
Research Article
Effect of Alleviating Fibrosis with EGCG-Modified Bone Graft in
Murine Model Depended on Less Accumulation of
Inflammatory Macrophage

Dengbo Yao , Jiang Guo , Tianyu Qin , Haibao Chen , and Song Jin

Department of Orthopedics Surgery, The Eighth Affiliated Hospital of Sun Yat-sen University, Shenzhen, China

Correspondence should be addressed to Song Jin; jingso@163.com

Received 31 March 2022; Revised 8 November 2022; Accepted 18 January 2023; Published 11 February 2023

Academic Editor: Cleofe Palocci

Copyright © 2023 Dengbo Yao et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

In response to current trends in the modification of guided bone regeneration (GBR) materials, we aimed to build upon our
previous studies on epigallocatechin-3-gallate (EGCG) by immersing a commonly used bone graft primarily composed of
hydroxyapatite (HA) in EGCG solution, expecting to obtain superior bone material integration after implantation. Bone grafts
are commonly used for bone repair, in which the bone extracellular matrix is stimulated to promote osteogenesis. However,
due to its profibrosis effect, this osteoconductive material commonly exhibits implant failure. In addition to providing a basic
release profile of EGCG-modified bone graft (E-HA) to clarify the relationship between this material and the environment, we
have examined the integration effect via subcutaneous implantation experiments. In this manner, we have assessed the
aggregation of proinflammatory macrophages, the formation of fibrous capsules, and an enhanced cell viability observed in
cultured RAW 264.7 cells. Among these results, we focus on proinflammatory macrophages due to their close relationship with
fibrosis, which is the most important process in the immune response. Immunofluorescent staining results showed that E-HA
substantially compromised the formation of fibrous capsules in hematoxylin-eosin-stained sections, which exhibited less
proinflammatory macrophage recruitment; meanwhile, the cell viability was improved. This work lays the foundation for
future studies on GBR.

1. Introduction

In guided bone regeneration (GBR), it is important to pre-
vent the damaged area from being filled with soft tissue,
leaving no space for bone tissue deposition. This aim can
be attained by removing nonosteogenic tissues that interfere
with bone regeneration while implanting biomaterials. The
design of implanted bone substitutes should be based on
the characteristics of the defect; moreover, these substitutes
should restore the tissue microenvironment to its preimpair-
ment state and avoid severe fibrosis to promote integration
and function recovery [1, 2]. As a primary component of
mineral bone, hydroxyapatite (HA), which constitutes
60%–70% of bone and 98% of dental enamel, exhibits good
biocompatibility, high osteoconductivity [3], and a slow
absorption rate at the implant site [4]. Accordingly, HA is
one of the most widely used bone materials in clinical prac-

