, Inspexio; Shimadzu Corporation,
Tokyo, Japan) for X-ray imaging. Three-dimensional reconstruction was performed using TRI/3D-
BON software (RATOC Systems Engineering, Tokyo, Japan) from a set of acquired scans.

Iconographic assessment was carried out by Micro-CT of critical bone defect sites in animals
sacrificed at 4 and 8 weeks after surgery. Tissue blocks were removed and fixed with 4%
paraformaldehyde solution for 72 h, and step-by-step dehydration from low to high concentrations
(70%, 80%, 90% and 100%) was performed, followed by xylene clearing, plastic dipping and resin
embedding; then, 5–8 µm slices were obtained by microtome and de-plasticized in water, followed by
Masson staining, clearing and finally sealing. Three slices were cut from each tissue sample, and two
slices were selected for observation for different visualizations under the microscope.

2.9. Statistical Analysis

The experimental results are shown as means ± standard deviation (SD). The data were
processed with a one-way variance analysis (ANOVA) by SPSS 22.0 software (SPSS, Chicago, IL, USA),
and GraphPad Prism 8.0 software was used for drawing. Differences are considered to be statistically
significant at p < 0.05.

3. Results

3.1. Microstructure and General Observation of Scaffolds

The scaffold material was cylindrical and had pinhole-sized pores visible to the naked eye, with a
height of 3 mm and a base diameter of 10 mm. SEM showed that the microstructures of the four
materials were highly porous and interconnected (Figure 2). There was an excellent connection between
holes, which could ensure the implantation of cells and the transport of nutrients. The control group
and 200 µM AgNP–Gel/Alg scaffolds had smooth edges, abundant pores, and good pore-forming
effects. With the increase in AgNP concentration, the pore morphology of the scaffold contained more
flaky sharp edges.

3.2. Determination of the Porosity and Pore Diameter of Scaffolds

With the increase in AgNP concentration, the pore diameter and porosity of the scaffolds increased
(Figure 3). The pore size and porosity of the experimental groups with different concentrations
of AgNPs were significantly increased compared with those of the control group. In the AgNP
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groups, there was no substantial difference in pore size or porosity between the 400 µM and 600 µM
AgNP–Gel/Alg groups.
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Figure 3. Pore diameter and porosity of the Gel/Alg scaffold after adding different concentrations
of AgNPs: (A). pore diameter; (B). porosity. * p < 0.05 vs. control group; # p < 0.05 vs. 200 µM
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3.3. The Scaffold Swelling Rate

The swelling rate was substantially higher for the AgNP groups than the control group. In the
AgNP group, there was no significant difference in the swelling rate between the 400 µM and 600 µM
AgNP–Gel/Alg groups (p > 0.05) (Figure 4).
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3.4. Degradation Rate of Scaffolds

With the increase in AgNP concentration, the degradation rate of the AgNP groups increased.
In the AgNP groups, there was no significant difference in the degradation rate between the 400 µM
and 600 µM AgNP–Gel/Alg groups. With the increase in time, the degradation rate of each group
increased (Figure 5).

Coatings 2020, 10, x FOR PEER REVIEW 6 of 12 

 

Figure 4. Swelling rate of AgNP–Gel/Alg scaffold with different concentrations of AgNPs. * p < 0.05 

vs. control group; # p < 0.05 vs. 200 uM AgNP–Gel/Alg group. 

3.4. Degradation Rate of Scaffolds 

With the increase in AgNP concentration, the degradation rate of the AgNP groups increased. 

In the AgNP groups, there was no significant difference in the degradation rate between the 400 uM 

and 600 uM AgNP–Gel/Alg groups. With the increase in time, the degradation rate of each group 

increased (Figure 5). 

 

Figure 5. In vitro degradation rate of AgNP–Gel/Alg scaffold with different concentrations of AgNPs. 

* p < 0.05 vs. control group; # p < 0.05 vs. the 200 uM AgNP–Gel/Alg group. 

