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Abstract
Background

Meniscus injury has a limited ability to heal itself and often results in the progression to osteoarthritis.
Tissue engineering offers the possibility of regeneration of severely damaged meniscus.
Immunomodulatory strategies based on biomaterials have a wide range of regenerative potential.
Macrophages have a high degree of plasticity and will change in morphology and function under the
in�uence of different tissues. M1 macrophages have pro-in�ammatory properties, while M2
macrophages have tissue repair and remodeling functions. It has been reported many times that
biological scaffolds induce M2 polarization, resulting in the increase of the M2: M1 macrophage
phenotypic ratio, thereby promoting tissue repair. However, there is no report on meniscus repair and
regenerative.

Results

In this study, sodium tanshinone IIA sulfonate (STS) delivery Polycaprolactone (PCL)-meniscus
extracellular matrix (MECM) based hydrogel hybrid scaffold was fabricated. PCL provides mechanical
support, MECM based hydrogel provides a microenvironment conducive to cell proliferation and
differentiation, and STS is used to control the phenotype of macrophages. In vitro experiments, we
con�rmed that STS could not only transform macrophages from M1 to M2 polarization but also prevent
meniscal �brochondrocytes (MFCs) from oxidative stress, apoptosis, and extracellular matrix degradation
induced by in�ammatory stimulation, thus having stronger proliferation activity. Results of subcutaneous
implantation in vivo showed that hybrid scaffold could induce M2 polarization in the early stage. In
addition, a hybrid scaffold seeded with MFCs could achieve good meniscus regeneration and
chondroprotective effects in the rabbit.

Conclusion

STS delivery PCL-MECM based hydrogel hybrid scaffold promotes meniscal regeneration through
controlling the phenotype of macrophage, which provides a new direction for tissue engineering
meniscus regeneration.

Background
The meniscus is a half-moon tissue on the tibial articular surface that acts as a stress buffer, absorbs
shock, and protects joints [1]. The meniscus is not uniform. It may mend after repair because it is
surrounded by a blood supply from the joint capsule and synovial artery network in the outside area.
Within an ECM that mostly consists of collagen I in the outer area, �broblast-like cells occur. There is no
capacity to heal and regenerate after damage in the inner area owing to a lack of blood transport.
Chondrocyte-like cells are the primary cell type in the inner area, encased inside an ECM primarily
composed of collagen II (COL-2) and glycosaminoglycans (GAGs). [1]. Meniscus damage has a limited
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capacity to recover and often leads to the advancement of osteoarthritis[2]. To overcome this problem,
tissue engineering techniques and other regenerative medicine have been developed. Tissue engineering
has been proved to be an advanced therapeutic strategy for meniscus repair[3]. Seed cells, scaffolds, and
cytokines are the three essential components of tissue engineering. Previous research has shown that
acellular MECM may effectively preserve native meniscus components, perhaps enhancing cell
proliferation and accurately regulating endogenous stem cell behavior[4]. Furthermore, owing to its
superior permeability to nutrients and metabolites, our team discovered that MECM-based hydrogel,
rather than porous MECM scaffold, may produce a microenvironment ideal for cellular adhesion,
migration, proliferation, and differentiation[5]. However, hydrogel scaffolds show low biomechanical
properties and are di�cult to meet the mechanical strength requirements of meniscus scaffolds. PCL
scaffolds for bionic meniscus made by 3D printing have good mechanical properties and have been used
for meniscus regeneration many times[4–6]. STS, a fat-soluble phenanthrenequinone derivative derived
from Salvia miltiorrhiza Bunge (Danshen), has been used to treat coronary heart disease, myocardial
infarction, and other conditions [7]. STS has powerful anti-in�ammatory, anti-oxidative, and anti-apoptotic
effects due to its quinone structure, which is easily redoxed [7]. STS reduces the proliferation and
in�ammatory cytokine production of synovial �broblasts from rheumatoid arthritis patients when
stimulated by tumor necrosis factor-α(TNF-α)[8]. Importantly, STS prevented articular cartilage
degradation by inhibiting apoptosis and in�ammatory cytokine expression levels, suggesting that it might
be used to treat osteoarthritis (OA)[9–12]. Furthermore, STS has been shown to suppress chondrocyte
dedifferentiation [13, 14].

The link between biomaterials and the immune system has steadily been uncovered in recent years.
Immunomodulatory techniques based on biomaterials offer a high potential for regeneration. These
tactics not only reduce unpleasant side effects by delivering medications more e�ciently and precisely,
but they also actively target and alter resident cell populations[15]. It has been reported numerous times
that biological scaffolds induce M2 polarization, resulting in an increase in the M2: M1 macrophage
phenotypic ratio, thereby promoting tissue repair in the regenerative neighborhood, implying that M2
polarization plays a signi�cant role in the tissue repair process[16, 17]. There is, however, no information
on meniscus repair and regeneration. As a result, the preparation of a biological scaffold with
immunomodulatory function, as well as a clear understanding of the immunomodulatory function of the
biological scaffold, particularly the critical role of promoting M2 polarization, in meniscus repair and
regeneration, may provide new hope for tissue engineering meniscus regeneration. In this study, an STS
delivery PCL-MECM based hydrogel hybrid scaffold was fabricated. Mechanical support is provided by
PCL, a milieu favorable to cell proliferation and differentiation is provided by MECM-based hydrogel, and
STS is employed to alter the phenotype of macrophages. In vitro experiments, we con�rmed that STS
may not only switch macrophages from M1 to M2 polarization, but also protect MFCs from oxidative
damage, apoptosis, and extracellular matrix degradation caused by in�ammatory stimulation, resulting in
increased proliferative activity. Results of subcutaneous implantation in vivo showed that hybrid scaffold
could induce M2 polarization in the early stage. In addition, the hybrid scaffold seeded with MFCs could
achieve good meniscus regeneration and chondroprotective effects in the rabbit. (Fig. 1)
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Results
Effects of STS on cell viability

The formula for the chemical structure of STS is presented in Figure S2. We evaluated the toxicity of STS
to RAW264.7 mouse macrophages and rabbit MFCs using the CCK-8 method. We found that
administration of LG (5, 10, 20, 40 ug/ml) exhibited no signi�cant effects on RAW264.7 mouse
macrophages at 24 h (Fig. 2A). For rabbit MFCs, STS at the concentrations 5, 10, and 20 ug/ml exhibited
no cytotoxicity at 24 h. However, cell viability was decreased with the treatment of 40 ug/ml STS (Fig.
2A). Therefore, STS at the concentrations 5, 10, and 20 ug/ml was used for subsequent experiments.