tice. In a 20-year follow-up study of maxillary sinus floor ele-
vation based on commercial bovine-derived bone mineral,
which is primarily composed of HA, the new mineralized
bone volume remained stable and even increased from
16.96% to 22.05% over 20 years, while the volume of the
implanted graft decreased from 35.87% to approximately
4% [5]. However, in some cases, HA implantation has
resulted in disappointing or unsuccessful healing outcomes
with thick fibrous capsules, which can inhibit bone–bioma-
terial integration via fibrosis. In addition, the formation of
fibrous capsules is closely related to the host immune
response, which has informed the design of next-
generation GBR membranes and filling grafts based on a
modulated immune microenvironment. With respect to bio-
compatibility, degradation rate, and mechanical support, the
current mainstream clinical needs are no longer being met
[6, 7]. Epigallocatechin-3-gallate (EGCG), the main catechin
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of tea, has been considered a useful substance for modifying
HA, due to its multiple therapeutic effects on various human
diseases via its anti-inflammatory [8], anticarcinogenic [9],
antimicrobial, and antioxidative ability [9]. In addition, in
the field of bone remodeling, EGCG can promote osteogen-
esis with increased expression of bone morphogenetic
protein-2 (BMP-2), runt-related transcription factor-2
(Runx-2), alkaline phosphatase (ALP), osteonectin, and
osteocalcin. Thus, superior ALP activity and bone defect
mineralization of bone defect can be achieved [10] to pre-
vent inflammatory bone loss caused by inhibited prostaglan-
din E synthesis [11]. In a previous study, we found that the
addition of EGCG to a designed material introduced a
promising microenvironment for bone regeneration, based
on macrophage recruitment and phenotype [12]. In macro-
phages, the persistence of inflammatory phenotypes can
contribute to fibrosis, which impacts overall bone growth.
Although the mechanism of fibrosis that occurs in implant
biodegradation and the blocking interaction between the
biomaterial and surrounding tissue requires further study,
it has been confirmed that fibrosis is associated with the par-
ticipation of certain macrophage phenotypes and various
immune cells. The fibrosis response usually begins with a
severe foreign body reaction (FBR) as cells are damaged,
necrotized, and stressed [13, 14]. Nevertheless, principal
cells that promote tissue repair are no different from those
leading to fibrous capsules, except for the persistence and
drastic communication of inflammatory cells and myofibro-
blasts [15]. In fact, with different degrees of fibrosis, the out-
come of implantation can be beneficial for repair and
prognosis (with the deposited provisional extracellular
matrix (ECM) providing a frame for angiogenesis) or harm-
ful to the host (impairing the integration and resulting in
failure) [16]. Hence, the ideal situation is to avoid serious
FBR and to enable direct healing by controlling the infil-
trated cells and their ability to modulate the immune
response. In summary, immunoreactions play a vital role
in the healing process and determine the final result. Consid-
ering the broad clinical application of HA, it is valuable to
understand the immune response invoked by the involve-
ment of EGCG, which can reduce the level of proinflamma-
tory macrophages. The purpose of the present study was to
evaluate whether binding EGCG to HA can mitigate FBR
with less fibrosis, thus enhancing bone regeneration.

2. Materials and Methods

2.1. Materials. We purchased commercial Heal-All® Bone
Repair Material from Zhenghai Biotechnology (Shandong,
China), which contains primarily HA and collagen and
maintains a three-dimensional porous structure. EGCG
was obtained from Jiang Xi Lv Kang Natural Products (Jiang
Xi, China). The solvents and chemicals used were all of ana-
lytical grade, with no further purification. To fabricate
EGCG-modified HA for follow-up experiments, we dis-
solved EGCG in aseptic double-distilled water at a concen-
tration of 0.64% (w/v). We then immersed HA in the
EGCG mixture for 24 h at 4°C in the dark [12, 16]. EGCG-
modified bone graft (E-HA) was then washed with PBS three

times and preserved in the dark at 4°C before use. The exper-
imental process was conducted in accordance with the pres-
ervation protocol recommended by the manufacturer to
avoid the oxidation denaturation of EGCG in light and heat.
The optical density (OD) value of the EGCG solution at
272 nm was obtained before and after immersion to ensure
successful fabrication of E-HA.

2.2. In Vitro Release Profile of E-HA. E-HA was soaked in
PBS in a 48-well plate at 37°C and 5% CO2 and scanned
by ultraviolet–visible spectrophotometry to obtain the
release profile. The OD value at 272nm was used to detect
EGCG in solution. At 0 h, the instrument was calibrated to
zero; subsequently, we measured the OD value of the media
at 2, 6, 12, 24, 48, 96, 120, 144, and 216h. The media
(200μL) was removed and replenished with fresh buffer
(200μL) for each measurement. The solution concentration
and EGCG weight were determined from an OD value for a
specific concentration by establishing a standard curve with
different concentrations (7.8, 15.625, 31.25, 62.5, 125, 250,
and 500μg/mL); the vertical axis shows the absorbance
value, and the horizontal axis shows the concentration of
the EGCG solution. Linear regression analysis was per-
formed using the weighted least-square method (W = 1/C2).

2.3. Surface Morphology Observation. A scanning electron
microscope (SEM, s-800, HITACHI, Tokyo, Japan) operat-
ing at 15 kV under magnification of ×200, ×600, and
×1200 and a digital camera (Canon EOS 6D Mark II) under
magnification of ×5 were used to characterize the morphol-
ogy of the materials. A typical image of each sample was
captured.

