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Background: Immune responses and osteogenesis differentiation induced by implants are crucial for bone tissue regeneration.
Consideration of only one of those properties is not sufficient. To investigate the synergistic actions, we designed alginate/graphene
oxide/sericin/nanohydroxyapatite (Alg/GO/Ser/nHAP) nanocomposite hydrogels with both osteoimmunomodulatory and osteoinduc-
tive activities. This study aimed to explore the effect of hydrogel with osteoimmunomodulatory properties on promoting osteogenesis
of bone marrow stem cells (BMSCs).

Methods: Alg/GO/Ser/nHAP nanocomposite hydrogel was fabricated and was characterized by SEM, FTIR, XRD, stress-strain,
rheology, swelling and degradation. After the impact of sericin on M2 macrophage polarization was identified, the BMSCs viability
and adhesion were evaluated by CCKS8 assay, live/dead staining, cytoskeleton staining. The cell osteogenic differentiation was
observed by ALP/ARS staining, immunofluorescence staining, RT-PCR, and Western blotting, respectively. Rat cranial defect
model was used to assess osteoimmunomodulatory effects of scaffolds in vivo by micro-computed tomographic, histological, and
immunohistochemical analyses after 8 weeks of healing.

Results: In vitro experiments revealed that the hydrogel presented desirable mechanical strength, stability, porosity, and biocompat-
ibility. Significantly, sericin and nHAP appeared to exert synergistic effects on bone regeneration. Sericin was observed to inhibit the
immune response by inducing macrophage M2-type polarization to create a positive osteoimmune microenvironment, contributing to
improving osseointegration at the bone-implant interface to promote osteogenesis. However, the osteogenic differentiation in rat
BMSCs was further enhanced by combining nHAP and sericin in the nanocomposite hydrogel. Eventually, the hydrogel was implanted
into the rat cranial defect model, assisting in the reduction of local inflammation and efficient bone regeneration.

Conclusion: The nanocomposite hydrogel stimulated bone formation by the synergistic effects of immunomodulation of macrophage
polarization by sericin and direct osteogenic induction by nHAP, demonstrating that such a scaffold that modulates the osteoimmune
microenvironment to promote osteogenesis is a promising approach for the development of bone tissue engineering implants in the
future.
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Introduction

Throughout the world, the healing and regeneration of severe bone defects caused by heavy limb damage, bone tumors,
and infectious illnesses continue to be a serious therapeutic challenge, bringing serious disturbances to the patient.'~
Autogenous bone implants were once regarded as the gold standard due to their histocompatibility and osteoinductive
and nonimmunogenic activities; However, their use is currently restricted due to the shortage of autograft supplies, the

threat of infection, and other intraoperative complications.** To solve this issue, an alternative for the healing of bone
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repair has emerged in the form of bone tissue engineering in the last few years.” Nevertheless, the previous design of
biomaterials primarily concentrated on accelerating the direct osteogenesis of planting cells without considering
biomaterial-induced immune reactions.® It has been reported that the host immune system frequently recognizes
implanted biomaterials as unwanted objects and sets off a chain of immunological reactions that can result in fibrotic
encapsulation, implant instability, or implantation failure.” Hence, not only the direct osteogenesis effect but also the
immunomodulatory activity of biomaterials should be considered to maximize the efficacy of bone regeneration when
developing a suitable bone implant.®

Macrophages are among the most essential effector cells in the immunological microenvironment formed by
implanted biomaterials and play a significant role in determining the performance of bone substitute implantation.” It
has been proposed that as important immune responder cells, macrophages can initiate and regulate inflammatory activity
during an immunological response.” These cells can be stimulated to present corresponding phenotypes in dynamic
response to different environmental stimuli due to their high plasticity.'® As shown in earlier research, macrophages
transforming into the M1 phenotype secrete a massive amount of proinflammatory cytokines, such as interleukin 1 (IL-
1), interleukin 6 (IL-6), tumor necrosis factor-alpha (TNF-o)) and inducible nitric oxide synthase (iNOS), which cause
persistent inflammation and fibrous encapsulation surrounding the implanted materials, eventually contributing to
osseointegration failure.'""'> In contrast, cells that switch to the M2 phenotype are capable of releasing anti-
inflammatory cytokines, such as arginine-1 (Arg-1), interleukin 4 (IL-4), and interleukin 10 (IL-10), to inhibit the

inflammatory response'""'?

and other bioactive molecules, such as bone morphogenetic protein 2 (BMP-2), bone
morphogenetic protein 4 (BMP-4), vascular endothelial growth factor (VEGF), and transforming growth factor-
(TGF-P) to accelerate angiogenesis and osteogenesis, which are all valuable for the establishment of a bone regeneration
environment.'* Therefore, the favorable immunomodulatory microenvironment induced by M2 macrophage polarization
is essential for bone repair. Different measures have been taken to regulate the local immunological microenvironment

surrounding bone implants, such as changing the mechanical and chemical characteristics of biomaterials, modifying
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surface physical features, and introducing bioactive molecules or cytokines.>”'> However, few investigations on the
regulatory effects of natural polymers on macrophages have been conducted.

Silk sericin (SS), a low-cost glycoprotein manufactured as a byproduct of the silk industry, is one of the two principal proteins
that make up silkworm cocoons together with silk fibroin.'® As a natural polymer, sericin has been confirmed to show a weak
immune response due to its high concentration of serine, which accounts for 33% of total hydrophilic amino acids and is the most
abundant amino acid.'”'® According to studies, modified serine biomaterials can resist foreign body reactions.'” However, the
mechanical strength and osteoinductive capacity of the protein are inadequate, limiting its use as a high-performance biopolymer,
which can be improved by incorporating nanomaterials with appropriate properties.”> Moreover, aside from regulating the
immunological microenvironment, osteoinductive capacity seems to be another appealing property of optimal artificial bone
implantation.® Nano-hydroxyapatite (nHAP), as the most abundant inorganic component of bone, has been widely used in tissue
regeneration due to its outstanding bone regeneration capabilities, including extraordinary biocompatibility, direct osteoinduction,
and excellent mechanical properties.”'** Therefore, the combination of nHAP and natural polymers may allow for increasing the
mechanical strength of the implant to achieve a better outcome of bone regeneration.

