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ARTICLE INFO ABSTRACT

Keywords: A coordinated interaction between osteogenesis and the osteoimmune microenvironment plays a vital role in
Proces'sed pyritum regulating bone healing. However, disturbances in the pro- and anti-inflammatory balance hinder the therapeutic
Mectlal 10'115 advantages of biomaterials. In this study, a novel composite hydrogel was successfully fabricated using graphene
Hy roge oxide (GO)-loaded processed pyritum (PP) in combination with poly(ethylene glycol) diacrylate (PEGDA) and
Osteoimmunomodulatory effects . . R i

Macrophages carboxymethyl chitosan (CMC). Subsequently, the immunomodulatory effects and bone regenerative potential of

PP/GO@PEGDA/CMC were investigated. The results demonstrated that the PP/GO@PEGDA/CMC hydrogel
possessed excellent mechanical properties, swelling capacity, and stability. Moreover, PP/GO@PEGDA/CMC
prominently promoted M2 polarization and increased the levels of anti-inflammatory factors (interleukin (IL)-4,
IL-10, and transforming growth factor-p). These beneficial effects facilitated the proliferation and osteogenic
differentiation of bone marrow mesenchymal stem cells in vitro. Additionally, the in vivo results further verified
that the implantation of PP/GO@PEGDA/CMC markedly reduced local inflammation while enhancing bone
regeneration at 8 weeks post-implantation. Therefore, the results of this study provide potential therapeutic
strategies for bone tissue repair and regeneration by modulating the immune microenvironment.

Bone regeneration

1. Introduction therapeutic treatments and ideal bone biomaterials for in situ bone

regeneration.

Bone-related diseases are a global public health issue, owing to their
complexity and specificity. Bone defects, which affect millions of people
worldwide, have become major clinical problems. The most common
causes of bone defects are accidental injuries, road accidents, skeletal
diseases, osteoporosis-related fractures, tumor resection, and aging [1].
Bone autografts and allografts as general treatments for bone repair are
expensive procedures, thereby hindering clinical innovation and prac-
tical applications. Therefore, there is an urgent need to identify
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Bone repair is not accomplished simply by acquiring bone cells from
the skeletal system, but by the collaboration of multiple systems [2,3].
Bone regeneration usually involves immunomodulation (suppression or
enhancement), vasculogenesis, and osteogenic differentiation. With the
ever-increasing use of complex biomaterials in bone tissue engineering,
focusing on biomaterial-host inflammatory interactions is of the highest
priority [4,5]. The current trend “immune-evasive” biomaterials to
“immune-interactive” materials, which will enable their integration and
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Scheme 1. Schematic diagram of material synthesis and the early bone immune regulation mechanism. (A) Schematic representation of the PP/GO fabrication. (B)
Schematic representation of PP/GO@PEGDA/CMC hydrogel preparation. (C) Regulated M1 and M2 macrophage homeostasis promoted osteogenesis and improved

bone regeneration applications of the hydrogels.

subsequent tissue repair [6,7]. Consequently, one important consider-
ation in biomaterial design is to create a microenvironment that mod-
ulates the inflammatory response and favors tissue repair and
regeneration. Therefore, the use of immunomodulation strategies has
created the need for biomaterials that can precisely control the
biomaterial-host immune response in an appropriate temporal and
spatial sequence.

Hydrogels possess 3D network structures formed through cross-
linking reactions between hydrophilic polymers, which provide excel-
lent biocompatibility. Thus, they have become attractive biomedical
materials for bone tissue engineering [8,9]. New generations of com-
posite hydrogels, similar to drug delivery systems, have been designed
for tunable shapes at predesigned sites and are particularly applicable to
large-area bone defects [10,11]. However, they still have some draw-
backs, such as low mechanical strength and a lack of biological activity
[12,13]. Thus, a major challenge is to combine high material strength
with fast self-healing ability for bone repair and regeneration [14-16].

Metal ions have been widely accepted as implant materials for the
different stages of bone healing [17-19]. Zinc, magnesium, and iron ions
are essential elements in bone tissue that participate in many physio-
logical processes of bone metabolism, thereby stimulating osteogenesis
and matrix mineralization for bone tissue engineering and regeneration
[20,21]. Iron in the mesoporous bioactive glass scaffold stimulates the
mitochondrial activity, viability, and differentiation of human bone
marrow mesenchymal stem cells (BMSCs), indicating the improved
osteoconductivity of the implant [22]. Magnesium is an important
intracellular cation that is crucial for bone strength and bone formation
[23,24]. It has been proposed that magnesium-based materials are
promising candidates for bone repair owing to their ability to stimulate

osteoblasts [25,26]. Zinc is an essential trace element with a multitude
of physiological functions [27,28]. Furthermore, zinc and zinc alloys are
promising biomaterials because they lead to collagen deposition and the
mineralization of osteoblasts and antagonize osteoclastogenesis [29].