2.4. Cell Viability. Murine RAW264.7 cells (RIKEN BioRe-
source Center, Japan) were used for quantitative and qualita-
tive cell viability assays. The cells were cultured in 48-well
plates and seeded on untreated and EGCG-treated HA at
104 cells/well cultured in 1640 medium supplemented with
10% fetal bovine serum. Immediately and after 1, 3, 5, and
7 days of culture, the cell viability was evaluated using Cell
Counting Kit-8 (CCK-8, Dojindo Laboratories, Kumamoto,
Japan) according to the manufacturer’s instructions. The
OD value at 450nm was measured by a microplate reader
(Multiskan, Thermo, USA).

2.5. Establishment of an In Vivo Model. This experimental
protocol was approved by the Institutional Review Board
of West China Dental Hospital (No. WCHSIRB-D-2017-
097). In vivo experiments were performed on 6- to 8-week-
old C57 mice (Animal Experimental Center of Sichuan Uni-
versity) weighing approximately 37.5 g. Two parallel surgical
sites were established on each mouse for pure HA and E-
HA, respectively (N ≥ 3). To minimize the bias caused by
the surgical site, the materials were implanted in different
arrangements.

2.6. Surgical Procedures. After being anesthetized with intra-
peritoneal injection 80mg/kg ketamine and 16mg/kg xyla-
zine at a volume of 10μL/g weight, the skin on the back of
the mouse above the surgical area was shaved, and an aseptic
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process was applied before implantation. Two sagittal inci-
sions of approximately 10mm were made on the dorsal skin
to create subcutaneous pockets for the bone repair material.
Pure bone repair material and the EGCG-modified material
were then implanted into the pockets. Subsequently, the
incision was sutured with a horizontal mattress 3.0 Vicryl
suture (Ethicon, CA, USA). The animals were housed in a
room specially designed for animal experiments and were
fed a standard laboratory diet. After 7 days of recovery, the
animals were anesthetized by the above-mentioned anes-
thetic methods and then sacrificed by cervical dislocation.
Then, the bone repair material and whole skin samples
around the surgical site were collected. All experiments were
performed according to the guidelines of animal ethics com-
mittee of Sichuan University.

2.7. Hematoxylin-Eosin (HE) Staining. For HE staining,
8μm sections were incubated at 65°C for 4 h to dewax. After
ethanol dehydration, hematoxylin was applied for 5min,
and 1% hydrochloric acid ethanol was differentiated for
2 h. The sections were then incubated for 2min in 0.2%
ammonia water, followed by staining with eosin for 1min.
After dehydration, the sections were removed and fixed with
neutral resin. The slides were viewed using a microscope
with a ×200 oil immersion objective (Olympus Corporation,
Tokyo, Japan) and scanned with a digital slide scanning sys-
tem (PRECICE, Beijing, China).

2.8. Immunofluorescent Staining. The paraffin-embedded tis-
sue was cut into 8μm-thick sections. After dewaxing and
hydrating, immunostaining was conducted. Sections were
pretreated with 0.1% Triton X-100 in PBS with 1% bovine
serum albumin for 1 h, 1% t20 for 20min, and then PBS
for 20min. Briefly, the sections were incubated for 30min
in the dark. The excess dye was washed away with PBS. Sec-
tions were incubated with isotype antibodies to exclude false
positive staining. At least three parallel sections from differ-
ent implantation sites were observed by fluorescence micros-
copy (Zeiss stereoscopic finding, V20, Germany). Five fields
were randomly selected for immunofluorescence determina-
tion. Macrophages were magnified 400-fold to exclude false
positive staining. Semiquantitative analysis was then per-
formed at a magnification of 40-fold. CaseViewer 2.1 and

Image Pro Plus 7.0 were used to measure the fluorescence
intensity of five random spots. Hoechst (ab138903, Abcam)
staining analysis was performed at the same time as CD68
(ab222914, Abcam) and inducible nitric oxide synthase
(iNOS, ab209027, Abcam) analysis.