To create an ideal biological milieu for cell attachment, growth, and differentiation, a desirable implant should
possess great biocompatibility and suitable physical properties.>> For example, graphene oxide (GO), which is classified
as a type of highly dispersible nanomaterial with a thin layer of carbon atoms with sp2 hybridization, a broad area of the
specific surface, and excellent strength,>* has been thoroughly explored for its possibilities as a potential material for the
formation of new bone due to its optimal characteristics of osteogenesis induction and mechanical behavior. In addition,
it can enhance the ability of BMSCs to differentiate into osteoblasts by interacting with proteins via stacking, hydrogen
bonding, electrostatic interactions, etc.””> On the other hand, alginates (Alg), as one of the most frequently utilized
supporting components, are commonly employed in bone tissue engineering owing to a variety of characteristics,
including gelling ability, nontoxicity, availability, and affordability. In addition, superior biocompatibility makes it
possible for alginate to provide an ideal environment for the adhesion and bone regeneration of BMCSs.>

Despite the individual usage of either sericin or nHAP in biomaterials that have been explored by previous studies, their
synergistic therapeutic effects on bone regeneration are still unknown. Therefore, we developed the nanocomposite hydrogel Alg/
GO/Ser/nHAP using the cross-linking system of calcium disodium EDTA and D-(+)-gluconic acid 6-lactone (EDTA-2Ca/GDL).
Experiments were carried out to evaluate the effect of the composite hydrogel on osteogenic differentiation. The findings showed
that the fabricated nanocompound hydrogel could promote bone regeneration in vitro and in vivo through the synergistic effect of
immunoactive sericin and osteoinductive nHAP on macrophage polarization and osteogenesis (Figure S1). In conclusion, our
results indicated that the Alg/GO/Ser/nHAP hydrogel was an excellent and safe implant to accelerate new bone formation via
direct osteoinductive and osteoimmunomodulatory dual functions. Furthermore, the hydrogel may offer an easy and efficient
alternative for the development of biomaterials that can establish a supportive osteoimmunomodulatory microenvironment
in vivo for the recovery of bone defects, with potential applications in orthopedic surgery in the future.

Material and Methods

Materials
Information on access to all materials and reagents used in this study is presented in the Supplementary Information (SI)

(Sections S1.1).

Preparation of Hydrogels

For the fabrication of different hydrogels, several stock solutions were prepared. A known volume of GO powder or
nHAP was dispersed into distilled water completely by ultrasonic oscillation and then stored at 4°C for use later.
Followingly, by adding an appropriate amount of Alg and EDTA-2Ca to distilled water and then mixing it with the stock
solution of GO, thus the basic hydrogel premixture (Alg/GO-pre) was developed, with the final concentrations of EDTA-
2Ca in the mixture being Smg/mL. After initially mixing, the premixture was subjected to 30 minutes of ultrasonic
oscillation accompanied by 4 hours of continuous magnetic stirring, and then an appropriate amount of GDL powder was
added to the premixture for another 30 minutes. Ultimately, the basic hydrogel (Alg/GO) was finished by loading the
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mixture into 12-well plates overnight to crosslink. In this study, the properties of three distinct composite hydrogel
scaffolds were explored: Alg/GO/Ser, Alg/GO/nHAP, and Alg/GO/Ser/nHAP, abbreviated as Ser, nHAP, and S+H,
respectively. Therefore, the solutions of sericin, nHAP, and sericintnHAP were individually added to the basic hydrogel
premixture (Alg/GO-pre). Subsequently, the same protocol of the preparation of the basic hydrogel (Alg/GO) was
repeated for the preparation of composite hydrogels, with the final concentrations of Alg, GO, nHAP, and sericin in
hydrogels being 2wt%, 0.1mg/mL, 1wt%, 2wt% correspondingly. All three types of hydrogel scaffolds (Alg/GO/Ser,
Alg/GO/nHAP, Alg/GO/Ser/nHAP) were sterilized with the application of ethylene oxide before use.

Characterization of Hydrogels

To further explore the relevant properties of hydrogels fabricated in this study, the experiment of transmission electron
microscope (TEM), scanning electron microscopy (SEM), Fourier transform infrared (FTIR), X-ray diffraction (XRD),
stress/strain test and rheological were carried out separately, and the details were in Section S1.2-S1.5 in the SI,

respectively.

Porosity Analysis

Liquid displacement was used to measure the porosity of different hydrogels, and the details were in Section S1.6 in the SI.

Swelling Study
By soaking the scaffold in 1xPBS at specific time intervals, the swelling ratio of different hydrogels was measured, and
the details were in Section S1.7 in the SI.

Degradation in vitro
To measure the stability of hydrogel scaffold structure in vitro, the degradation performance of samples was analyzed in
this work, and the details were in Section S1.8 in the SI.

Isolation and Culture of BMSCs and Macrophages
The details of isolation and culture for BMSCs and rat peritoneal macrophages were in Section S1.9 in the SI. BMSCs of

passages 3 to 5 were employed.

In vitro Biocompatibility of Hydrogels
The viability and morphology of cells were evaluated by the cell counting kit-8 (CCK-8) cell proliferation assay, live/
dead staining, TRITC Phalloidin cytoskeleton staining, and the details were in Section S1.10 in the SI.

Macrophage M2-Type Differentiation Induced by Hydrogels

The macrophage (2x10° cells per well) was inoculated in the bottom chamber of a 24-well transwell plate and was
treated with 200 ng/mL lipopolysaccharide (LPS, Sigma) for 24 hours to induce the M1 phenotype. After induction, cells
were further treated with different hydrogel scaffolds placed in the upper chamber of the 24-well transwell plate. In the
control group, only DMEM was used. After 24 hours of culture with different gels, cells were collected to assess
polarization status using Western blot (WB), immunofluorescence (IF) staining, as well as RT-qPCR. The primer
sequences of the related genes were listed in Table S1.

Osteogenesis Differentiation and Mineralization of BMSCs in vitro

To assess the osteogenic differentiation capacity of BMSCs, the experiment of alkaline phosphatase (ALP) staining,
Alizarin Red S (ARS) staining, WB, IF and RT-qPCR were performed respectively, and the details were in Section S1.
11-S1.14 in the SI. The primer sequences of the related genes were listed in Table S1.

Preparation of macrophage conditioned medium (MCM) composed of different hydrogels.
In an attempt to find out whether the osteogenesis differentiation capacity of BMSCs could be influenced by
macrophage polarization, the corresponding macrophage-conditioned mediums (MCM) were prepared. In brief,
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macrophages were incubated in 6-well plates (1x10° cells per well) overnight, and then stimulated with 200ng/mL LPS
for 24 hours, and co-cultured with various hydrogel scaffolds for additional 24 hours. Following that, the supernatant
from each sample was harvested, centrifuged at 1000 rpm for 5 minutes, and filtered with a 0.22um filter to eliminate any
remaining cells before being refrigerated at —80°C for subsequent BMSCs co-cultivation. For each experiment, MCM
was prepared by mixing the supernatant with fresh DMEM media at a 1:1 v/v ratio.