Pyritum has a good therapeutic reputation with a long history as a
traditional Chinese medicine for the treatment of bone fractures [30]. It
can be used alone or in combination with other traditional drugs to
promote bone formation, heal bone fractures, eliminate blood stagna-
tion, and alleviate pain [31-33]. Pyritum, an isometric crystal ore,
mainly contains iron, magnesium, zinc, manganese, and copper. Pyr-
itum can be considered as a natural reservoir of polymetallic elements,
which are essential metal ions used for bone repair [34,35]. Moreover,
pyritum has been found to be advantageous for facilitating the synthesis
of insoluble collagen and promoting the deposition of calcium and
phosphorus in animals [36]. A self-assembled chelating peptide hydro-
gel loaded with an osteogenic metal ion cluster extracted from processed
pyritum (PP) decoction has been shown to regulate various genes
involved in the process of bone regeneration [37]. However, the low
concentrations of the pyritum component in water and the inability to
achieve in situ administration result in low therapeutic efficacy, thereby
preventing wide clinical applications. Hence, its therapeutic potential is
yet to be explored.

Graphene oxide (GO), with a single layer of sp%-bonded carbon
atoms, is regarded as a promising nanomaterial owing to its excellent
bioactive properties, mechanical strength, and adsorption capacity
[38-41]. Thus, GO should be a favorable additive to enhance the me-
chanical strength of the hydrogels. Moreover, it is known that GO is an
ideal candidate for a controlled release carrier of various metal ions for
bone repair and regeneration. Furthermore, GO sheets of differing
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lateral dimensions are effectively degraded by neutrophils and the
degradation products are non-cytotoxic and do not elicit any DNA
damage [42,43].

In this study, a design strategy using a novel mineral-organic nano-
compound hydrogel for bone tissue regeneration applications, inspired
by the good therapeutic reputation of pyritum in traditional medicine,
was proposed. As shown in Scheme 1, PP-enriched GO was used as a
drug delivery system to fabricate a nano-compound hydrogel that inte-
grated carboxymethyl chitosan (CMC) with poly(ethylene glycol) dia-
crylate (PEGDA). The cytocompatibility and osteoimmunomodulatory
properties of these hydrogels were systematically investigated in vitro.
More importantly, the results of this study demonstrated that the min-
eral-organic nano-compound hydrogel significantly mediated the early
immune response from the pro-inflammatory M1 phenotype to the anti-
inflammatory M2 phenotype. Finally, the regenerative potential of the
nanocomposite hydrogels in a critical-sized rat calvarial defect model
was investigated.

2. Materials and methods
2.1. Materials

PP was provided by the Kangmei Pharmaceutical Co. Ltd. (Guang-
dong, China).PEGDA (containing 400-600 ppm MEHQ stabilizer) was
purchased from the Shanghai Yuanye Biotechnology Co. Ltd. (China).
CMC was purchased from the Zhejiang Aoxing Biotechnology Co. Ltd.
(China). GO was obtained from the Xianfeng Nanomaterials Technology
Co. Ltd. (Jiangsu, China). 2-Hydroxy-4-(2-hydroxyethoxy)-2-methylpro-
piophenone (Photoinitiator 2959) was purchased from Aladdin Reagent
(Shanghai, China). Interleukin (IL)-6, IL-4, IL-10, transforming growth
factor-p (TGF-B), and tumor necrosis factor-a (TNF-a) ELISA kits were
purchased from YIFEIXUE BIOTECH (Nanjing, China). FITC-conjugated
anti-CD86, PE-conjugated anti-CD206, recombinant anti-iNOS, anti-
osteocalcin (OCN), and anti-alkaline phosphatase (ALP) antibodies were
purchased from Thermo Fisher Scientific (Waltham, MA, USA). CD68
rabbit polyclonal, bone morphogenetic protein-2 (BMP-2) polyclonal,
runt-related transcription factor 2 (RUNX2), and osteopontin (OPN)
polyclonal antibodies were purchased from AiFang Biological (Hunan,
China). Osteogenic inducting fluid was purchased from Procell (Wuhan,
China). ALP Color Development Kit and Alizarin red S (ARS) kit were
purchased from Beyotime (Shanghai China).

2.2. Design and fabrication of hydrogels

2.2.1. Preparation of the GO@PEGDA/CMC hydrogel

To obtain GO solution, GO power was dissolved in deionized water
under ultrasonication for 2 h. Phosphate-buffered saline (PBS; pH
7.2-7.4) was used to obtain a CMC solution and PEGDA solution. Pho-
toinitiator 2959 was added to the PEGDA solution at a concentration of
0.4% (w/v). After full oscillation, the solution was mixed with the CMC
solution (v/v; 1/2) to blend evenly, resulting in a final PEGDA concen-
tration of 4% (w/v) and CMC concentration of 2% (w/v). A standard
GO@PEGDA/CMC hydrogel was fabricated by dispersing GO in a
PEGDA/CMC solution and then cross-linking under 365 nm UV light for
2 min. The final concentration of GO in the hydrogel was 0.1 mg/mL.

2.2.2. Preparation of the PP/GO@PEGDA/CMC hydrogel

To obtain PP/GO, static adsorption was performed as follows: GO
powder and PP were mixed and shaken at 150 rpm for 48 h at 25 °C (w/
v: 1/1). After centrifugation at 3000 rpm for 10 min, the supernatant was
discarded and the insoluble substance was dried at 50 °C for 8 h. The
solid particles were dissolved in deionized water under ultrasonication
for 2 h to obtain the PP/GO solution. The preparation process of PEGDA
and CMC solutions was consistent with that of PEGDA and CMC solu-
tions in section 2.2.1. A standard PP/GO@PEGDA/CMC hydrogel was
fabricated by dispersing PP/GO in a PEGDA/CMC solution and then
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crosslinking under 365 nm UV light for 2 min. The final concentration of
GO was 0.1 mg/mL, and the final concentration of PP was 17.5 pg/mL.
The mass of PP was expressed as the mass of the iron ion.