STS shifts macrophages from M1 to M2 polarization.

We performed a series of tests to determine if STS shifts macrophages from M1 to M2 polarization. The
cell morphology changes after STS treatment were presented in Figure S3. The result of qRT-PCR showed
that RAW264.7 macrophages signi�cantly increased the expression of M1-related genes IL-1β and iNOS
after lipopolysaccharide (LPS) stimulation. However, STS decreased the expression of IL-1β and iNOS in
a dose-dependent manner (Fig. 2B). Importantly, STS signi�cantly increased the expression of M2-related
genes CD206 and Rental (Fig. 2B). Following that, the cytokine secretion properties of polarized
macrophages were studied. Two essential upstream in�ammatory cytokines, IL-1β and TNF-α, are critical
effector molecules released by activated M1 macrophages[18]. Results of ELISA showed that STS could
signi�cantly inhibit the secretion of IL-1β and TNF-α in M1 macrophages (Fig. 2C). In addition, iNOS (M1
marker) and CD206 (M2 marker) were labeled by immuno�uorescence staining. The results showed that
STS treatment signi�cantly reduced the �uorescence expression of iNOS in M1 macrophages.
Importantly, STS induced high expression of CD206. Compared with the other groups, the LPS + STS10
group had the highest �uorescence expression of CD206, although still lower than that of the M2 positive
control (IL-4) (Fig. 2D-E).

STS protects MFCs against the effects of macrophage CM.

Because STS may greatly decrease the production of pro-in�ammatory factors in M1 macrophages, the
release of in�ammatory factors is reduced, suggesting a hopeful option for further MFC maturation. We
treated primary MFCs with macrophage CM. Based on the results of �ow cytometry after 3 days of co-
culture, we found the apoptosis rate was 4.46 ± 0.44% in the RAW-CM group, which was greater than the
26.13 ± 1.95% in the LPS-CM group. In the LPS + STS5, LPS + STS10, and LPS + STS20 groups, the
apoptosis rate was signi�cantly reduced to 18.4 ± 1.05%, 11.83 ± 1.88%, and 10.8 ± 0.36% respectively,
which demonstrated that STS could exert a bene�cial effect on macrophage CM-induced MFCs
apoptosis, although still lower than that of the M2 positive control (IL-4-CM) (Fig. 3A-B).

STS protects MFCs from IL-1β -induced in�ammation, oxidative damage, apoptosis, and ECM
breakdown.
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TNF-α and IL-1β are two key upstream in�ammatory cytokines. TNF-α and IL-1β levels were determined
using qRT-PCR and ELISA. We discovered that IL-1β may signi�cantly increase the expression of TNF-α
and IL-1β in MFCs. However, this trend can be partly restored by STS (Fig. 4A). Similarly, the results of
qRT-PCR and ELISA also showed that STS ameliorated IL-1β-induced upregulation of MMP-13, which is a
major enzyme targeting the degradation of collagen (Fig. 4A). Furthermore, two apoptosis-related critical
genes, Bcl-2 and Caspase-3, were chosen to explore the effects of STS on MFC apoptosis. Bcl-2 inhibits
cellular apoptosis, whereas Caspase-3 induces apoptosis[19]. qRT-PCR showed that STS treatment
reverses IL-1β inhibited the expression of Bcl-2 and promoted the expression of Caspase-3, thereby
protecting MFCs from in�ammatory stimulation-induced increased apoptosis (Fig. 4B). Moreover, SOD1,
oxidative stress-related genes, also were chosen to evaluate. Western blotting and qRT-PCR demonstrated
that STS signi�cantly inhibited IL-1β -induced decrease in mRNA and protein expression of SOD1(Fig. 4C-
D). Collagen II and ACAN are commonly used to evaluate ECM degradation. Immuno�uorescence was
employed to detect the expression of collagen II and ACAN. As shown in Figs. 4E, STS could reverse the
IL-1β-induced downregulation of collagen II and ACAN in MFCs.

STS alleviates IL-1β-induced in�ammation, oxidative stress, apoptosis, and ECM degradation in MFCs
partly by inhibiting the IRAK4/TRAF6/NFκB signaling pathway.

Next, we examined the IRAK4/TRAF6/NFκB signaling pathway to identify the mechanism of the effects
of STS on MFCs. First, the results of western blot con�rmed that STS signi�cantly inhibited IL-1β-induced
the expression of p-JNK, p-ERK, and p-p38(Fig.5A-B). In addition, western blot analysis of MFCs also
revealed that IL-1β markedly activated the phosphorylation of IκB and p65 in NF-κB signaling. Whereas
the phosphorylation of IκB and p65 were decreased by STS, suggesting that the activity of upstream
kinases for MAPK pathway and NFκB pathway could be modulated by STS (Fig.5A-B). IRAK4 and TRAF6,
known as the upstream enzymes responsible for the MAPK pathway and NFκB pathway, play an
important role in the initiation and regulation of in�ammatory diseases[20], which are also major
mediators in the IL-1β -induced in�ammatory pathway. As shown in Fig.5A-B, we demonstrated that STS
signi�cantly inhibited IL-1β-induced upregulation of IRAK4 and TRAF6.
Fabrication and characterization of STS delivery PCL-MECM based hydrogel hybrid scaffold