3.5. Cell Proliferation on Scaffolds 

MC3T3-E1 cell proliferation in the AgNP groups and control group after 1, 3, 5, and 7 days is 

shown in Figure 6. On day 1, the cell proliferation activities in the AgNP groups and the control group 

were not significantly different. On day 3, all the MC3T3-E1 cells in the scaffold entered a phase of 

rapid proliferation, and the cell proliferation activity of the 200 uM AgNP–Gel/Alg group was 

significantly higher than that of the control group (p < 0.05). On day 5, the cell proliferation activity 

of the 600 uM AgNP–Gel/Alg group was not significantly different from that of the control group (p 

< 0.05). In groups of AgNPs, in the 400 uM and 600 uM AgNP–Gel/Alg groups, there was no 

significant difference in cell proliferation activity. On day 7, the cell proliferation activity of scaffolds 

with different concentrations of AgNPs was significantly higher than that of the control group (p < 

0.05). The cell proliferation activity of the 200 uM AgNP–Gel/Alg group was significantly higher than 

that of the 600 uM AgNP–Gel/Alg group (p < 0.05) (Figure 6). 

 

Figure 5. In vitro degradation rate of AgNP–Gel/Alg scaffold with different concentrations of AgNPs.
* p < 0.05 vs. control group; # p < 0.05 vs. the 200 µM AgNP–Gel/Alg group.

3.5. Cell Proliferation on Scaffolds

MC3T3-E1 cell proliferation in the AgNP groups and control group after 1, 3, 5, and 7 days is
shown in Figure 6. On day 1, the cell proliferation activities in the AgNP groups and the control group
were not significantly different. On day 3, all the MC3T3-E1 cells in the scaffold entered a phase of rapid
proliferation, and the cell proliferation activity of the 200 µM AgNP–Gel/Alg group was significantly
higher than that of the control group (p < 0.05). On day 5, the cell proliferation activity of the 600
µM AgNP–Gel/Alg group was not significantly different from that of the control group (p < 0.05).
In groups of AgNPs, in the 400 µM and 600 µM AgNP–Gel/Alg groups, there was no significant
difference in cell proliferation activity. On day 7, the cell proliferation activity of scaffolds with different
concentrations of AgNPs was significantly higher than that of the control group (p < 0.05). The cell
proliferation activity of the 200 µM AgNP–Gel/Alg group was significantly higher than that of the
600 µM AgNP–Gel/Alg group (p < 0.05) (Figure 6).

3.6. Micro-CT Imaging Analysis

Figure 7 shows representative observations from Micro-CT imaging: at 4 and 8 weeks, the control
group was found to have less new bone formation. In the AgNP groups, more new bone tissue was
found at the edge of primary bone tissue. At 4 weeks, the new bone volume (BV) of the 200 and 400 µM
AgNP–Gel/Alg groups was substantially higher than that of the control group (p < 0.05). There were
substantial differences in BV among the AgNP groups (p < 0. 05) (Figure 8A). With the increase in time,
the BV value of each group increased.

At 4 weeks, the trabecular bone connectivity (Tb.Pf) of the 200 µM AgNP–Gel/Alg group was
less than that of the control group (p < 0.05). The Tb.Pf of the 400 µM and 600 µM AgNP–Gel/Alg
groups was greater than that of the 200 µM AgNP–Gel/Alg group (Figure 8B). With the increase in
time, the Tb.Pf values of each group decreased.
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3.7. Histological Analysis

At 4 weeks, trabecular fibrous tissue was observed in the 200 µm and 400 µm AgNP–Gel/Alg
groups. However, there was little tissue in the control group and 600 µm AgNP–Gel/Alg group.
With the increase in time, the trabecular cord-like fibrous tissue thickened and increased (Figure 9).
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4. Discussion

In this research, AgNP–Gel/Alg composite bone tissue engineering scaffolds were prepared
using a freeze-drying technique. Because AgNPs may affect the chemical and physical properties of
the scaffolds, such as pore size, porosity, in vitro enzymatic degradation, morphology, and swelling
behavior, we observed the effects of AgNPs on these properties. The pore size in the scaffold
structure can affect the mechanical properties of the scaffold and regulate cell adhesion, proliferation,
vascularization, and osteogenic differentiation. Many researchers believe that scaffold materials with
pore sizes in the range of 100–600 µM are the most suitable for bone growth and should be as close as
possible to the size of normal bone units (about 223 µm) [16]. The pore size of the composite scaffold
prepared in this experiment is between 230 µm and 350 µm, and the pore size increases with the
increase in AgNP concentration. The reason for this result may be that the interaction between Ag+

and –NH2 or –COOH in Gel leads to a decrease in the hydrogen bonding of gelatin chains, resulting in
a loose connection between gelatin chains and increased pore sizes with increasing concentrations of
AgNPs. The average pore size of the 200 µM AgNP–Gel/Alg scaffold is 272.8 µm, which is close to the
normal bone unit size and more in line with the requirements of bone scaffold materials.