2.3. Characterization of hydrogels

2.3.1. Apparent morphology of hydrogels

To observe the microstructure of the hydrogels, lyophilized samples
were characterized by field emission scanning electron microscopy
(SEM, Quanta FEG 250) with an accelerating voltage of 20 kV. To
improve the conductivity of the samples, a sputter coater (LEICA EM
SCD 500) was used to spray gold on the samples (16 mA, gold-sprayed
Pt, 120 s).

2.3.2. Rheological measurements

The dynamic rheological properties of three hydrogels (PEGDA/
CMC, GO@PEGDA/CMC, and PP/GO@PEGDA/CMC) were measured at
25 °C using an MRS60 rheometer (Thermo Fisher, Germany). The
hydrogel was positioned into a 0.4 mm gap between the plates, and the
normal force was adjusted to zero. Strain amplitude sweeps
(0.01-100%) were conducted to ascertain the linear viscoelasticity re-
gion. Then storage modulus G’ and loss modulus G” of the hydrogels
were detected under the frequency range varying from 0.10 Hz to 10.00
Hz at 25 °C and 15 Pa. Finally, the loss factor was then obtained.

2.3.3. Mechanical testing

To measure the mechanical properties, hydrogels were tested using a
low-load tension-compression testing machine (Shimadzu-EZ LX, Japan)
at a working temperature of 25 °C. Three hydrogels, PEGDA/CMC,
GO@PEGDA/CMC, and PP/GO@PEGDA/CMC, were tested. During the
compression test, the samples were compressed using a circular indenter
with a strain rate of 1.0 mm min ' until they broke. The maximum
compressive strength of the hydrogels was recorded. Three parallel
samples were used in this experiment.

2.3.4. Water content and swelling ratio of the hydrogels

The hydrogels were equilibrated in a PBS (pH 7.2-7.4) solution for
24 h, and the excess solution on the surface was absorbed using quali-
tative filter paper. Subsequently, the wet hydrogels were lyophilized for
24 h to obtain dried gels. The water content of the hydrogels was
determined using Equation (1):

HW (%) = (W‘%lwﬁ X 100 &)

where W; and W denote the weight of wet and dried hydrogels,
respectively.

The hydrogels were swollen in a PBS solution at 37 °C. Subsequently,
the swelling was measured by weighing the hydrogels at time intervals
(05,1, 2, 3,5, 9, 12, 24, and 48 h). The swelling efficiency of the
developed hydrogels was quantified using Equation (2):

RSW(%) = <%) % 100 @
0

where My and M; denote the weight of initial and swollen hydrogels,
respectively.

2.3.5. Degradation assay in vitro

The degradation behavior of the hydrogels was analyzed in PBS (pH
7.2-7.4) at 37 °C, 150 rpm. Briefly, hydrogels of known weights were
dipped into PBS (pH 7.2-7.4) for a fixed time. The solution was collected
and replaced during specific periods. The collected solution was
weighed after lyophilization. The mass of the lyophilized solute corre-
sponding to the same volume of PBS was subtracted according to the
volume of the collected solution. Then, the daily degradation mass of the
hydrogel was obtained. The degradation rate was expressed as the daily
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cumulative mass.

2.3.6. FTIR spectra analysis
The functional groups in the three hydrogels were analyzed by an
FTIR analyzer (Bruker, Germany) in the regions of 400-4000 cm ™.

2.3.7. EDS analysis

Each element emits characteristic X-rays when excited, and these X-
rays have different frequencies. An energy-dispersive spectrometer
(EDAX, USA) was used to qualitatively analyze the samples.

2.3.8. Release analysis of elements

Firstly, the concentration of various elements in the PP decoction (1
g/mL) was detected by ICP-MS (Analytik Jena AG, Germany). Then, to
measure the content of metal ions released, the samples were detected at
different times by ICP-MS. The hydrogels were completely immersed in
deionized water at 37 °C and shaken at 120 rpm to accelerate their
release. The solution was collected at specified time points and passed
through a 0.45 pm filter membrane. The filtrate was then loaded into the
ICP-MS to measure the content of metal ions released over time, and a
line chart of the release of each element was drawn. The ICP-MS
detection method settings were as follows: flow parameters (L-min~1):
plasma flow, 9.0; auxiliary flow, 1.50; sheath gas, 0.00; nebulizer flow,
1.00; sampling depth, 5 mm; RF powder (kW), 1.15; pump rate (rpm),
16; iCRC (mL-min~!): skimmer gas source, Hy; skimmer flow, 90.

2.4. Invitro cell experiments

2.4.1. Cell culture

Raw 264.7 macrophages were maintained in a growth medium
(DMEM with 10% FBS and 1% P/S) and incubated at 37 °C in a humid
environment containing 5% COg. The cell densities were different ac-
cording to the experimental requirements. The cells were prepared and
seeded in 96-well, 24-well, and 6-well cell plates. Cells in good condition
were selected for the following study after receiving the base treatment
for the specified time.

2.4.2. Preparation of hydrogel-conditioned medium

The PEGDA/CMC, GO@PEGDA/CMC, and PP/GO@PEGDA/CMC
hydrogels were first rinsed with PBS solution. Subsequently, they were
placed into the growth medium and extracted for 48 h at 37°Cand 150
rpm. The extract was filtered through a 0.22 pm sterile membrane to
obtain the hydrogel-conditioned medium.