Using Solidworks 2018 software, we created a pure PCL scaffold model based on anatomical and
imaging data from the rabbit meniscus. 3D printed wedge-shaped porous PCL scaffold with the
necessary mechanical characteristics. The model measures 7.73mm in length, 5.66mm in width, and 1.3
mm in height. The scaffold's �ber orientation is based on the arrangement of natural collagen �bers in
the meniscus (Fig. 6A). Detailed parameters of the printing process are provided in Table S1. The
characterization results for Inner MECM and outer MECM are shown in Figure S4. Previous studies in our
laboratory con�rmed that 2% MECM based hydrogel was more conducive to maintaining the activity of
MFCs and promoting cell proliferation. In addition,2% MECM based hydrogel can better promote the
secretion of collagen and GAG in MFCs, which means that 2% MECM based hydrogel can well simulate
the microenvironment of MFCs and promote the high expression of speci�c genes [5]. Therefore,2% of
MECM was chosen to prepare STS delivery MECM based hydrogel hybrid solutions. In vitro experiments,
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we found that STS10 had the highest polarization capacity of M2(Fig. 2). Therefore, TST10 was used to
make STS releasing hybrid scaffold. Inner MECM based hydrogel hybrid solutions and outer MECM
based hydrogel hybrid solutions of sustained-release STS were injected into the inner and outer sides of
the PCL scaffold respectively. The hybrid scaffold was then fabricated crosslinked with CaCl2(Fig. 6C).
To assess the STS releasing behavior, the release rate of STS from the hybrid scaffold was detected in
vitro. It was revealed that STS had a relatively high rate of drug release in PBS on the �rst day, with a
cumulative drug release rate of about 56%. The release subsequently slowed (Fig. 6D). Finally, we
evaluated the biocompatibility of the scaffold. It was observed from the 3D reconstructed image that the
cells were evenly distributed in the MECM-based hydrogel, indicating that the cells were well encapsulated
in the hydrogel. Most cells appear �uorescent green (living) with a small number of red �uorescent spots
(dead) (Fig. 6E).

In vivo assessment of the early host response and macrophage polarization of mixed scaffolds.

A number of tests were carried out to investigate the early host response and macrophage polarization of
mixed scaffolds. All specimens were coated with �brocystic after 7 days of implantation, although the
�brocystic in the PCL-hydrogel-STS10 group was whiter and thinner than that in the PCL-hydrogel group.
H&E results revealed that both groups had evident in�ltration of in�ammatory cells at 7 days. (Fig. 7A).
Immunohistochemical staining for the pro-in�ammatory cytokines IL-1β can re�ect the level of
in�ammation. We found that, compared with the PCL-hydrogel group, the expression level of IL-1β was
signi�cantly reduced in the PCL-hydrogel-STS10 group, indicating a lower level of in�ammation (Fig. 7A).
We utilized immuno�uorescence labeling for CD206, a particular marker of M2 macrophages, to further
investigate the mechanism through which STS regulates in�ammation in vivo. We found that there were
more M2 macrophages in the PCL-hydrogel-STS10 group compared with the PCL-hydrogel group at 7
days. (Fig. 7B) The above results con�rm that STS delivery PCL-MECM based hydrogel hybrid scaffold
promotes the M2 polarization in vivo at an early stage.
In vivo repair

To fully evaluate the ability of the hybrid scaffold to promote meniscal healing, we implanted them in a
critical-size rabbit meniscal defect model established by medial meniscectomy (Figure S5). The negative
control group (negative control), PCL-MECM based hydrogel hybrid scaffold group (PCL-hydrogel-MFCs),
STS delivery hybrid scaffold group (PCL-hydrogel-MFCs-STS10), and the positive control group (positive
control) were chosen for in vivo evaluation. At 3 months after implantation, all scaffold groups
regenerated neo-menisci, whereas the positive control group had no neo-meniscus (Figure S6). Further
study, such as histological staining, biochemical and biomechanical assessment, could not be done
because there was no neo-meniscus in the positive control group. H&E staining of the neo-meniscus
showed that, compared with the PCL-hydrogel-MFCs group, in the PCL-hydrogel-MFCS-STS10 group,
more abundant long-forming �broblast-like cells and round chondrocyte-like cells were observed in the
outer and inner regions, respectively. Furthermore, TB staining in the inner region was strongly positive in
the PCL-hydrogel-MFCs-STS10 group. More abundant round chondrocyte-like cells have also been
observed in the PCL-hydrogel-MFCs-STS10 group compared to the PCL-hydrogel-MFCs group (Fig. 8A).
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Collectively, this comparison indicated the formation of heterogeneous neo-meniscus tissues in the PCL-
hydrogel-MFCs-STS10 group at 3 months, which is the most similar to the native meniscus. The
histological scores determined according to the Ishida scoring system were signi�cantly higher in the
PCL-hydrogel-MFCs-STS10 group than in the PCL-hydrogel-MFCs group at 3 months (Fig. 8C). However,
the scores were still lower in the PCL-hydrogel-MFCs-STS10 group than in the negative control group,
which indicates that there were still some gaps between the repaired tissue in the PCL-hydrogel-MFCs-
STS10 group and the native meniscus.

H&E staining and mankind's ratings were used to assess the chondroprotective effect of the regenerated
meniscus. Results of H&E staining revealed that the articular cartilage surface was better preserved in the
PCL-hydrogel-MFCs-STS10 group than that in the PCL-hydrogel-MFCs group and positive control over 3
months, which similar to the macroscopic assessment (Fig. 8B). Meanwhile, mankind's scores in the PCL-
hydrogel-MFCs-STS10 group were signi�cantly better than the PCL-hydrogel-MFCs group and positive
control, although still lower than that of the negative control group (Fig. 8E).