2.9. Statistical Analysis. All quantitative data are presented as
the mean ± standard deviation. Statistical calculations were
performed using GraphPad Prism 5.0 (San Diego, CA,
USA). Semiquantitative immunofluorescent staining data
that did not conform to the normal distribution were further
analyzed by the Mann–Whitney U test, while the statistical
significance between groups was analyzed by the analysis
of variance, followed by Tukey’s multiple-comparison test.
A value of P < 0:05 was considered statistically significant.
A standard curve for the EGCG solution was established
by linear regression. Pearson’s correlation analysis was used
to analyze the detected concentration.

3. Results

3.1. Surface Morphology. The morphology of the bone repair
material is shown in Figure 1(a). The morphology is incon-
sistent in shape, size, and porous features. After the addition
of EGCG, the surface of the bone repair material became
directional, dense, and uniform. This change may be caused
by hydrogen bonding between the EGCG and collagen
fibers. The SEM results also show that the surface roughness
decreased (Figure 1(b)).

3.2. In Vitro Release Profile of E-HA. After HA was
immersed in EGCG solution, the OD value decreased, indi-
cating that the concentration had decreased and that E-HA
had been successfully fabricated with EGCG adhering to
the HA in the solution (Figure 2(a)). The calculated concen-
tration was based on the standard curve for the EGCG solu-
tion. To establish this standard curve, EGCG solutions were
detected by ultraviolet–visible spectrophotometry, which
revealed that EGCG has a maximum absorption wavelength
of 272nm, regardless of the concentration. Therefore,
272 nm was selected for detection, and the absorbance value
was set as the vertical axis with the corresponding concen-
tration set as the horizontal axis. A regression equation
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Figure 1: Representative image of HA and E-HA. (a) Surface morphology of materials is clearly presented under digital camera
(magnification: ×5, bar = 5mm) and (b) scanning electron microscope (magnification: ×200, ×600, ×1200, bar = 500μm, 200μm, 100 μm
). The morphology is inconsistent in shape, size, and porous features between HA and E-HA. The surface of the bone repair material
became less rough and more directional, dense, and uniform in E-HA.
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was obtained as y = 0:0067x – 0:0327, with R2 = 0:9998. The
linear concentration range was found to be 7.8–500μg/mL
for EGCG, as presented in Figure 2(b). A cumulative release
profile of E-HA was obtained by detecting the amount of
EGCG released to the buffer over time. With the obtained
standard curve line, we can interpret the EGCG concentra-
tion corresponding to OD values measured at different time
points in the cumulative release profile. The release profile
demonstrated a minimal initial release, with only approxi-
mately 10μg EGCG being released in the first 3 days,
followed by a continuous release reaching approximately
100μg over the next 3 days. An additional release of approx-
imately 75μg was measured at 216 h (Figure 2(c)).

3.3. Cell Viability. RAW 264.7 cells were seeded on the mate-
rial for 7 days; throughout this period, the cell viability
remained relatively constant for the HA group, whereas
the effect of EGCG on cell viability increased as the coculture
time increased. On days 0 and 1, there was no significant dif-
ference between the HA and E-HA groups; however, on days
3 and 5, the cell viability improved slightly in the group with
EGCG. The viability continued to increase, reaching a max-
imum on day 7 (Figure 3). Thus, the modification of EGCG
did not negatively impact cell viability in RAW 264.7 cells;
rather, EGCG appears to improve cell viability.