2.4.3. Cell viability and proliferation

A CCK-8 assay was used to evaluate the proliferation of Raw 264.7
macrophages. Cells were inoculated in 96-well plates at a concentration
of 1.5 x 10*/well. After cell adhesion for 8 h, the medium was replaced
with hydrogel-conditioned medium to culture the cells for 48 h. Then,
100 pL of hydrogel-conditioned medium was added to each well. After
being washed with PBS, the cells were treated with 10% CCK-8 solution
in DMEM at 37 °C for 1 h, taking care not to generate air bubbles during
the procedure. Absorbance was measured at a wavelength of 450 nm.

Cells were seeded into a 48-well plate at a density of 5 x 10*/well
and cultured for 24 h. The growth medium was then replaced with
hydrogel-conditioned medium to culture the cells for an additional 48 h.
Next, 500 pL of hydrogel-conditioned medium was added to each well.
The supernatant was discarded, the cells were washed with PBS, and the
calcein/PI working solution was added according to the manufacturer’s
instructions. After staining in the dark at 37 °C for 30 min, the cells were
captured and photographed under an ortho-fluorescent microscope
(NIKON ECLIPSE C1, Nikon, Japan).

2.4.4. ELISA analysis
ELISA kits were used to evaluate macrophage polarization in vitro. In
short, cells were cultured in a conditioned medium for 48 h, then the
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supernatant was collected and centrifuged at 1000xg for 20 min. The
inflammatory factors (TNF-a, IL-6, IL-10 and TGF-p) levels were detec-
ted at 450 nm according to the manufacturer’s instructions.

2.4.5. Flow cytometry analysis

Flow cytometry (FCM) was used to assess macrophage polarization.
Due to the immune responses usually occurring in the early stage, Raw
264.7 macrophages co-cultured with hydrogels for 48 h were collected.
Cells were seeded in 6-well plates at a density of 1 x 10°/well. After
being cultured with the hydrogels for 48 h, the cells were harvested.
Staining was performed according to the manufacturer’s instructions
and the cells were collected and tested. The expression levels of CD86
and CD206 were analyzed.

2.4.6. Immunofluorescence staining

The Raw 264.7 macrophages were seeded onto round cell slides at a
density of 5 x 10° cells per well and placed at the bottom of a 24-well
plate. After cell adhesion for 2 h, fresh medium containing hydrogels
was added to the plate and then cultured at 37 °C for 48 h. Cell slides
were collected to evaluate the macrophage phenotype through immu-
nofluorescence staining with iNOS and CD206. The slides were observed
and photographed under an ortho-fluorescent microscope (NIKON
ECLIPSE C1, Nikon, Japan).

2.4.7. Osteogenic differentiation assay

To determine the effects of macrophages treated with different
hydrogel-conditioned media on the osteogenic differentiation of BMSCs,
a Transwell co-culture system was used (Fig. 5C). Raw 264.7 macro-
phages were seeded on Transwell inserts containing 0.4 pm pores in
each well at a density of 1 x 10° cells per well in 6-well plates. Then they
were treated with different hydrogel-conditioned media. BMSCs were
seeded in flat-bottom 6-well Transwell plates at a density of 1 x 10° cells
per well. BMSCs and macrophages were seeded in a Transwell co-culture
system. After 48 h of incubation, the growth culture medium was
replaced with osteogenic inducting fluid. ALP staining was detected on
day 7. After 2 weeks of induction, calcium deposition was assessed using
ARS staining. Total RNA was harvested after 7 days of co-culture to
determine the expression of osteogenesis-related genes using RT-qPCR.

2.5. In vivo animal experiments

2.5.1. Construction of the calvarial defect model

All animal experiments strictly abided to the Animal Experiment
Ethics Committee of Nanjing University of Traditional Chinese Medicine
according to the guidelines for animal care, use, and euthanasia of rats
(approval no. 202202A024). Sprague-Dawley rats (200 + 50 g, male)
were used to establish a bilateral skull defect model to assess the
regenerative capacity of composite hydrogels. Briefly, the rats were
anesthetized and their heads were disinfected with iodine disinfectant
after depilation. A 1.5 cm incision was made in the center of the head to
expose the cranium, the soft tissue attached to the bone was fully
dissected, and two 4 mm-diameter defects were made using a surgical
trephine drill. The wound was flushed with a large amount of sterile
saline for cooling. Each defect was cleaned and hydrogels were
implanted in them. After 1 min of UV irradiation, the periosteum and
skin were intermittently sutured with 3-0 sutures. Following surgery, all
rats were monitored until sternal recumbency was regained. Penicillin
was injected intramuscularly in all rats at a concentration of 800,000
units-kg ! for 3 days to avoid infection. Herein, a total of 32 rats were
divided into four groups (n = 8) as follows: (1) Control group with PBS
implantation, (2) PEGDA/CMC group, (3) GO@PEGDA/CMC group, and
(4) PP/GO@PEGDA/CMC group. The rats were euthanized at 3 days, 7
days, 4 weeks, and 8 weeks after implantation, respectively. The skulls
were harvested and fixed in 4% paraformaldehyde for further analysis.
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Fig. 1. Synthesis process and characterization of hydrogels. (A) The preparation process of the PP/GO@PEGDA/CMC hydrogel. SEM images of the microstructures of
(B) PEGDA/CMC hydrogel, (C) GO@PEGDA/CMC hydrogel, and (D) PP/GO@PEGDA/CMC hydrogel. (E) Storage modulus (G) and loss modulus (G") of various
hydrogels. (F) Loss tangent (G’/G) of various hydrogels. (G) Representative compression stress-strain curves of the PEGDA/CMC, GO@PEGDA/CMC, and PP/
GO@PEGDA/CMC hydrogels. (H) Swelling characteristics of the PEGDA/CMC, GO@PEGDA/CMC, and PP/GO@PEGDA/CMC hydrogels (mean + SD, n = 3). (I)
Degradation of the PEGDA/CMC, GO@PEGDA/CMC, and PP/GO@PEGDA/CMC hydrogels in vitro (mean + SD, n = 3). (J) FTIR spectra of the PEGDA/CMC,