The compressive modulus was also measured at 3 months to assess the mechanical properties of the
restored tissue. Results show that compressive modulus of the repaired tissue was greater in the PCL-
hydrogel-MFCs-STS10 group than in the PCL-hydrogel-MFCs group, although there was no signi�cant
statistical difference (Fig. 8D).

Discussion
The interaction between biomaterials and the immune system is considered to be an important factor
affecting material-mediated tissue regeneration. Appropriate manipulation and control of the immune
response to make the best use of the inherent healing process is key to tissue repair. Several studies have
shown that by modulating immune responses, the results of created tissues may be considerably
improved[21–23]. However, as far as we know, this is the �rst time that immune modulation has been
used to improve tissue engineering outcomes in the meniscus regeneration area. Macrophages have a
high degree of plasticity and will alter in shape and function as a result of interactions with other tissues.
Macrophages are classi�ed into two types: M1 and M2. M1 macrophages are pro-in�ammatory, whereas
M2 macrophages are involved in tissue repair and remodeling[24]. Following biomaterial implantation, a
local nonspeci�c immune response caused scaffold breakdown, an early event required for the repair
process, involving a continual in�ux of neutrophils and classically activated M1 macrophages. Following
that, the in�ltrated M1 macrophages transform into M2 macrophages, which express CD163, CD206, and
key wound-healing genes like arginase and retnal, as well as secrete IL-10, TGF-b, IL-1RA, chemokine (CeC
motif) ligand 18 (CCL18), and other anti-in�ammatory mediators, eventually leading to tissue
regeneration[17]. M2 macrophages have been proved to not only promote BMSCs invasion, migration,
proliferation, and chondrogenesis of bone marrow mesenchymal stem cells but also increase the
expression of COL II in chondrocytes, thus promoting the maturation of tissue-engineered cartilage [22,
25]. Furthermore, phenotypic shifts from M1 to M2 are not always apparent. It is determined by the
source of the tissue, the technique of sterilization, and the chemical cross-linking agent [25]. The presence
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of M1 macrophages for an extended period of time results in the generation of cytotoxic reactive oxygen
species [26]. Furthermore, extending in�ammatory �brous sacs reduces the biomaterial's capacity to
induce tissue development or breakdown as intended[27]. To enhance tissue healing, a successful shift to
M2 macrophages is required. We focused on the effects of STS on macrophage repolarization in our
work and discovered that STS therapy might repolarize M1 macrophages to the M2 phenotype (Fig. 2B-
D). Furthermore, we were ecstatic to learn that STS might reduce macrophage CM-induced MFC
apoptosis, albeit to a lesser extent than the M2 positive control (IL-4-CM) (Fig. 3A-B). The early
macrophage phenotype following material implantation is the deciding element in biological scaffold
remodeling[28]. M1 macrophages developed �rst after transplantation, followed by M2 macrophages.
According to research, macrophages can switch from M1 to M2 polarization 11 days after
transplantation. Further research revealed that partial inhibition of macrophages at the early stage of
transplantation, namely M1 macrophages, encouraged greater cartilage matrix accumulation[22]. As a
result, we examined the early host response and macrophage polarization of hybrid scaffolds after 7
days of subcutaneous implantation in our study. In the early stages of the scaffold, we discovered that
STS Delivery PCL-MECM based hydrogel hybrid scaffold increased M2 polarization and blocked IL-1β
production (Fig. 7).

The meniscus is an important component of the knee joint, assisting in load transmission, stress
absorption, and joint stability. The meniscus's clinical role in the development of osteoarthritis is well
established[29]. A great number of studies have veri�ed the presence of chronic in�ammation at the time
of meniscal injury (particularly during degenerative meniscal tears) and acute in�ammation following
traumatic meniscal tears. Degenerative menisci released signi�cantly more matrix-degrading enzymes
and in�ammatory cytokines. For example, studies examined the gene expression in meniscus tears using
QRT-PCR. They found that expression of IL-1β, ADAMTS-5, MMP-1, MMP-9, MMP-13, and NFκB was
signi�cantly higher in patients with a meniscal tear who were under the age of forty years than it was in
those over the age of forty years[30]. Furthermore, when researchers analyzed gene expression in
degenerative and traumatic meniscal tears, they discovered that traumatic tears exhibited greater
amounts of in�ammatory markers, notably chemokines and matrix metalloproteinases, than
degenerative tears[31]. Another study found that genes involved in in�ammation and cytokine production
were up-regulated in OA knee meniscus cells whereas genes involved in DNA repair pathways were down-
regulated [32]. Furthermore, even in the absence of osteoarthritic alterations in the joint, 43 percent of
patients presented with synovial in�ammation at the time of arthroscopic meniscectomy 15 weeks after
a traumatic meniscal rupture[33]. Similarly, evidence of in�ammation was found in synovial samples
taken from 80 percent of patients during arthroscopic meniscectomy, independent of tear type[34]. These
�ndings imply that there may be a signi�cant in�ammatory response in the knee joint following meniscal
injury.