BMSCs osteogenesis differentiation induced by macrophage conditioned medium (MCM).

BMSCs (1x10° cells per mL) were grown in DMEM for 12 h, and then the medium was changed with the MCM containing
osteogenesis elements (50pg/mL ascorbic acid, 1x10*M dexamethasone, and 10mM B-glycerol phosphate) for further cultiva-
tion. To evaluate osteogenesis differentiation, IF, ALP activity, ALP staining, RT-qPCR analysis, and WB were performed after 7
days as previously described. The degree of calcification of cells was assessed after 21 days of cultivation by staining for ARS.

In vivo Experiments
For the purpose of evaluating the impact of different hydrogel scaffolds implanted in vivo on the repair of bone defects,
a rat calvarial defect model was prepared, and the details were in Section S1.15 in the SI. The animal experiments

performed in this study were permitted and carried out according to the rules of the Animal Ethics Committee of Tongji
University (Ethics Resolution Number: TGAA07221403). The surgeries were performed following the National
Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals. After 8 weeks of implantation, cranial
samples were gathered and fixed in 4% PFA for 24 hours at room temperature to assess the impact of bone defect healing
following the implantation of various scaffolds. The experiment of micro-CT, staining of H&E, Masson, and immuno-
histochemical (IHC) were conducted respectively, and the details were in Section S1.16-S1.18 in the SI.

Statistical Analysis

All experiments involved three independent (n=3) trials. Data were displayed as mean = SD. The statistical analysis was
conducted by the one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison tests to assess the
differences between groups. The value of P<0.05 was considered statistically significant.

Results

Fabrication and Characterization of the Hydrogel

In this study, the basic hydrogel (Alg/GO) scaffold consisted of alginate, GO, EDTA-2Ca and GDL. After adding
different components, including sericin, nHAP, and sericintnHAP, to the basic hydrogel, Alg/GO/Ser, Alg/GO/nHAP,
and Alg/GO/Ser/nHAP hydrogels were separately prepared successfully and defined as groups Ser, nHAP, and S+H,
respectively. The pure Alg gel was transparent, and the overall appearance of the Alg/GO gel was clear brown after
adding GO. When further mixed with sericin, the Alg/GO/Ser gel took on a muddy brown appearance. Moreover, after
adding nHAP, the appearance of the compound gel of both Alg/GO/nHAP and Alg/GO/Ser/nHAP was grey (Figure 1A).
The morphology of pure GO and pure nHAP were observed by TEM, as shown in Figure S2 and Figure S3. The TEM

image of GO plates showed a sheet-like morphology with a certain degree of transparency (Figure S2). Several GO
layers or graphene layers formed a thick stacking nanostructure which presented the dark areas. At the same time, the
nHAP particles were shown to have a short stick-like appearance (Figure S3). SEM analysis was used to observe the
porous structure and surface morphology of the freeze-dried hydrogel scaffold composed of various components. All of
the nanocomposite hydrogels exhibited a large number of open pores that were highly interconnected, and the pore size
and porosity did not significantly alter after the addition of GO, although the inner wall roughness increased (Figure 1B).
When sericin and nHAP particles were incorporated into the nanocomposite hydrogel, the porosities of Alg/GO/nHAP
and Alg/GO/Ser/nHAP scaffolds were approximately 66.68% and 61.98%, respectively (Table S2).

The structural components of various hydrogels were investigated using FTIR spectroscopy (Figure 1C and D). The
FTIR spectrum of the Alg/GO hydrogel showed absorbance bands at 1612 and 1418 cm™'. The characteristic absorption
peaks of sericin were at 1656, 1535, and 1239 cm ™', After cross-linking with Alg/GO gel, the FTIR absorption spectrum
of sericin in Alg/GO/Ser and Alg/GO/Ser/nHAP gels were marginally altered from 1656 to 1611 cm ™', accompanied by
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Figure | Characterization of different nanocomposite hydrogels. (A) The overall appearance of various hydrogels. (B) SEM images of different hydrogels. Scale bar=300pum
(upper panel) and |0um (lower panel). (C) FTIR spectra of GO, nHAP. (D) FTIR spectra of Alg, Alg/GO, Ser, Alg/GO/Ser, Alg/GO/Ser/nHAP, Alg/GO/nHAP. (E) Stress—strain
curves of various hydrogels. (F) The storage modulus (G’) and loss modulus (G”) values of the fabricated hydrogels. (G) The swelling rate of different hydrogels. (H)
Degradation profiles of different hydrogels.

a decrease in the number of random coil absorption peaks (e g, 1535 and 1239 cm™'). Additionally, the characteristic

absorbance bands at 1034 cm !

were shown in the FTIR spectra of the nanocomposite gel containing nHAP.
Furthermore, an X-ray diffractometer was applied to analyze the impact of corresponding fillers on the alginate structural

alterations, and the results were shown in Figure S4. The diffraction pattern of alginate displayed a shoulder peak at 13.6°
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and a characteristic broad peak at 21.9°, suggesting a general amorphous structure. Meanwhile, these differently
constituted hydrogels had diffraction peaks similar to those of the alginate, hence the incorporation of additional filler
seems to have no effect on the crystalline peak of alginate, implying that Ca®" crosslinking did not significantly influence
crystallinity.

The strain—stress curves of various hydrogels are shown in Figure 1E. The compression modulus of the corresponding
hydrogels was enhanced after the addition of nHAP, and the compression stress—strain graph revealed that the maximum
strength of Alg/GO/Ser/nHAP was 109 kPa at 51.1% strain and that the compression modulus was 23.5 kPa. Based on
the frequency- dependent oscillatory shear model, we performed rheological experiments to verify the formation of
hydrogels. The storage modulus (G’) and loss modulus (G”) of the designed hydrogels are presented in Figure 1F. The
hydrogels all exhibited a storage modulus greater than 1 kPa, indicating moderate mechanical properties and potential use
as bone regeneration scaffolds. This result of rheological experiments demonstrated that the storage moduli of hydrogels
were decreased when mixed with sericin but increased when nHAP was added. Additionally, we found that G* was
highest in the Alg/GO/Ser/nHAP gel and lowest in the Alg/GO/Ser gel.