3.4. Fibrosis Severity after HA and E-HA Implantation in
Relation to Macrophage Phenotype. To determine whether
E-HA can mitigate fibrosis by modulating the immune micro-
environment, the selected materials were implanted subcuta-
neously (Figures 4(a) and 4(b)), and the reaction of immune
cells towards EGCG modification was investigated by HE
staining (Figures 4(c) and 4(d)). Within 7 days after implanta-
tion of the bone repair material, the incisions of both groups
had healed well. The fibrous encapsulation effect was much
more intense in the HA group, with a large amount of collagen
fibers deposited on the surface of the material. The surround-
ing immune cells migrated to the bone repair material, form-
ing an inflammatory cell infiltration zone. This inflammation
resulted from the implantation of EGCG-loaded bone repair
material, which is lighter than pure bone repair material. We
further explored the macrophage phenotype at this time point.
Based on Hoechst, CD68, and iNOS immunofluorescence
staining images (Figures 4(e) and 4(f)), we found that the
two groups recruited macrophages of different phenotypes.
CD68, which serves as a surface marker for macrophages,
was observed in both groups. However, iNOS, an indicator
of proinflammatory phenotype macrophages, was not
detected in the E-HA group, although it was detected in the
HA group, reconfirming macrophage infiltration and the
effect of EGCG on anti-inflammation, as shown in
Figures 5(a) and 5(b).
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Figure 2: The establishment and release of EGCG on the bone graft. (a) E-HA fabrication assessment by detecting the concentration of
EGCG solution before and after immersing HA (n = 3). (b) The standard curve of EGCG solution at the concentration between 7.8 and
500μg/ml (n = 3), (c) obtained under OD value at 272 nm (n = 3). In vitro cumulative release profile of E-HA. ns: no significance; ∗P <
0:05, ∗∗P < 0:01, ∗∗∗P < 0:001.
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4. Discussion

Serious defects in hard tissue can inhibit self-healing, with
critical-sized bone defects requiring surgical intervention
[17]. At the present, biomaterials and GBR membranes are
often used in clinical practice to block the invasion of soft
tissue in the growth space of the hard tissue, a practice that
has been widely validated. Among these materials, collagen
membranes modified by EGCG have been thoroughly inves-
tigated, including studies on their biotoxicity [18], effect on
osteoblasts [19], chemotaxis of macrophages [20], pheno-
typic regulation [21], and FBR [22]. The ideal therapeutic
effect of an implanted biomaterial cannot be achieved if
the stimulating effect due to modification is neglected. For
example, biomaterials often include HA, such as BMP-2-
immobilized PLGA/hydroxyapatite fibrous scaffold [23], or
have been modified, for example, by loading nerve growth
factor [24], which can promote tissue repair better than the
materials alone. When a biomaterial is implanted, material
will interact with the immune cells to form a unique
immune microenvironment, which is very crucial for the
subsequent bone tissue healing process. Macrophages have
been proven to effectively regulate the bone immune micro-
environment [25]. After surgery, macrophages quickly iden-
tify the implant, are recruited to the biomaterial, and form a
specific immune microenvironment. Studies have shown
that proinflammatory macrophages known as M1 partici-
pate in the initiation of inflammation by secreting cytokines
and then proinflammatory macrophages known as M2 par-
ticipate in tissue remodeling. A transformation in the mac-
rophage phenotype from proinflammatory to anti-
inflammatory is necessary in both hard- and soft-tissue
repair. As one of the primary causes of implant failure, asep-
tic loosening is caused by the formation of wear particles
from the implant under phagocytosis, which promotes mac-
rophage secretion of cytokines related to bone absorption
[26]. HA-induced phagocytosis depends on IL-1β and
TNF-α produced by macrophages [26], which are closely
related to the proinflammatory phenotype. Furthermore, a