Following a meniscus injury, the in�ammatory milieu not only prevents chondrocytes from synthesizing
GAG and collagen but also speeds up the deterioration of the cartilage matrix. An in�ammatory
microenvironment causes abnormal differentiation of mesenchymal stem cells. The incorporation of
synthetic cartilage into normal tissues may be hampered by in�ammatory stimuli. Furthermore,
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proin�ammatory factors have been reported to restrict cartilage-derived progenitor cells (C-PCS)
migration, which might limit the e�cacy of recruiting endogenous cells and employing cell-free scaffold
in situ repair techniques [24]. IL-1β is a key pro-in�ammatory cytokine in the progression of OA, acting as
an injury factor that triggers the production of in�ammatory mediators and MMPs [35]. The NF-κB
pathway was also observed to boost the release of cytokines, chemokines, and matrix-degrading
enzymes in IL-1-treated human meniscus cells, as well as their catabolic activity [36]. In addition, IL-1
stimulation boosted MMP1 activity, proteoglycan release, and nitric oxide release in porcine meniscus
explants [37]. As a result, IL-1β was utilized as an active stimulus in our investigation to replicate the
in�ammatory milieu in vitro following meniscus damage or stent installation. In MFCs, IL-1β causes
in�ammation, oxidative stress, apoptosis, and ECM degradation, according to our �ndings. STS therapy,
however, successfully reversed the cancerous effects of IL-1β, resulting in improved MFC proliferative
activity and contributing to tissue-engineered meniscus maturation (Fig. 4).

TLRs, or toll-like receptors, are a kind of pattern recognition receptor (PRR) found in the innate immune
system. TLRs have a key role in arthritis progression[38]. The TLR intracellular domain and the IL-1R
intracellular structure constitute the TLR/IL-1R superfamily, which is a homologous double chain. TLR/IL-
1R binds to the ligand and activates IRAK4 by phosphorylating it. IRAK4 that has been phosphorylated
recruits TRAF6. TRAF6 then stimulates the MAPK and NF-κB signaling pathways[39]. In osteoarthritis
induced by meniscus damage, the MAPK and NF-κB pathways are important. NF-κB plays a critical role in
the regulation of several genes involved in the in�ammatory response and cell death control[40]. NF-κB
signals are veri�ed to be broadly active in the damaged meniscus, and immunohistochemistry identi�es
NF-κB phosphorylation [30, 41]. In addition, the activation of pro-in�ammatory in meniscus cells elevated
the expression of NF-κB [42]. The three mammalian MAPKs (JNK, ERK, and p38) are involved in critical
cellular processes such as differentiation, proliferation, and apoptosis[43]. The MAPK pathway is active
in the process of cartilage matrix loss caused by MMP overexpression[44]. P-p38 has been found in the
damaged meniscus by immunohistochemistry[30]. TLR/IL-1R signaling requires IRAK4 and TRAF6, which
play a key role in the start and control of TLR/IL-1R-mediated in�ammatory diseases. In osteoarthritis, the
expression of IRAK4 and TRAF6 was dramatically enhanced in the synovium and cartilage[39]. In our
study, IL-1β markedly induced the phosphorylation of ERK, p38, JNK, and p65. However, these changes
could be restored by STS. Further studies showed that STS signi�cantly inhibited il-1β -induced
upregulation of IRAK4 and TRAF6(Fig. 5).

A three-dimensional structure suited for cell attachment, proliferation, and tissue development, as well as
active substances to decrease in�ammation and protect meniscus cells from in�ammatory damage, is
required for the optimal tissue-engineered bionic meniscus scaffold. The knee meniscus is characterized
by a complicated structural arrangement of outer and interior regions as heterogeneous �brocartilage. We
retrieved outer MECM and inner MECM, respectively, in this work. Results of safranin O and TB staining
showed that the inner region was deeply stained, while the outer region was shallow, which was similar to
the results of the native meniscus, indicating that outer MECM and inner MECM could well retain native
meniscus components, and the differences in regional components were also preserved (Figure S4). As
far as we know, this is the �rst time MECM has been extracted based on area. However, we just employed
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MECM as part of the scaffold building in this experiment and did not perform in-depth research. Previous
studies in our laboratory con�rmed that 2% MECM based hydrogel was more conducive to maintaining
the activity of MFCs and promoting cell proliferation. In addition,2% MECM based hydrogel can better
promote the secretion of collagen and GAG in MFCs, which means that 2% MECM based hydrogel can
well simulate the microenvironment of MFCs and promote the high expression of speci�c genes [5].
Therefore,2% of MECM was chosen to prepare STS delivery MECM based hydrogel hybrid scaffold.

The tissue structure and mechanical qualities of the regenerated meniscus in the PCL-Hydrogel-MFCS-
STS10 group were better than those in the PCL-Hydrogel-MFCs group in vivo experiments, showing the
promise of STS for meniscus regeneration. Meniscus regeneration was not seen in the positive control
group, suggesting that meniscus regeneration or self-healing capability is severely restricted in the
absence of intervention (Fig. 8A). Furthermore, the PCL-hydrogel-MFCS-STS10 group was more
successful than the PCL-hydrogel-MFCs group in avoiding cartilage injury (Fig. 8B). This might be
because the meniscus protects cartilage surfaces by transporting, stabilizing, and absorbing shocks, and
the regenerated meniscus's lower size and biomechanical features result in less cartilage protection.

We also proposed the possible mechanism of the scaffold during meniscus regeneration. For starters,
owing to the scaffold's non-speci�c in�ammatory response, a substantial number of M1 macrophages
were concentrated around the scaffold at a relatively early stage after scaffold implantation. Second, a
large number of STS released from the scaffold in the early stage not only converted M1 macrophages
into M2 macrophages in the microenvironment but also prevented MFCs from oxidative stress, apoptosis,
and ECM degradation induced by in�ammatory stimulation, thus showing stronger proliferation activity.
Third, the mixed scaffold degrades slowly in the body. Third, in the body, the mixed scaffold degrades
slowly. Finally, their combined efforts resulted in total meniscus regeneration (Fig. 9). There are also
some de�ciencies in this experiment. First, the early host response and macrophage polarization of the
hybrid scaffold were not evaluated in the joint cavity. In addition, degradation of the hybrid scaffold in
vivo was not studied. Finally, about three months, the in vivo data were available. As a result, the scaffold
should be evaluated over a longer period of time.