The swelling efficiency of different scaffolds was evaluated to examine the corresponding hydrophilicity. As
illustrated in Figure 1G, the fabricated scaffolds exhibited different swelling rates. After 12 hours of immersion, all
scaffolds displayed fast swelling potential and attained equilibrium, and then the swelling efficiency of all scaffolds
slowly increased over time. The pure polymer scaffolds showed a higher swelling rate than the Alg/GO/Ser/nHAP
nanocomposite scaffolds (9.1% to 17.2%). As shown in Figure 1H, the Alg gel was quickly degraded by lysozymes
within the first 14 days, with a maximum degradation rate of approximately 65%. Nevertheless, after the addition of GO
and nHAP, the degradation of the scaffold gradually weakened, since they experienced a slow degradation process with
a degradation rate of approximately 30% within two weeks. After 8 weeks, the degradation of the pure Alg gel reached
over 90%, whereas the degradation of the Alg/GO/Ser/nHAP scaffold reached approximately 45%.

Influences of Hydrogel on Cell Proliferation, Toxicity, and Adhesion

After 1, 3, and 7 days of incubation, the proliferation of BMSCs was assessed by CCK-8 assay. Figure 2A shows that the
proliferation performance of BMSCs treated with various hydrogels was almost poor on the first day. As time passed, the viability
of cells increased, and the proliferation rates of all groups increased with no significant differences between the different
hydrogels. Using live/dead staining, we evaluated the toxicity of the scaffolds on BMSCs after 3 days of incubation with different
hydrogels. Almost no dead cells were found in any of the groups, which suggested that all scaffolds had no cytotoxic influences on
cells (Figure 2B). In addition, the result of cytoskeletal F-actin staining showed that after 1 day of culture, no remarkable
differences in the adhesion or spreading of cells were found between different groups. In all groups, the morphology of BMSCs
was mostly spherical with no or few filopodia. After 4 days of culture, cells treated with different hydrogels had a similar stretch
pattern, and the number and spread area of cells were greater than those on the first day (Figure 2C), which indicated that the cells
were connected, covered the scaffolds in polygonal forms and had a considerable expression of filamentous actin.

Macrophage Phenotype Regulated by Hydrogels

We investigated the effect of sericin on macrophage polarization to explore whether hydrogels containing sericin could
immunomodulate the regeneration of new bone. In this work, rat peritoneal macrophages were isolated and identified success-
fully according to the methods of previous research (Figure S5). After being precultured with LPS for M1 polarization for
approximately 24 hours, macrophages were incubated with different hydrogels for another 24 hours. IF staining, gene expression,
and WB analysis were separately performed to examine the efficacy of each hydrogel scaffold in regulating inflammation.
Proinflammatory cytokines and proteins, such as TNF-a and iNOS, have been identified as M1 phenotype indicators, whereas
anti-inflammatory cytokines and proteins, including IL-10 and Arg-1, have been considered M2 phenotype markers.”® As shown
in IF staining, a lower proportion of iNOS positive cells and a higher percentage of Arg-1 positive cells were present in the Ser
and S+H groups in comparison to the control and nHAP groups (p<0.05) (Figure 3A—C). WB analysis was further performed to
indicate that hydrogels containing sericin (eg, the Ser and S+H groups) had decreased protein expression of iNOS and increased
expression of Arg-1 compared to the nHAP and control groups (p<0.05) (Figure 3D-E). RT—qPCR analyses yielded similar
results. Our findings demonstrated that the markers of the M1 phenotype, iNOS and TNF-a, were more highly expressed in the
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Figure 2 Biocompatibility properties of hydrogels. (A) The proliferation of BMSCs cultivated on various hydrogels for |, 3, and 7 days. (B) The viability of BMSCs cultured

with various hydrogels for 3 days was assessed by the live/dead staining. (C) The attachment of BMSCs seeded on the corresponding hydrogel after | and 4 days was
exhibited in immunofluorescence images. Nuclei, blue; Cytoskeleton red. (***p < 0.001).

1 day

4 day

control and nHAP groups than in the Ser group and S+H group (p<0.05) (Figure 3F). At the same time, the markers of the M2
phenotype, IL-10 and Arg-1, were more highly expressed in the Ser and S+H groups than in the nHAP and control groups
(p<0.05) (Figure 3F). Notably, throughout all experiments on the regulation of macrophage inflammation, no statistically
significant differences were illustrated between the Ser and S+H or control and nHAP groups (p<0.05) (Figure 3A-F).

Direct Osteogenic Differentiation of BMSCs Induced by the Hydrogel
To assess the direct impact of the nanocomposite hydrogel on the regulation of osteogenesis, BMSCs were incubated
with DMEM or hydrogel from different groups, and the osteogenic differentiation of cells was assessed by staining and
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Figure 3 Effects of various hydrogels on regulating macrophage polarization. The macrophage was pre-cultured with LPS for 24 hours to induce M| polarization and then
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The expressions of pro-inflammatory genes iNOS, TNF-q, and anti-inflammatory genes Arg-1, IL-10 were analyzed by RT-qPCR. (**p < 0.01, ***p < 0.001).

quantitative analysis of ALP and ARS. The results indicated that the S+H group showed the highest ALP activity and
contained the largest number of mineralization nodules (Figure 4A—C). Similarly, the S+H group had dramatic
upregulated expression of proteins associated with osteogenesis, including OPN and RunX2 (Figure 4D-H), and
osteogenesis-associated genes, including RunX2, OPN, OCN, and COLI (Figure 4I) in comparison to the other three
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Figure 4 Osteogenesis of BMSCs induced by various hydrogels. (A) ALP staining after BMSCs treated with different hydrogels for 7 days. (B) ARS staining after BMSCs treated
with different hydrogels for 21 days. (C) Normalized ALP activity (left) and semi-quantitative analysis of ARS staining (right). The IF for (D) OPN and (E) RunX2 of BMSCs after
being treated with different hydrogels for 7 days. Nuclei, blue; OPN and RunX2, red. (F) Quantitative analysis of IF for OPN (left) and RunX2 (right). (G) WB of the expression
of RunX2 and OPN protein for BMSCs cultured with scaffolds for 7 days. (H) Quantitative analysis of WB for OPN (left) and RunX2 (right). (I) RT-qPCR results of the gene
expression related to osteogenesis (RunX2, OPN, OCN, and COLI) of BMSCs treated with different hydrogels for 7 days. (*p<0.05, **p<0.01, ***p <0.001).