Biomaterial scaffolds play a significant role in bone formation in vivo because of their porosity and
pore size. Appropriate porosity enables porous structures to interconnect with each other and provides
channels for nutrient transport, waste discharge, and “inward” growth of new tissues. Kruyt et al.
studied in vivo bone formation on a hydroxyapatite (GMSC) scaffold with 70% porosity and an average
pore size of 800 µM and a GMSC scaffold with 60% porosity and an average pore size of 400 µM.
However, when the GMSC scaffold was implanted into the bilateral paraspinal muscles of goats, the 70%
800 µM scaffold formed more bone. This result may be due to greater ion exchange and adsorption of
osteoinductive factors because of a larger surface area [17]. Although increasing porosity and pore
size can provide better pore connectivity and inward growth of bone cells, it also reduces mechanical
properties. Chitosan sponges with a pore size of 100 µM were formed in hydroxyapatite/β-tricalcium
phosphate scaffolds with large pores (300–600 µm). The compression module and the yield stress
increased by around four times [18]. The porosity of bone tissue engineering scaffolds should be
above 60–80%. In this study, the porosity of the composite scaffolds was above 80%, and the porosity
increased with the increase in AgNP concentration. All scaffold materials in this study had good
absorption and swelling ability because gelatin and sodium alginate are hydrophilic natural polymer
materials, and the pore size and porosity of the porous materials are conducive to water absorption.

Degradability is also an important indicator when measuring the performance of bone repair
materials. In the process of cell growth and tissue formation, the biodegradation of the scaffold continues
until the scaffold is completely degraded. The rate of biodegradation should follow the growth rate
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of the cells so that as the scaffold area is reduced, the cells fill the degraded area. Biodegradation of
scaffolds usually occurs by hydrolysis, dissolution, transformation or enzymatic decomposition [19].
Figure 6 shows the degradation degree of AgNP–Gel/Alg after incubation in PBS solution for different
times. As the AgNP content in the scaffold increased, the degradation rate increased correspondingly.
In this experiment, the average degradation rate of 200 µM AgNP– Gel/Alg scaffolds was 33.8%,
while that of 600 µM AgNP–Gel/Alg scaffolds was 37.1%. This is because the degradation rate of the
material is proportional to the surface area, and the larger the porosity, the faster the degradation rate.
The experiment was conducted in a PBS buffer environment, and the lack of degradation enzymes
resulted in a slow degradation rate, which made it difficult to maintain consistency with the situation
in vivo.

Because of their excellent antibacterial properties, silver-plated orthopedic implants have attracted
much attention. Silver is an antibacterial agent, which has antibacterial activity against a variety of
drug-resistant strains [20,21]. Zhang et al. demonstrated that AgNPs could promote the proliferation
and osteogenic differentiation of MSCs [14]. Hqin et al. found that 4 µg/mL AgNPs (average diameter
19.4 ± 5.2 nm) promoted extracellular matrix mineralization by up-regulating the expression of RUNX2,
ALP, BMP-2, COL-1, OPN, and OCN genes, thus promoting the osteogenic differentiation of human
urine-derived stem cells [13]. To date, there are few reports on the possible mechanism of the effect
of AgNPs on stem cell osteogenesis. AgNPs can induce actin polymerization, increase cytoskeleton
tension, activate RhoA, and promote osteogenesis of human umbilical cord blood stem cells [22].
The effect of AgNPs on cell function depends not only on the concentration and incubation time
of AgNPs but also on some of their chemical and physical properties, such as their size, shape,
surface charge, surface coating or functionalization. The concentrations of AgNPs used in the above
studies varied greatly. The physical and chemical properties of silver nanoparticles vary with different
AgNP concentrations, which may be the reason for the different results obtained in these studies.
In this study, we refer to the results of previous experiments [23].