Conclusion
STS delivery PCL-MECM based hydrogel hybrid scaffold promotes meniscal regeneration through
controlling the phenotype of macrophage, which provides a new direction for tissue engineering
meniscus regeneration.

Methods

Cell culture
Air embolization was used to kill 4-week-old New Zealand white rabbits and 8-week-old C57BL/6 mice
acquired from Beijing Weitong Lihua Company (Beijing, China). The PLA General Hospital's Independent
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Ethics Committee authorized all animal experimentation techniques. MFCs from mice and rabbits were
isolated and cultured using a prior method[4, 5]. Simply put, the meniscus was taken under sterile
circumstances, the lateral synovium and lateral 1/3 of the meniscus were removed, and the medial 2/3 of
the meniscus was preserved. The tissue was cut and processed for 6 hours with 0.15 percent Type II
collagenase. Following that, the cell suspension was centrifuged (1500r/min for 5 minutes) to collect the
main MFCs. Finally, the separated cells were resuspended in Dulbecco's minimal essential medium
(DMEM)/F12 (Corning, US) supplemented with 10% fetal bovine serum (FBS) and 100U/ml
penicillin/streptomycin solution (Gibco, US) at 37°C with 5% CO2. Every 2–3 days, the culture media was
replaced. RAW264.7 macrophage cell lines were grown at 37°C in humidi�ed conditions with 5% CO2 in
DMEM (Gibco, US) with 10% FBS and 100U/ml penicillin/streptomycin solution.

Effects of STS on cell viability
Effects of STS on cell viabilities were assessed by Cell Counting Kit-8 (CCK-8). RAW264.7 macrophages
(1×104/well) and rabbit MFCs(5×103/well) were seeded in 96-well plates. Cells were treated with various
concentrations of STS (0, 5, 10, 20, 40ug/ml) for 24 h. Afterward, 100µl complete culture medium
containing 10 µl CCK-8 solution (Dojindo, Japan) was added to each well and incubated at 37℃ in
darkness for 4 h. The absorbance at 450nm of each well was detected using a microplate reader
(Beckman, USA).

Effects of STS on macrophage repolarization
RAW264.7 macrophages were primed with 100ng/ml LPS (Sigma, US) for 24 hours to exhibit the M1
phenotype in order to assess macrophage repolarization from M1 to M2. To achieve the M2 phenotype,
20 ng/mL interleukin (IL-4) (PeproTech, US) was utilized. Following that, the M1 macrophages were
treated with varying dosages of STS for an additional 24 hours. The polarization transitions were studied
using quantitative real-time polymerase chain reaction (qRT-PCR), enzyme-linked immunosorbent assay
(ELISA), and immuno�uorescent (IF) labeling.

RAW264.7 mouse macrophages conditioned medium (CM)
collection and its effect on mouse MFCs.
For 24 hours, RAW264.7 macrophages were stimulated with LPS to show the M1 phenotype and IL-4 to
show the M2 phenotype. For an additional 24 hours, the M1 macrophages were exposed to different
doses of STS. The supernatants of macrophages were extracted and centrifuged at 1000g for 5 minutes
before being stored at -80°C for future research. The CM from developed macrophages was diluted in
serum-free media at a 1:1 ratio before being introduced to mouse MFCs for chondrocyte apoptosis
investigation.
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Effects of STS on IL-1β-induced in�ammation, oxidative
stress, apoptosis, and ECM degradation in rabbit MFCs.
Rabbit MFCs were treated with or without 10 ng/mL IL-1β and various concentrations of STS (10,
20ug/ml) for 24 h. The effects of STS were evaluated by qRT-PCR, ELISA, western blot, and IF staining.

Quantitative real‐time PCR (qRT-PCR)
TRIzol(Ambion, USA) was used to extract total RNA from rabbit MFCs and RAW264.7 macrophages. A
spectrophotometer was used to determine the concentration and purity of the isolated RNA. The RNA was
then reverse-transcribed, and the resulting cDNA was ampli�ed using polymerase chain reaction (PCR).
PCR experiments (per well: 1 uL CDNA, 0.5 uL forward and reverse primers, 10 uL 2RealStar Green Fast
Mixture (with ROX), 8 uL ddH2O) were carried out using an SYBR Green real-time PCR kit (GenStar) and
the ArchimedX6 qRT-PCR system. All studies were repeated at least three times, and the ampli�cation
signals from individual target genes were standardized to glyceraldehyde3-phosphate dehydrogenase
(GAPDH) levels. The primer sequences were shown in Table S1.

ELISA
For RAW264.7 macrophages, the levels of IL-1β and TNF-α were evaluated using the mouse IL-1β ELISA
kit (mlbio, ml301814), mouse TNF-α ELISA kit (mlbio, ml002095-J). For rabbit MFCs, rabbit MFCs were
treated with IL-1β (10ng/ml) in the presence or absence of different concentrations (10 and 20 µg/ml) of
STS for 24h. The culture supernatants were harvested for the following measurement. The levels of IL-1β,
TNF-α, and matrix metalloproteinase13(MMP-13) were evaluated using the rabbit IL-1β ELISA kit
(Jianglai, E72059), rabbit TNF-α ELISA kit (Jianglai, E72292), and rabbit MMP-13 ELISA kit (Jianglai,
E72146). The measurement was performed in line with the product's instruction booklet.

Immuno�uorescent staining
RAW264.7 macrophages and rabbit MFCs were �xed in paraformaldehyde with 0.1% Triton X-100 (Sigma,
USA). To inhibit nonspeci�c binding, 10% goat serum was utilized. The cells were then treated with
antibodies overnight. The cells were treated for 1 hour at room temperature with �uorophore-conjugated
secondary antibodies (Alexa Fluor goat anti-mouse 488 or goat anti-rabbit 488, Abcam) at a 1:100
dilution to visualize the relevant subsets. Cells were then stained with 4,6-diamidino-2-phenylindole
(DAPI) for 5 minutes. The stained slides were examined under a �uorescence microscope (Nikon, Tokyo).
Image J (version 1.5.0, USA) was used to count the number of positive cells. The following antibodies are
used: inos(Abcam). CD206(CST). ACAN(Novus). and collagen II (Novus).