groups (p<0.05). Herein, our findings indicated that the S+H hydrogel could lead to better osteogenesis induction via the
synergistic modulatory effects of sericin and nHAP. Interestingly, the nHAP group consistently performed better than the
Ser group in terms of the activity of ALP and the generation of mineralization nodules, as well as the expression of
osteogenesis-related genes and proteins (p<0.05) (Figure 4A-I).
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The Effect of M2-Polarized Macrophages on the Differentiation of BMSCs

By coculturing BMSCs with macrophage-conditioned medium (MCM) prepared with various nanohydrogels, the indirect
influence of M2 macrophages on the osteogenic differentiation of BMSCs in vitro was investigated (Figure 5A). As
indicated by the ALP and ARS data, BMSCs treated with the MCM of the Ser group were found to perform better in
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Figure 5 The influence of macrophage polarization on osteogenesis in BMSCs. (A) The illustration of experiment design. (B) ALP staining of BMSCs after induced using
MCM for 7 days. (C) ARS staining of BMSCs after induced using MCM for 2| days. (D) Quantitative analysis of ALP activity (left) and ARS staining (right). The IF staining of
(E) OPN and (F) RunX2 for BMSCs after induced using MCM for 7 days. Nuclei, blue; RunX2 and OPN, red. (G) Quantitative analysis of IF for OPN (left) and RunX2 (right).
(H) WB detected Runx2 and OPN proteins in BMSCs after induced using MCM for 7 days. (I) Quantitative analysis of WB for OPN (left) and RunX2 (right). (J) RT-qPCR
results of the gene expression related to osteogenesis (RunX2, OPN, OCN, and COLI) of BMSCs treated with different MCM for 7 days. (*p<0.05, ¥**<p<0.01, **¥p<0.001).
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regards to enhancing the activity of ALP and increasing the formation of mineralized nodules in comparison to the MCM
of the nHAP group (p<0.05) (Figure 5B-D). Analogously, osteogenesis-related proteins, including OPN and RunX2
(Figure SE-I), and osteogenesis-associated genes, including RunX2, OCN, OPN, and COLI (Figure 5J), were both higher
in the MCM of the Ser groups than in the MCM of the nHAP group (p<0.05). In addition, the ALP and ARS data showed
that the MCM prepared by the S+H group exhibited the highest degree of ALP expression and greatly enhanced the
development of mineralized nodules in BMSCs compared with the other three groups (p<0.05) (Figure 5B-D).
Analogously, BMSCs cocultured with the MCM of the S+H group presented the highest expression of osteogenesis-
related proteins, including OPN and RunX2 (Figure 5E-I), as well as the highest expression of osteogenesis-related
genes, including Runx2, OCN, OPN, and COLI, in comparison to the other three groups (p<0.05) (Figure 5J). Therefore,
when cultured with macrophages, the ability of osteogenic induction of the Ser group was stronger than that of the nHAP
group, while the ability of the S+H group was the strongest among all groups.

Bone Regeneration Potential in vivo and Histological Analysis

To assess the influences of the corresponding hydrogels on bone restoration in vivo, Alg/GO/Ser (Ser group), Alg/GO/
nHAP (nHAP group), and Alg/GO/Ser/nHAP (S+H group) were separately implanted into the rat cranial defect model,
and lacking hydrogels defined as the control group. After implantation for eight weeks, the rat cranial defect model was
obtained and reconstructed utilizing micro-CT to provide photographs and perform the quantitative analysis of fresh bone
generation. The degree of bone regeneration was in the sequence of S+H > Ser > nHAP > Control, as presented by
micro-CT and histological observations (Figures 6A—D and 7A). The micro-CT photograph revealed that the bone defect
area was mostly repaired after the S+H group scaffold was implanted. Furthermore, the Ser group had a higher degree of
bone defect healing than the nHAP group. However, a large hollow defect remained in the control group, suggesting that
the rat cranial defect model was effectively established (Figure 6A). The assessment of micro-CT showed that the S+H
group exhibited the maximum bone volume per total volume (BV/TV), followed by the Ser, nHAP, and control groups
(p<0.05) (Figure 6B).

Then, histological investigations, including H&E, Masson, and IHC staining, were performed to confirm the
generation and maturity of fresh bone. H&E and Masson’s staining revealed a great deal of fresh bone formation around
the hydrogel in the S+H group, while moderate and little new bone tissue was present in the Ser and nHAP groups,
respectively, and nearly no new bone tissue was found around the hydrogel of the control group (Figure 6C and D). This
result demonstrated that the S+H group exhibited the strongest ability to stimulate bone defect healing in vivo, which was
well supported by the micro-CT results. At the same time, both the control and nHAP group showed a thick continuous
fibrous layer, whereas the Ser and S+H groups exhibited a thinner fibrous layer, which suggested that the in vivo
implantation of the Ser and S+H group hydrogels resulted in a lower inflammatory response than that of the control or
nHAP group, illustrating that the anti-inflammatory effects of sericin protein could help improve the process of
osseointegration at the bone-implant interface (Figure 6C and D).

Furthermore, the outcomes of IHC staining of COLI revealed obvious positive staining of fresh bone in the S+H
group, followed by the Ser, nHAP, and control group (Figure 7A). This result showed that the S+H scaffold stimulated
more collagen matrix deposition compared to the other groups. In addition, the impact of immune regulation on
osteogenesis was further evaluated by IHC staining of inflammation-related markers. At 8 weeks, IHC staining of the
defect area suggested that more Arg-1 and less iNOS were present in the Ser and S+H groups than that in the nHAP and
control groups (Figure 7B and C). Hence, the findings indicated that hydrogels containing sericin (eg, the Ser and S+H
groups) could induce an anti-inflammatory environment between the implantation and the emerging bone tissue.

Discussion

Although bone tissue regeneration based on bone tissue engineering therapy has exhibited promising results in recent
years, however, implantation failure frequently occurs due to the subsequent fibrous foreign body reaction.>” Therefore, it
is crucial to design implant materials that can modulate the macrophage immune response. Previous studies have reported
that sericin can inhibit inflammatory response by inducing macrophage phenotype transformation.”® While nHAP can
directly induce osteogenic differentiation of BMSCs.”> However, the synergistic effects of sericin and nHAP on bone

1886  "r= International Journal of Nanomedicine 2023:18
Dove!