As the basis of bone tissue engineering, scaffold materials provide an environment for cells
to perform biological functions, so biocompatibility is often the primary factor in evaluating the
performance of scaffold materials. In this study, CCK-8 results show that Gel/Alg scaffolds containing
AgNPs have good biocompatibility. This is not only due to the good biocompatibility of Gel and Alg
but also because the scaffolds have appropriate pore sizes and porosities, which provide a large surface
area for cell growth, and pore interconnections provide a channel for gas exchange, nutrient transport,
and waste discharge. On the first day of the co-culture of MC3T3-E1 cells and scaffold materials,
the cells grew well on the surfaces of the scaffold materials. With the increase in time, the proliferation
ability of MC3T3-E1 on the surface of scaffolds containing AgNPs strengthened; the proliferation
ability of the 200 µM AgNP–Gel/Alg scaffolds was the strongest, which may be due to the synergistic
effect of AgNPs. Furthermore, the biosafety of three kinds of AgNP–Gel/Alg scaffolds has been proved.
Studies have confirmed the dose-dependent cytotoxicity of AgNPs in stem cells. Results from Greulich
et al. showed that approximately 100 nM AgNPs at a concentration of more than 5 µg/mL had a clear
cytotoxic effect on human bone marrow mesenchymal stem cells, but at a concentration of 2.5 µg/mL,
they could also induce cell activation and release IL-8 [24]. Qin et al. also demonstrated that low
concentrations (≤4 µg/mL) of 20 nm AgNPs did not reduce cell survival, but a high concentration
(4 µg/mL) of AgNPs had a significant cytotoxic effect on human USCs [13]. These results suggest that
that the AgNPs in this study fall into the range of safe concentration.

In vivo bone defect repair experiments are often used to assess the osteogenic properties of bone
tissue engineering materials. Many studies have established animal models of critical bone defects
to assess the effect of bone tissue engineering materials on the osteogenesis of bone defects [25–28].
The critical bone defect model of the skull is commonly used at present, which has several advantages
compared with models of other parts. First, the skull area has a poor blood supply and weak bone
regeneration ability, which is suitable for the study of bone defect repair; second, the operation has a
clear field of vision, simplicity, and good repeatability. Finally, in terms of anatomical structure, the dura
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mater can provide support and fixation for bone substitute materials [26]. At present, the reported
sizes of critical defects in rabbit skulls vary in the range of 5–15 mm. Jin et al. [27] successfully prepared
critical bone defects with an 8 mm diameter in the rabbit skull and found that the bone defect site
contained only a very small amount of new bone formation at 8 weeks. HwKim et al. [28] successfully
prepared critical bone defects of 10 mm and found that there was very little bone formation at 8 weeks.
In this study, critical bone defects of 10 mm in skulls were prepared, and the osteogenic effect of AgNPs
was evaluated for 8 weeks.

In this study, Micro-CT and histological analysis of the osteogenic effect of different concentrations
of AgNP–Gel/Alg scaffolds were conducted. With the increase in AgNP concentration, the osteogenic
effect of the AgNP–Gel/Alg scaffold was not enhanced. The reason may be that AgNPs promote the
proliferation and osteogenic differentiation of MSCs, but if the concentration of AgNPs exceeds a
certain range, then it may inhibit the activity of these cells. In this study, the Tb.Pf of the 200 µM
AgNP–Gel/Alg scaffold group was lower than those of other groups (p < 0.05). With the increase in
time, the Tb.Pf value in the scaffold group decreased accordingly, reflecting the gradual remodeling of
immature bone tissue through mineralization and replacement by mature bone trabeculae. Histological
analysis showed that there were fewer collagen fibers in the group without AgNPs, while the collagen
fibers in the scaffold group containing AgNPs were abundant, and the fibrous tissue was arranged in a
regular grid. As time progressed, the fibrous tissue of trabecular bone became thicker and increased.
This also suggests that AgNPs can promote the osteogenesis of New Zealand rabbits’ skulls.

5. Conclusions

• AgNPs have an effect on the physical and chemical properties of Gel/Alg scaffolds, and 200 µM
AgNP–Gel/Alg scaffolds are more suitable for bone tissue engineering materials.

• AgNP–Gel/Alg scaffolds have good biocompatibility.
• AgNP–Gel/Alg scaffold can promote the repair of skull defects in New Zealand rabbits, and AgNPs

have a clear osteogenic effect in vivo.
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