long-term high proinflammatory/anti-inflammatory pheno-
typic ratio of macrophages often indicates implantation fail-
ure. Thus, in addition to manufacturing biomaterials similar
to the natural ECM, the phenotype of macrophages should
also be considered. A biodegradable three-dimensional scaf-
fold comprising polymer matrix (polylactic acid and poly-
ethylene glycol), nano-HA, and dexamethasone has been
shown to promote macrophage polarization towards the
anti-inflammatory phenotype and osteogenesis, in which
proinflammatory macrophages downregulate IL-6 and iNOS
expression [27]. In fact, both proinflammatory and anti-
inflammatory phenotypes are indispensable for tissue heal-
ing, and proinflammatory macrophages can even guide the
subsequent behavior of anti-inflammatory macrophages.
Previous studies have shown that collagen membrane loaded
with EGCG can induce M2 macrophages to polarize and
increase osteogenic activity and promote bone healing [12].
Except for promoting osteogenesis, another important rea-
son for graft failure is that the material is wrapped by fibrous
tissue. We used EGCG-modified HA to investigate its effect
on the phenotype of macrophages and its effect on fibrosis.
As CD68 is widely acknowledged as a marker for macro-
phages, which is applied to identify the presence of macro-
phages, iNOS is a marker of M1 macrophages. In this
study, we found that the addition of EGCG reduced the acti-
vation of M1 macrophages. Moreover, HE staining showed
that E-HA significantly reduced the fibrotic encapsulation
around the material, suggesting that the decrease of M1
macrophages was related to the inhibition of fibrosis. A
recent study showed that reducing the activation of M1 mac-
rophages and increasing the ratio of M2/M1 cells can help to
reduce fibrosis, which is consistent with our results [28].
Another study showed that long-term or severe inflamma-
tion usually contributes to fibrous capsule formation by acti-
vating anti-inflammatory macrophages releasing fibrotic
cytokines, which block the surrounding material and even-
tually lead to bone–biomaterial integration failure [29]. This
conclusion is different from ours, which may be due to the
fact that EGCG suppresses inflammation at the beginning,
thus alleviating the effect of M2 on fibrosis in the later stage
of repair, because successful repair can never be accompa-
nied by excessive proinflammatory polarization [30]. In fact,
both proinflammatory and anti-inflammatory phenotypes
are indispensable for tissue healing, and proinflammatory
macrophages can even guide the subsequent behavior of
anti-inflammatory macrophages. Apart from inhibiting pro-
inflammatory macrophages, we also found that EGCG
altered its surface morphology of HA by scanning electron
microscope, and its surface morphology became denser
and less rough. A previous study showed that the polariza-
tion of macrophages is regulated by the surface morphology
of materials, and the increase of surface roughness can
induce the polarization of anti-inflammatory macrophages,
on the contrary, the finer surface morphology is more
inclined to M1 polarization [31]. However, our study found
that E-HA inhibited the activation of M1, which may be
related to the anti-inflammatory and the polarization of
M2 macrophages induced by EGCG [8, 10]. Cytotoxicity is
another essential aspect to evaluate when considering
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biocompatibility. However, further investigation is needed to
determine whether EGCG can promote the polarization of
macrophages towards anti-inflammatory phenotypes and
stimulate the secretion of desired cytokines. Our results
showed cell viability was improved by the addition of EGCG.
We found that the effect of EGCG on cell viability was
related to its release from E-HA. Our in vitro EGCG release

rate assay showed that more EGCG was released over time.
As the culture time increased, the effect of EGCG on cell via-
bility grew. Therefore, it is suggested that the addition of
EGCG will not reduce, and may even increase, cell activity,
which ensures good cellular function and subsequent tissue
healing. In this article, we only focused on the study of E-
HA reducing proinflammatory macrophages and reducing
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Figure 4: Evaluation of fibrosis and phenotype of infiltrating macrophages after implantation. Pictures of harvested tissue: (a) HA and (b)
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fibrosis in subcutaneous models. However, further studies
are needed to determine whether E-HA can promote the
polarization of macrophages to anti-inflammatory pheno-
types and stimulate the secretion of required cytokines to
promote osteogenesis, as well as the ratio of proinflamma-
tory/anti-inflammatory macrophages at different time
points, which will be discussed in future bone models.

5. Conclusion

In summary, we have presented a potential strategy for mod-
ifying bone repair material. This strategy provides an anti-
inflammatory effect by reducing the accumulation of proin-
flammatory macrophages and further regulates fibrosis,
although the effect of EGCG on the surface morphology can-
not be excluded. The specific mechanism leading to reduced
fibrosis requires verification. The results of this study will pave
the way for subsequent experiments and for further work on

the osteogenesis effect of E-HA, as this is an essential effect
of bone repair materials. Under the studied circumstances,
the addition of EGCG to HA improved cell activity, and no
CD68+iNOS+ cells were detected by immunofluorescence
staining at 7 days postsurgery, indicating that the addition of
EGCG may resolve the following regenerative cascade. The
contents in the article are quoted from the preprint [32].
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