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

Dove Fu et al

nHAP S+H B IControl CJSer
—InHAP [IS+H

A Control

50 ok
40 *
30

20

BVITV (%)

Figure 6 New bone regeneration property of different hydrogels in vivo. (A) After eight weeks of implantation, micro-CT pictures of cranial defects transplanted with
various hydrogels or left unfilled were shown. (B) Quantitative analysis of BV/TV after implantation for 8 weeks. (C) Representative pictures of H&E staining after
implantation for 8 weeks. (Scale bar: up=500um, down=100um). (D) Representative pictures of Masson staining after implantation for 8 weeks. (Scale bar: up=500pum,
down=100pum). (OB, NB, FT, and HS symbolize original bone, new bone, fibrous tissue, and hydrogel scaffold, respectively). (*p<0.05, **p<0.01, ***p <0.001).

regeneration remain unknown. Therefore, we developed the nanocomposite hydrogel Alg/GO/Ser/nHAP based on
a calcium ion cross-linking system and carried out a series of characterization experiments. In addition, we further
evaluated in vivo and in vitro whether the nanocomposite scaffold could promote bone regeneration by regulating the
anti-inflammatory phenotypic transformation of macrophages.

Due to the acidic environment generated by GDL, the calcium ions in EDTA-2Ca were slowly released, which could
make the premixture into the basic gel (Alg/GO). It is well known that the gelation of alginate is commonly caused by
the crosslinks of ionic cross-linkers (such as the divalent cation calcium), which crosslink the polymer chains through the
“egg-box” model.?>** The fabrication of the nanocomposite hydrogels in this study was realized by molecular
entanglement to form physical crosslinks. The image of SEM showed that the nanocomposite hydrogels not only had
a porous structure, and their internal roughness also increased after the addition of GO (Figure 1B), which contributed to
a favorable microenvironment for cell adhesion.®' In addition, the porosities of Alg/GO/NHAP and Alg/GO/Ser/nHAP
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Control

Figure 7 Immunohistochemical staining of COLI, Arg-1, and iNOS after implantation for 8 weeks. (A—C) Representative photographs of immunohistochemical staining of
(A) COLI, (B) Arg-1, and (C) iNOS. Scale bar = 100um. Red arrows represent relatively typical protein staining areas.

scaffolds were approximately 66.68% and 61.98%, respectively. These particles filled the empty area, resulting in
a decrease in pore size and porosity (Table S2), resembling the porosity value of human bone, which contains 45% to
65% pores and permits easy passage of oxygen, nutrients, and wastes.’>>*

The Alg hydrogel had absorbance peaks at 2929 and 1612 cm ™', which represent N-H and COONa vibrations and are
traditional absorbance peaks of alginate.’® The absorbance bands at 1612 and 1418 cm ™' observed in the FTIR spectrum
of the Alg/GO hydrogel represent the vibration of the N-H of alginate,*® but the characteristic absorbance bands of GO
were not observed, mainly as a consequence of the lower amount of GO in the hydrogel than in the natural polymer
alginate (Figure 1C and D). Studies have indicated that the characteristic absorption peaks of sericin are at 1656, 1535,
and 1239 cm', representing the characteristic amide I, II, and III peaks, respectively.’’ As shown in Figure 1D, the
absorption peak of sericin in the corresponding hydrogels was marginally altered from 1656 to 1611 cm ' and the
number of random coil absorption peaks decreased. Research showed that there are various functional groups in sericin,
including carboxyl, hydroxyl, and amino groups, that can form electronic interactions and hydrogen bonds with the
chemical bonds belonging to GO (eg, carboxyl, epoxy, and hydroxyl groups), so sericin may interact with GO to cause
the alter of the absorption peak of sericin (1656 to 1611 cm').*® Interestingly, the characteristic absorbance band of
1611 cm™ ! represents the stable B-sheet structure presented in the amide I region of sericin,?” therefore, this alter caused
by the interaction between sericin and GO also made the structure of the nanocomposite hydrogel more stable
Additionally, the bands at 1034 cm ™' existed in the corresponding hydrogel was associated with the P=O of nHAP
(Figure 1D).*®

The results of strain—stress curves illustrated that the combination with nHAP could dramatically increase the
mechanical property of scaffolds (Figure 1E), which may contribute to promoting bone growth.*” In addition, the storage
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moduli of all the prepared hydrogels were greater than those of the corresponding loss moduli (Figure 1F), confirming the
formation of hydrogels.*® Hydrogels containing sericin are likely to be less stiff due to the destruction of the electrostatic
connections between two polymeric materials generated by the protein, while nHAP is promising for providing better
elasticity and a more stable network structure.*!

One crucial factor for assessing the applications of biomaterials is hydrophilicity, which is vital for the absorption of
bodily fluids and the transfer of cell nutrients and metabolites.*” The swelling activity of the hydrogel scaffolds is
affected by a variety of factors, such as pore width, porosity, and the hydrophilicity properties of the material.*>** In this
study, a decrease in swelling capability was observed in the composite gel scaffold due to their lower porosity compared
with the Alg gel (Figure 1G). Additionally, the hydrophobicity of nHAP particles in the corresponding scaffold could
somewhat weaken the ability of the hydrogel to absorb water.*” Based on previous research, sericin is a hydrophilic
protein polymer, which is a glycoprotein including essential amino acids and a high content of hydrophilic amino acids,
especially serine, which makes it water-soluble.'®'® According to the results of our study, although the porosity of Alg/
GO/Ser/nHAP (61.98%) was lower than that of Alg/GO/nHAP (66.68%), its swelling rate was unexpectedly higher than
that of Alg/GO/nHAP. We speculate that, compared to Alg/GO/nHAP, it was the highly hydrophilic property of the
sericin in Alg/GO/Ser/nHAP that allowed it to adsorb more liquid, and the final swelling rate of Alg/GO/Ser/nHAP was
slightly higher than that of Alg/GO/nHAP, which improve the performance of the scaffold applied to bone tissue
engineering. In addition, the performance of bone tissue regeneration could be influenced by the degradation speed of
the scaffolds. The lysozymes included in physiological fluids and tissues lead the porous scaffold to breakdown, so
hydrogels can disintegrate naturally when the tissue regenerates.*® The result revealed that the degradation of the Alg/
GO/Ser/nHAP gel reached approximately 45% within 56 days (Figure 1H). However, Alg hydrogel, as a result of its
single structure and weak stability, was quickly degraded with a maximum degradation rate of approximately 90%
(Figure 1H). Consequently, its tissue engineering application is too limited because it does not support the local
microenvironment well. Therefore, the Alg/GO/Ser/nHAP composite gel scaffold is promising for bone regeneration
due to its complicated structure, high stability, and delayed degradation properties.