GO@PEGDA/CMC, and PP/GO@PEGDA/CMC hydrogels.

2.5.2. Micro-CT analysis

To evaluate bone reconstruction at the calvarial defect sites, a high-
resolution micro-CT scanner (Germany, SkyScan1176, Bruker) with 1
mm Al filtration (385 pA, 65 kV) was used to scan the samples. The
exposure time was 340 ms, and 246 images were acquired. Version 1.1
was used to obtain the first step of the reconstructed data. The resolution
was 17.76 pm for the image pixel size and the voxel size of the recon-
struction. DataViewer software was used to reconstruct images of in-
terest. After obtaining the three-dimensional (3D) reconstruction
results, CTAn software was used for deep analysis. The analyses included
bone volume (BV), bone mineral density (BMD), bone volume fraction
(BV/TV), trabecular number (Tb.N), and trabecular thickness (Tb.Th). A
3D model of the skull and a three-dimensional model of the new bone
were constructed using CTvox software.

2.5.3. Histological evaluation
After CT scanning, the skull samples were decalcified in 10% EDTA

for 60 days with solution replacement every 2 days. Thereafter, the
decalcified samples were embedded in paraffin and serial sections (3 pm
thickness) and prepared using a pathology slicer. Immunofluorescence
staining for CD68 and CD206 was performed to evaluate macrophage
polarization and function. Hematoxylin and eosin (HE) and Masson’s
staining were performed to observe new bone reconstructions. In addi-
tion, immunofluorescence staining for BMP-2, RUNX-2, ALP, OCN, and
OPN was performed. Images were obtained using an inverted fluores-
cence microscope (FluoView 500; Olympus, Tokyo, Japan). The mean
integral optical density (IOD) values of the different fluorescence signals
were detected using Image Pro Plus software (version 6.0) to evaluate
the expression of proteins.

2.5.4. Analysis of serum immune factors

The levels of immune factors (TNF-a, IL-6, IL-4, and IL-10) in serum
samples were measured using the TNF-a, IL-6, IL-4, and IL-10 ELISA Kits.
All steps were performed according to the manufacturer’s instructions.
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Fig. 2. Identification of metal ions and ICP-MS analysis. EDS mapping for (A) the area analyzed, (B) iron, (C) magnesium, (D) copper, (E) zinc, and (F) manganese;
the spectrum with major peaks is shown in (G). (H) Release profiles of iron and magnesium ions from PEGDA/CMC wrapped with PP/GO (mean + SD, n = 3). (I)
Release profiles of copper, zinc, and manganese ions from PEGDA/CMC wrapped with PP/GO (mean =+ SD, n = 3).

2.6. Statistical analysis

All quantitative data in this study are presented as the mean +
standard deviation (SD), and each experiment was performed with at
least three replicates. Statistical significance was determined using one-
or two-way ANOVA using GraphPad Prism 8.4.2 software. *p < 0.05,
**p < 0.01, and ***p < 0.001 indicated a statistically significant
difference.

3. Results and discussion
3.1. Synthesis and characterization of PP/GO@PEGDA/CMC hydrogels

According to previous studies, PP provides active factors because the
metal ions in PP are effective in healing bone defects [33]. GO sheets
with carboxyl, epoxy, and hydroxyl groups can be effective in the
adsorption of metal ions. Adsorption forces are mainly derived from
electrostatic interactions, complexation, and cationic-t bond in-
teractions [44,45]. In this study, the effect of GO sheets on metal ion
(iron, magnesium, copper, zinc, and manganese ions) adsorption ca-
pacities was studied using a PP decoction. Adsorption experiments
showed that the GO sheets had a good adsorption capacity for metal
ions. The formation of the PP/GO complex was a unique advantage for
the hydrogels. The process was simple but effective, and tedious pro-
cedures were avoided. PP/GO@PEGDA/CMC hydrogels were prepared
by dispersing the PP/GO solution into the PEGDA/CMC network. The
preparation process for the PP/GO@PEGDA/CMC hydrogel is shown in

Fig. 1A. The PP/GO@PEGDA/CMC composite hydrogel was light gray
and contained no obvious impurities.