Flow cytometry for mouse MFCs apoptosis analysis
Mouse MFCs (106 /well) in a 6-well plate were treated with collected RAW264.7 mouse macrophages
conditioned medium for 3 days. Mouse MFCs apoptosis rates were analyzed with annexin V-FITC
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apoptosis detection kit (Beyotime) according to the manufacturer's instructions.

Western blot
In the icebox, rabbit MFCs were lysed for 1.5 h with RIPA lysate containing 0.1 percent PMSF. The
fractured samples were then spun at 12,000 RPM for 20 minutes at 4°C in a centrifuge. The supernatant
is the complete protein solution. The bicinchoninic acid technique was used to determine protein
concentration and compute loading volume. The separating gel and concentrating gel were then
prepared, and electrophoresis commenced after loading samples in a certain order. After electrophoresis
on the gel substrate, the gel was removed and transferred to the PVDF membrane. The membrane and
the �rst antibody (1:1000) were incubated overnight at 4°C. The membrane was incubated with the
second antibody (1:3000) at room temperature for 1 hour on the second day. Finally, the gray value is
determined after the PVDF membrane has been exposed to a 200 uL ECL solution. The following
antibodies are used: Interleukin-1 receptor-associated kinase 4(IRAK4, CST), TNFR-associated factor 6
(TRAF6, CST), p-IκB (Bioss), nuclear factor kappa-B (p-NFκB p65, Bioss), extracellular regulated protein
kinases (p-ERK, Bioss), p-p38 (Bioss), c-Jun N-terminal kinase (p-JNK, Bioss), and β-actin (Abcam).

Fabrication of the scaffold
Fabrication of STS delivery MECM based hydrogel hybrid solutions
The method for preparing and identifying inner MECM and outer MECM are shown in the Supplementary
Material. STS delivery MECM based hydrogel hybrid solutions were made by dissolving sodium alginate
in 10ug/ml STS solution at 2% (w/v) containing 2% MECM particles.

Fabrication of STS delivery PCL-MECM based hydrogel hybrid scaffold

The rabbit meniscus was completely removed from the knee joint. Micro-ct was used to obtain imaging
information of the native meniscus. Solidworks 2018 software was used to design a pure PCL scaffold
model and export it in STL format. The scaffold was then fabricated by a 3D layer-by-layer fused
deposition modeling (FDM) printer (PanoSpace BioPro) using PCL (Mn = 80000, Sigma) (Table S2). Inner
MECM based hydrogel hybrid Solutions and outer MECM based hydrogel hybrid solutions of sustained-
release STS were injected into the inner and outer sides of the PCL scaffold respectively. After that, the
hybrid scaffold was cross-linked for 2 minutes using 102 mM CaCl2 ions.

STS releasing behavior of the hybrid scaffold

In order to measure the STS releasing behavior of the MECM based hydrogel, STS delivery MECM based
hydrogel hybrid solutions were poured into a 3mm diameter mold, then crosslinked with 102 mM CaCl2
ions for 2 min. scaffolds were immersed in PBS at 37°C during the test period. At each time point (1 h, 3
h, 6 h, 12 h, 12 h, 18 h, 24 h, 30 h, 36 h, 42 h, and 48 h), 200 ul of supernatant was removed and replaced
with an equal volume of fresh PBS. Then the absorbance of supernatants at 265 nm wavelength was
determined by UV spectrophotometer and the concentration of STS in the supernatants was calculated
according to the standard curve of STS.
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Cell viability analysis

To assess the biocompatibility of the scaffolds, a Live Death@ Viability/Cytotoxicity Kit (BioVision, San
Francisco, America) was employed. MFCs were added at a density of 5×105/ mL to STS delivery MECM-
based hydrogel hybrid solutions before the fabrication of an MFCs-loaded hybrid scaffold. The MFCs-
loaded hybrid scaffold was cultured for three days before being stained with live-dead staining according
to the product manual. Then, we imaged at 488 and 552 nm with a Leica TCS-SP8 laser confocal
microscope (Wetzlar, Germany).

In vivo assessment of the early host response and macrophage polarization of the hybrid scaffold.

Eight Sprague Dawley (SD) rats were used to evaluate the early host response and macrophage
polarization of the hybrid scaffolds in vivo. Eight Sprague Dawley (SD) rats were randomly divided into
two groups of four rats each. They were PCL-MECM based hydrogel hybrid scaffold (PCL-hydrogel) and
STS delivery PCL-MECM based hydrogel hybrid scaffold (PCL-hydrogel-STS10). Following anesthesia,
the hybrid scaffold is inserted into the subcutaneous tissue. The rats were killed one week after
implantation. Remove the scaffold, along with the surrounding capsule and tissue. Frozen microtomes
were used to cut the samples into 5um thick pieces after OCT embedding was completed. The levels of
in�ammation and macrophage polarization were assessed by hematoxylin and eosin (H&E),
immuno�uorescence staining (CD206, CST), and immunohistochemical staining (IL-1β, Abcam). For
immunohistochemical staining, sections were treated with the �rst antibodies for an overnight period at
4°C. Sections were then incubated in the second antibody for 1 hour after being rinsed three times with
PBS. After being sealed with neutral resins, the portions were exposed to DAB solution and photographed.
Dark brown is considered a positive expression. Image J software (version 1.5.0, USA) was used for
quantitative/semiquantitative analysis of the results.