For tissue regeneration in vivo, the proliferation and adhesion of cells are also essential,*’ so we examined the
bioactivity and spreading of BMSCs cultured with different hydrogels. According to the results, all hydrogel scaffolds
promoted the proliferation and extension of BMSCs (Figure 2A—C). Previous studies showed that surface properties,
such as chemistry, roughness, texture, and porosity, mostly impact the proliferation, viability, and differentiation of
cells.*® Considering these factors, protein-based nanocarriers, such as nHAP have been extensively researched for
nanoformulation manufacturing because of their intrinsic features, such as low toxicity and biocompatibility.*’
Moreover, silk sericin is frequently used in tissue engineering due to its mitogenic action, which promotes the
proliferation of cells.?® Additionally, GO increases the attachment and proliferation of cells, making it a powerful growth
booster.’® These findings imply that the nanocomposite scaffold developed in this study could be biocompatible with
cells. Furthermore, diverse oxygen-containing functional groups, such as hydroxyl, carboxylic, and carbonyl groups,
which serve as adhesion sites for biological molecules and cells, are included in the complex framework of GO.’! In
addition, the amphiphilic property of GO, along with its large surface area, not only makes it an adaptable, biocompatible
intracellular carrier but also empowers the expansion of cells, demonstrating that GO has the potential to support the
spreading of cells.’? In summary, our results showed that all nanocomposite hydrogels had good performance in terms of
proliferation, adhesion, and biocompatibility, which could foster a microenvironment that is conducive to the expansion
and proliferation of cells.

Biomaterials are becoming increasingly important in regenerative techniques; nevertheless, the implantation of
biomaterials and devices inevitably fails due to the foreign body reaction (FBR) induced by the host,™ so
a substantial amount of research has been conducted on the regulation of the immunological responses of implanted
materials. The modulation of macrophage responses is of particular importance because it is related to not only the FBR
but also tissue repair. In terms of bone implants, excessive M1 macrophages have been reported to induce the absorption
of bone tissue, which is a major contributor to implant loosening and implantation failure.>* In contrast, M2 macrophage
polarization has been confirmed to construct an anti-inflammatory microenvironment to promote bone regeneration.>>
Sericin has been observed to have a mild inflammatory and low immunological response as a result of its high serine
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content.'” Accordingly, the application of sericin may have a positive impact on osteoimmunomodulation, which is
promising for better implant integration between implants and tissues.”® Our results confirmed that the hydrogel
including sericin (eg, Ser and S+H groups) efficiently induced macrophage differentiation from the M1-type to the M2-
type to inhibit inflammation (Figure 3A—F). Based on previous research, silk sericin of Bombyx mori has been evaluated
as a promising biomaterial with ideal biocompatibility and weak immunogenicity.”” Composite scaffolds containing
sericin were shown to decrease the expression of specific proinflammatory markers and stimulate the expression of the
anti-inflammatory marker IL-10 on LPS-stimulated macrophages.>® Sericin has been found to prevent proinflammatory
cytokine release by negatively regulating the NF-kB and MAPK pathways, promoting macrophage M2 polarization and
migration.”® Interestingly, there is evidence that molecules in the NF-kB pathway regulate inflammation and macrophage
polarization, particularly the receptor activator of NF-kB ligand, which is crucial in immunological diseases that
influence bone repair and is characterized as a key element that connects the bone and immune systems.’® These
discoveries demonstrate that these scaffolds including sericin (eg, the Ser and S+H group) may stimulate macrophage
polarization from the M1 to the M2 phenotype to establish an anti-inflammatory microenvironment for bone tissue
regeneration.

Studies showed that nHAP can directly induce osteogenic differentiation of BMSCs.?* Our results revealed that both
the nHAP and Ser group could promote BMSCs to differentiate into osteoblasts, while the direct osteogenesis induction
effect of the nHAP group seemed to be better than that of the Ser group (Figure 4A-I). Hydroxyapatite is the most
predominant inorganic component of bone, with outstanding biocompatibility, osteoinduction, and mechanical strength,
and it has been widely employed in orthopedic and dental materials.?’>* Studies revealed that the Notch signaling
pathway® and the Erk1/2 signaling pathway®' were related to the mechanism of nHAP osteogenesis induction. However,
the osteogenic differentiation-inducing ability of sericin is limited.'® Therefore, nHAP directly and significantly enhances
the osteogenic differentiation of BMSCs. In addition, GO has a porous, folded surface and high hardness, allowing it to
induce mechanical stimulation, resulting in a chain of responses that induce osteogenic differentiation.”> Furthermore,
extracellular matrix modification® and regulation of signalling pathways, such as PI3K/Akt/GSK-3/catenin,®®> Wnt/p-
catenin,* and BMP,®® may all play a role in the underlying mechanisms of the regulation of osteogenesis induced by GO.
These investigations indicate that the osteoinduction activity of GO can be achieved by a multitude of separate pathways.
Overall, the nanocomposite hydrogels developed in this study exhibited direct and synergistic osteogenesis effects.

Research has confirmed that macrophages occupy a key regulatory position during all processes of bone formation
and can stimulate bone regeneration by releasing various cytokines.”®® Our results indicated that the osteogenesis
induction produced by cocultivation of BMSCs with the MCM of the Ser group was better than that with the MCM
of the nHAP group (Figure 5SA-J). Our previous studies revealed that sericin promoted macrophage M2 polarization
(Figure 3A—F), while nHAP exerted direct osteoinduction properties (Figure 4A-I). The findings of cocultivation with
macrophages in this study demonstrate that the hydrogel with osteoimmunomodulatory capabilities (eg, the Ser group)
performed better than the hydrogel with direct osteogenesis induction characteristics (eg, the nHAP group) in terms of
promotion of bone regeneration, which corresponds to observations from prior research.'**® Macrophages can deliver
osteogenesis molecules, such as BMP-2,” TGF-B,°” and VEGF,® after induction of the M2 phenotype to directly promote
osteogenic differentiation of BMSCs. Additionally, many anti-inflammatory cytokines, including IL-4,°” IL-10,” and IL-
13,7° generated by M2 macrophages were found to prevent excessive inflammation and help induce osteogenesis. These
studies show that macrophages can not only directly induce the osteogenic differentiation of BMSCs but also accelerate
bone regeneration by suppressing the immune response. The previous results in this study showed that sericin could
regulate the transition of macrophages from the M1 to the M2 phenotype to prevent a negative host immune reaction. In
this case, we speculate that sericin, as an anti-inflammatory chemical that can regulate the differentiation of M2
macrophages to form a beneficial osteoimmunomodulatory environment, can stimulate osteogenesis in multiple ways,
not only in a direct manner as is the case for nHAP, which explains why the effect of the Ser group on osteogenesis was
better than that of the HAP group when cocultured with macrophages. In addition, these findings of osteogenic
differentiation-related experiments revealed that the S+H group exhibited the strongest osteogenesis induction ability
(Figure 5B-J), further indicating that the appropriate osteoimmunomodulatory microenvironment established by sericin
coupled with the osteoinductive atmosphere induced by nHAP could contribute to immunoenhanced osteogenesis.
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Therefore, these results imply that the synergistic interactions between direct osteogenesis activity and immune-induced
osteogenesis effects may be more beneficial for bone repair than focusing on a single mechanism.'"-'?