As shown by SEM, the hydrogels displayed 3D architectures with a
diameter of 100 pm. The PEGDA/CMC hydrogel had a smooth surface
(Fig. 1B). There was edge sharpening, wall thickening, and sheet-like
morphology in the GO@PEGDA/CMC hydrogel (Fig. 1C). The PP/
GO@PEGDA/CMC hydrogel had a more complicated 3D architecture
with particles of varying sizes in the voids (Fig. 1D). The prepared
hydrogels were evaluated by rheological tests and mechanical mea-
surements. The viscous behavior of the hydrogels was slightly enhanced;
however, the elastic behavior was significantly enhanced after the
addition of GO (Fig. 1E). Interestingly, the PP/GO@PEGDA/CMC
hydrogel possessed a smaller loss tangent, which was independent of the
frequency in the range of 0.10-10.00 Hz (Fig. 1F). The results showed
that the comprehensive properties of the original PEGDA/CMC hydrogel
crosslinked network were enhanced by the PP/GO. Briefly, the PP/
GO@PEGDA/CMC hydrogel could withstand large deformations owing
to its good elasticity and high resistance. Likewise, under compressive
loading (Fig. 1G and Fig. S1), the PP/GO@PEGDA/CMC hydrogel
exhibited a maximum strength of 24.1 kPa and a large deformation
capacity of 76.3%. However, the maximum strength of the PEGDA/CMC
hydrogel was approximately 10.8 kPa, the critical strength it could
withstand was 7.0 kPa, and the maximum strain was 62.1%. It fractured
before the strain reached 76.3%. These results were consistent with the
rheological test results, indicating that the mechanical properties of the
hydrogels were greatly improved after the addition of GO, which could
meet the requirements of cranial repair.
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Table 1
Concentration of various elements in the PP decoction (1 g/
mL).

Element name Content (pg/mL)

Fe 4172.04
Mg 180.00
Zn 7.55
Mn 16.33
Cu 0.08

In this study, the water uptake of the PP/GO@PEGDA/CMC hydrogel
was highest. The swelling rate curve in Fig. 1H shows that the freeze-
dried hydrogels swelled rapidly at the beginning. However, the
swelling ability began to slow and finally reached swelling equilibrium
over time. The swelling performances of the PEGDA/CMC and
GO@PEGDA/CMC hydrogels were 7.3 + 0.3 and 9.1 + 0.7, respec-
tively. Compared with other hydrogels, the PP/GO@PEGDA/CMC
hydrogels had the best swelling performance (10.0 + 0.4). The swelling
and degradation properties of hydrogels are considered major parame-
ters in tissue engineering because they are closely related to the ab-
sorption of nutrients, transport, and excretion of metabolites in vivo.
The in vitro degradation results showed that the hydrogel gradually
degraded as a function of time (Fig. 1I). The PP/GO@PEGDA/CMC
hydrogel was degraded at a higher rate than the PEGDA/CMC and
GO@PEGDA/CMC hydrogels. At day 12, all types of hydrogels were
completely degraded. These results indicated that the adsorption of
metal ions by GO resulted in a larger pore structure of the hydrogels,
which facilitated the entry of water molecules. The FTIR experiment was
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conducted, and the spectra are displayed in Fig. 1J. No new functional
groups were generated in the GO@PEGDA/CMC and PP/GO@PEGDA/
CMC hydrogels.

3.2. Metal ion release from the PP/GO@PEGDA/CMC hydrogels

Randomly selected fields of view were used for EDS analysis
(Fig. 2A). According to the EDS mapping (Fig. 2B-F) and qualitative
results (Fig. 2G), the peaks of five metal elements (iron, magnesium,
copper, zinc, and manganese ions) appeared in the sample. This indi-
cated that the metal ions in PP were successfully loaded onto GO. The
concentration of various elements in PP decoction (1 g/mL) is shown in
Table 1. ICP-MS was employed to prove that the release of metal ions
was successful. The results showed that the metal elements were
continuously released from the gel with time (Fig. 2H and I). The release
rates and element contents were different. The iron and magnesium ions
contents were higher than those of manganese, zinc, and copper ions. A
certain promotion effect on bone regeneration was realized by the
functional complementation of beneficial elements, which depended on
the synergistic effects of various elements.

3.3. PP/GO@PEGDA/CMC induced macrophage M2-type differentiation
in vitro

Macrophages are a unique subtype of immunocyte with two major
phenotypes, M1 and M2. M1 macrophages lead to an inflammatory
response and release IL-1p, TNF-a, and IL-6; M2 macrophages contribute

to the osteogenic differentiation of osteoblasts and resolution of
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Fig. 3. Viability of Raw 264.7 macrophages and PP/GO@PEGDA/CMC hydrogel-conditioned media promoting the release of secretory factors from M2 macro-
phages. (A) CCK-8 assay of Raw 264.7 macrophages cultured in various conditioned media. (B) Fluorescence staining of Raw 264.7 macrophages cultured within
various hydrogels over 48 h; the living cells were labeled with calcein-AM (green fluorescence), while the dead cells were labeled with PI (red fluorescence). (C) The
secretion level of TNF-a (M1 marker) in the conditioned media. (D) The secretion level of IL-6 (M1 marker) in the conditioned media. (E) The secretion level of TGF-f
(M2 marker) in the conditioned media. (F) The secretion level of IL-10 (M2 marker) in the conditioned media. *p < 0.05, **p < 0.01, and ***p < 0.001; mean =+ SD;
n = 6. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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inflammation by secreting IL-10, IL-4, and TGF-p. In the process of bone
tissue repair, inflammation tends to result in delayed bone healing and
fracture remodeling [46]. The inhibition of inflammation can promote
bone formation in the bone defect area. The tissue microenvironment
regulates the interconversion of M1 and M2 macrophages, which is
important for tissue repair [47]. However, in many traditional design
strategies, inert biomaterials have always been considered foreign
bodies that result in a foreign body reaction along with excessive
inflammation, thereby interfering with the speed and quality of
osseointegration [48]. Therefore, an ideal biomaterial should be
designed to modulate the local immune environment against
pro-inflammatory responses and diminish host responses. With ad-
vancements in the field of osteoimmunology, bone regeneration and the
immune system are closely linked in both physiological and pathological
conditions.

In the early stage of inflammation, macrophages are activated and
polarized to an M1 phenotype, which produces pro-inflammatory

“*p < 0.001; mean =+ SD. (For interpretation of the references to colour in this figure legend, the reader is referred to

cytokines, such as IL-6 and TNF-a. At present, research on materials
related to bone immune regulation and regeneration, especially bone
induction materials rich in multiple metal ions, is scarce. In the present
study, the PP/GO@PEGDA/CMC hydrogel could be modified to perform
an “osteoimmunomodulatory” function. Macrophages are predomi-
nantly polarized to an M2 phenotype and produce cytokines, including
IL-10, IL-4, and TGF-B, which contribute to tissue repair and the reso-
lution of inflammation.

To verify whether hydrogels could immunomodulate new bone
regeneration, PEGDA/CMC, GO@PEGDA/CMC, and PP/GO@PEGDA/
CMC were fabricated. Raw 264.7 macrophages were successfully
cultured and applied to the polarization experiments in vitro. Good
biocompatibility is considered to be important for bone repair materials.
Firstly, CCK-8 was used to detect the proliferation ability of the cells
(Fig. 3A). The results showed that 0.1 and 1 pg/mL hydrogel-
conditioned media were nontoxic, and the 1 pg/mL concentration was
used for subsequent experiments (the GO concentration was 1 pg/mL in
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and 8 weeks post-implantation. Micro-CT 3D reconstruction images showing the best bone defect healing outcome in the PP/GO@PEGDA/CMC hydrogel group. (C)
Quantification analysis of BMD, BV, BV/TV, Tb.N, and Tb.Th showing that the PP/GO@PEGDA/CMC group had the most new bone tissue. *p < 0.05, **p < 0.01, and
***p < 0.001; mean + SD; n = 6. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

the PP/GO@PEGDA/CMC hydrogel-conditioned medium, and the PP
concentration was 0.175 pg/mL). The live/dead cell staining results
(Fig. 3B) supported this viewpoint. To verify that the PP/GO@PEGDA/
CMC hydrogels could induce macrophage M2-type differentiation,
ELISA were performed (Fig. 3C-F). The results demonstrated that after
stimulation with PP/GO@PEGDA/CMC for 48 h, the Raw 264.7 mac-
rophages presented a trend toward the M2 phenotype.

FCM analysis (Fig. 4A) also revealed that CD206 (the marker of the
M2 phenotype) was more highly expressed in the PP/GO@PEGDA/CMC
group. Furthermore, the expression of CD86 (the marker of the M1
phenotype) decreased in Raw 264.7 macrophages after the PP/
GO@PEGDA/CMC treatment (Fig. 4B and C). These results confirmed
that the PEGDA/CMC material loaded with PP/GO successfully induced
macrophage differentiation into the M2-type by releasing ions.

To further investigate the influence of the PP/GO@PEGDA/CMC
hydrogel on macrophage differentiation, a cellular immunofluorescence
assay was performed to examine the effect of hydrogel samples on Raw
264.7 macrophages (Fig. 4D). Pretreated Raw 264.7 macrophages were
stimulated with different hydrogels for 48 h and significantly higher
CD206 immunofluorescence positive staining was observed in the PP/
GO@PEGDA/CMC group. The expression level of iNOS (the marker of
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the M1 phenotype) significantly decreased. Quantitative analysis of the
experimental results was performed using Image-Pro Plus 6.0 (Fig. 4E
and F). Briefly, the PP/GO@PEGDA/CMC hydrogel promoted the
transformation of macrophages into the M2 type.

3.4. Osteogenic differentiation of BMSCs in a co-culture system

Live/dead cell staining indicated that BMSCs could grow on the
hydrogels (Fig. 5A). CCK-8 results indicated that various hydrogel-
conditioned media had no cytotoxicity on days 1, 3, or 7 (Fig. 5B).
ALP and ARS staining indicated that macrophages treated with PP/
GO@PEGDA/CMC hydrogel-conditioned medium were greatly benefi-
cial for BMSCs osteogenesis (Fig. 5D-G). The transcription levels of
osteogenesis-related genes were prominently increased by the activation
of macrophages treated with PP/GO@PEGDA/CMC hydrogel-
conditioned medium (Fig. 5SH-K).

3.5. Radiographic analysis of bone regeneration

The time axis of the in vivo experiments is shown in Fig. 6A. Micro-
CT was conducted to evaluate the extent of new bone formation in the
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bone defects at 4 and 8 weeks. As shown in Fig. 6B, the 3D recon-
struction of the skull indicated that the PP/GO@PEGDA/CMC group
exhibited an excellent bone regeneration capacity compared with the
other groups; the sagittal plane of the bone defect also confirmed this
viewpoint. The quantification analysis of BV and BV/TV of the newly
formed bone showed that the BV and BV/TV of the PP/GO@PEGDA/
CMC group were remarkably higher than those of the other groups at
both 4 and 8 weeks (Fig. 6C). Quantification of the BMD, Tb.N, and Tb.
Th showed that PP/GO@PEGDA/CMC achieved superior bone defect
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repair efficacy, which was consistent with the BV and BV/TV results
(Fig. 6C). The extent of bone regeneration was in the following order:
PP/GO@PEGDA/CMC > GO@PEGDA/CMC > PEGDA/CMC > control.
Interestingly, it was found that the osteogenesis speed at 4 weeks was
better than that at 8 weeks in the PP/GO@PEGDA/CMC group.