In tissue regeneration, chronic inflammation originating from inappropriate implants contributes to the emergence of
fibrous encapsulation surrounding the implant, triggering osseointegration failure.®® Our results in vivo demonstrated
that more fresh bone tissue and Arg-1 protein, less fibrous layer and iNOS protein were observed in the Ser group
compared to the nHAP group (Figures 6A-D and 7A—C), revealing that the Ser group not only inhibited the local
inflammatory response induced by the implant but also promoted bone tissue regeneration through immunomodulatory
osteogenesis effect, which may have a greater advantage than the direct osteogenesis impact of the nHAP group for bone
tissue regeneration. Recent studies suggest that the accurate and continuous stimulation of the differentiation of
macrophages from the M1 phenotype to the M2 phenotype can hasten the process of bone healing in comparison to
the simple osteoinductive effect of the implant.”"’* Then, it was reported that the M2 macrophage phenotype not only
releases various anti-inflammatory molecules, including Arg-1,"" TL-4,°° and IL-10,° to prevent local inflammation
assisting in osteogenesis induction but also secretes osteogenesis factors, such as BMP-2,° TGF-p,°” and VEGEF,®
directly stimulating the osteogenic differentiation of recruited BMSCs. The recruited BMSCs could also influence the
local immune microenvironment by producing factors, such as BMP-2 and IL-4, which in turn activated the differentia-
tion of macrophages to the anti-inflammatory M2 phenotype, leading to a positive feedback mechanism to further
promote bone regeneration.”**’* Therefore, we speculate that in addition to direct osteogenesis induction and promoting
bone regrowth through anti-inflammatory activity, there is also a positive feedback loop between macrophages and
BMSCs to stimulate osteogenesis. Importantly, we confirmed that sericin could induce the transition of macrophages
from the M1 to the M2 phenotype, which further reveals why the Ser group had a stronger impact on osteogenesis than
the nHAP group in vivo. Thus, these discoveries highlight the significance of the ability of implanted biomaterials to
modulate the immune microenvironment during bone defect repair. In addition, the results in vivo also showed that the S
+H hydrogel combination of sericin and nHAP was the most effective in promoting bone regeneration based on all of the
in vivo experimental results (Figures 6A-D and 7A), presumably as a result of the synergistic effect between
osteoinductive nHAP and immunoactive sericin, while a mono-element (eg, the Ser or nHAP group) may not establish
the most supportive immunomodulatory microenvironment for the formation of new bone, which assumes that the
cooperation effects of direct osteoinduction in conjunction with immune-induced osteogenesis are critical to bone
regeneration in vivo.

We are the first to prepare bone defect implants by combining sodium alginate and graphene oxide as base hydrogel
scaffolds, which were further modified with silk sericin which can regulate the transformation of macrophage phenotype
and nHAP which can induce osteogenesis directly of BMSCs. In prior studies, silk sericin was only partially developed
as a single hydrogel scaffold”” or as an effector protein to facilitate BMSCs migration,”® without fully exploiting the anti-
inflammatory properties of silk sericin. Furthermore, other studies relied on the exogenous introductions of cells with
immune-modulatory functions’’ or molecules with inflammation-suppressing properties into the hydrogel scaffold
without considering the anti-inflammatory properties of the hydrogel constituents themselves.”® In contrast to previous
studies, we not only took full advantage of the osteogenic induction of nHAP but also took into account the inflammatory
response induced by the exogenous implanted scaffold, rather than merely concentrating on the osteogenic induction by
the implant. In addition to utilizing the basic gel-forming properties of these natural polymers, our study fully exploited
the important property of the material components that comprised hydrogel scaffold, that is the regulatory effect on the
phenotypic transformation of macrophages, thus avoiding the exogenous introduction of anti-inflammatory related
molecules which may be poorly stable and easily degraded or the preparation of complex and expensive cellular
exosomes. In conclusion, our study provides a new paradigm for composite hydrogel materials to achieve macrophage
modulation to improve the immune microenvironment of bone defects for effective bone regeneration in tissue
engineering.

Overall, in vivo and in vitro experiments demonstrated that the Alg/GO/Ser/nHAP nanocomposite hydrogel inhibited
the inflammatory response around implants and accelerated bone defect repair by promoting the transformation of M1

macrophages into M2 macrophages. Although much more research is still necessary to evaluate the underlying
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mechanisms of osteoimmunomodulation, the results of our study provide a fresh perspective on how to develop implants
for bone tissue regeneration that are both immunoreactive and osteoinductive.

Conclusion

In our study, using the cross-linking system of EDTA-2Ca/GDL, we developed nanocomposite hydrogels (Alg/GO/Ser/
nHAP) with both immunomodulatory and osteoinductive properties. The results of both the in vivo and in vitro
investigations confirmed that the fabricated hydrogel showed ideal biocompatibility, and the sericin in the nanocomposite
hydrogels created a positive osteoimmune microenvironment by switching the phenotype of macrophages from M1 to
M2, which improved the process of osseointegration between the bone and implant interface, thus initiating and inducing
BMSCs differentiation to osteoblasts. More importantly, the combination of nHAP and sericin in the nanocomposite
hydrogel further stimulated osteogenesis and bone regrowth, illustrating that the synergistic relationship between the
direct osteogenesis activity of nHAP and the immune-induced osteogenesis effect of sericin was extremely significant for
bone defect healing. Overall, a desirable osteoimmunomodulatory atmosphere for bone regeneration was established by
the nanocomposite hydrogel (Alg/GO/Ser/nHAP) through its ability to regulate the phenotypic conversion of macro-
phages, which provides a new concept for the design of immunomodulatory properties and osteogenesis capabilities in
bone tissue engineering implants.
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