3.6. Effects of PP/GO@PEGDA/CMC on macrophage activation in vivo

After 3 and 7 days of the hydrogel implantation, the samples were
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prepared to assess the activation and function of the macrophages. As
shown in Fig. 7A, the total macrophage levels were remarkably elevated
in the PP/GO@PEGDA/CMC group compared to in the other groups.
The expression level of macrophages on day 7 was higher than that on
day 3 in all groups. As expected, the population of M2 macrophages
(CD68*1, CD2061) was greater than that of the other three groups
following PP/GO@PEGDA/CMC implantation at day 3. In contrast, the
M2 macrophage (CD68", CD206™") levels decreased in the GO@PEGDA/
CMC group on day 7 compared to those in the control and PEGDA/CMC
groups. This suggests that PP/GO@PEGDA/CMC with sustained release
of metal ions could activate macrophages polarization, thereby stimu-
lating the M2 phenotype in the early stage. Quantitative analysis of the
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number of macrophages showed that MO (CD68™) and M2 macrophage
(CD68", CD206™") levels were higher in the PP/GO@PEGDA/CMC group
than in the other three groups (Fig. 7B and C).

To further assess the effects of hydrogels on macrophage activation,
inflammation-related indicators in plasma were analyzed using ELISA
kits (Fig. 7D-G). The results indicated that the PP/GO@PEGDA/CMC
hydrogels promoted the M2-type differentiation of macrophages by
secreting high levels of IL-10 and IL-4. They also decreased the M1-type
differentiation of macrophages by secreting low levels of TNF-a and IL-6.
With the increase in IL-10 and IL-4 levels, BMP-2 was recruited to secrete
osteoblast-related proteins to promote the differentiation of mesen-
chymal stem cells (MSCs) into osteoblasts. This indicated that M1 and
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M2 were in dynamic equilibrium. It was speculated that the PP/
GO@PEGDA/CMC hydrogels could optimize the ratio of M1 to M2 to
improve the immune microenvironment.

3.7. Histological analyses

HE staining and Masson’s staining were used to reveal new bone
formation in all groups at 4 and 8 weeks. As shown in Fig. 8A, the bone
defect was filled and depressed by connective tissue, with fewer osteo-
blasts in the control group. In the PEGDA/CMC and GO@PEGDA/CMC
groups, there was a certain degree of increase in both the osteoid tissue
and new bone. In the PP/GO@PEGDA/CMC group, the bone defects
were filled with a large amount of osteoid tissue and freshly formed
woven bone at 4 weeks, and the bone defects seemed to almost complete
bone regeneration with mature bone matrix and bone trabecular at 8
weeks. Masson’s trichrome staining corroborated these results. As
shown in Fig. 8B, the PP/GO@PEGDA/CMC hydrogel treatment pro-
moted the formation of mature lamellar bone (dark red staining) at 8
weeks. The HE and Masson staining of bone tissue also confirmed that
the new bone formation ability of PP/GO@PEGDA/CMC was much
greater than that of the other groups. BMP-2 is vital for cartilage for-
mation and development. The results indicated that the PP/
GO@PEGDA/CMC hydrogels displayed high expression of BMP-2
compared with other groups at 8 weeks (Fig. 9A). RUNX-2, OCN, and
ALP are usually used to evaluate the degree of bone formation. The
immunofluorescence analysis of the skull defect areas of osteogenic
markers (RUNX-2, OCN, and ALP) showed that the osteogenic activity of
the PP/GO@PEGDA/CMC group was higher than that of the other three
groups at 8 weeks (Fig. 9B-D). In addition, the expression of BMP-2,
RUNX2, OCN, and ALP in the defect areas was higher than that of the
other three groups in the metaphase of bone repair (Fig. S2). OPN-
positive cells were observed within the defect areas in the PP/
GO@PEGDA/CMC group, and the expression of OPN was higher than
that in the other three groups at 4 and 8 weeks (Fig. S3 and Fig. S4).

4. Conclusion

In this study, a new mineral-organic nano-compound hydrogel (PP/
GO@PEGDA/CMC) was generated and characterized. PP provided
abundant metal ions, and GO provided sufficient mechanical strength to
the PEGDA/CMC molecular network to overcome the support obstacle.
Experiments confirmed that metal ions were loaded and released from
the PP/GO@PEGDA/CMC hydrogel in a controlled manner to promote
M2 polarization, which is related to bone remodeling. It was further
revealed that the PP/GO@PEGDA/CMC hydrogel mediated the early
immune response to induce the generation of TGF-§, IL-10, and IL-4 to
promote the secretion of BMP-2 from BMSCs. The critical-sized rat cal-
varial defect model was utilized, and the levels of ALP, RUNX2, OCN,
and OPN were markedly increased in the defects after the implantation
of the PP/GO@PEGDA/CMC hydrogels. Noticeable bone reconstruction
was performed. This study highlights a biomaterial that modulates the
immune microenvironment and achieves greater bone repair efficacy.
This suggests considerable potential for the field of biomaterials and
medicine.
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