In vivo repair
Surgical procedure
A total of twenty New Zealand white rabbits (male, �ve months old) were obtained from the Beijing
Weitong Lihua Company (Beijing, China). At the PLA General Hospital, the study was approved by the
Institutional Animal Care and Use Committee. Twenty rabbits were randomly divided into four groups of
�ve rabbits each (two knees of each rabbit were used). They were the negative control group (negative
control), PCL-MECM based hydrogel hybrid scaffold group (PCL-hydrogel-MFCs), STS delivery hybrid
scaffold group (PCL-hydrogel-MFCs-STS10), and the positive control group (positive control).

The method for establishing critical-size medial meniscal defect was performed as described in our
previous study[4, 45]. Brie�y, To expose the internal structure of the knee joint, the patella is rotated
laterally. The rabbits were then subjected to an entire medial meniscectomy, with the exception of 5% of
the external rim, which was implanted with a scaffold and sutured to the residual rim. MFCs were added
into hybrid scaffold at a density of 5×106/ mL in the PCL-Hydrogel-MFCs groups and PCL-Hydrogel-
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MFCS-STS10 groups. Culture in DMEM for 24h one day before transplantation. The rabbits in the
negative control group had a fake procedure, whereas the rabbits in the positive control group merely had
meniscectomy. Layer by layer, the wound was sutured. The rabbits were maintained in �xed, individual
cages after surgery and were thoroughly monitored for infection and other problems. Air embolization
killed rabbits three months later. Meniscus and cartilage samples from the knee were obtained for further
examination.

Histological analysis

After the animals were killed, the meniscus was �xed in 4% paraformaldehyde for 2 d, para�n
embedding, and cut at approximately 7 µm. Following the manufacturer's instructions, the sections were
stained with H&E and toluidine blue (TB). The meniscal regeneration was then estimated using a
semiquantitative histological grading method. Three independently trained researchers blindly analyzed
all photos in terms of reparative tissue with bonding, the presence of �brochondrocytes, and safranin O
stainability using the Ishida scoring system[46]. The articular surface was examined by �xing
osteochondral samples from the femur and the tibia for 48 hours in 4 percent paraformaldehyde and
then decalcifying for 7 weeks in EDTA solution. the samples were sliced into 7um slices and stained with
H&E. An individual specimen's score was based on the mean value from all of its cartilage sections,
according to Mankin scoring criteria[47].

Statistical analysis
All data were expressed as means ± standard deviation (SD) for a minimum of n = 3. SPSS 22.0
statistical software was used for the statistical analysis. Statistical signi�cance was indicated by a p-
value < 0.05. T-tests were used to compare the two groups. One-way ANOVA was used to compare the
three groups.
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Figures

Figure 1

Schematic diagram of the overall study design.
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Figure 2

STS shifts macrophages from M1 to M2 polarization. (A)RAW264.7 macrophages and rabbit MFCs were
exposed to STS. Cell viability was determined by the CCK-8 assay. ( ∗P < 0.05 vs. 0 group).  (B) IL-1β,
iNOS, CD206, and Rental mRNA expression in RAW264.7 mouse macrophages was detected by qRT-PCR.
(C) ELISA was used to detect the level of IL-1β and TNF-α in the supernatant of RAW264.7 macrophages.
(D) M1 macrophage marker iNOS and M2 macrophage marker CD206 were examined by
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immunostaining. Data are expressed as the mean ± SD. Statistical analysis was performed by one-way
ANOVA, #P < 0.05 vs. M0 group. *P < 0.05, **P <0.01, ***P <0.001vs. LPS(M1) group. n=3 per group.

Figure 3

STS protects MFCs against the effects of macrophage CM. (A, B) Apoptosis rates for macrophage CM-
stimulated MFCs were analyzed by �ow cytometry with annexin V-FITC/PI apoptosis analysis. Data are
expressed as the mean ± SD. Statistical analysis was performed by one-way ANOVA, #P < 0.05 vs. M0-CM
group. ***P <0.001vs. LPS-CM group. n=3 per group.
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Figure 4

STS protects MFCs from IL-1β -induced in�ammation, oxidative damage, apoptosis, and ECM
breakdown. (A) The levels of IL-1β, TNF-α, and MMP-13 in MFCs were detected by qRT-PCR and ELISA. (B)
Bcl-2 and Caspase-3, two apoptosis-related key genes, were chosen to investigate the effects of STS on
apoptosis of MFCs by qRT-PCR. (C-D) The mRNA and protein expression of SOD1 was detected by
western blotting and qRT-PCR. (E) Collagen II and ACAN were observed by immuno�uorescence after
MFCs were treated with IL-1β (10 ng/ml) with or without STS (10ug/ml,20ug/ml). Data are expressed as
the mean ± SD. Statistical analysis was performed by one-way ANOVA, #P < 0.05 vs. 0 groups. *P < 0.05,
**P <0.01, ***P <0.001vs. IL-1β group. n=3 per group.
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Figure 5

Effects of STS on IRAK4/TRAF6/NFκB signaling pathway. (A) Protein levels of IRAK4, TRAF6, p-IκB, p-
p65, p-JNK, p-ERK, and p-p38 were detected by Western blot. (B) Relative protein expression was
quanti�ed by ImageJ software. Data are expressed as the mean ± SD. Statistical analysis was performed
by one-way ANOVA, #P < 0.05 vs. 0 groups. *P < 0.05, **P <0.01 vs. IL-1β group. n=3 per group.
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Figure 6

Fabrication and characterization of STS delivery PCL-MECM based hydrogel hybrid scaffolds.
(A)Macroscopic view of native meniscus and design of pure PCL scaffold model. (a native meniscus. b,
3D reconstruction model. c, d designed 3D wedge-shaped model). (B) 3D-printed porous PCL scaffold. (C)
STS delivery PCL-MECM based hydrogel hybrid scaffold. (D) Cumulative release curves of STS (n=3). (E)
Live/dead cell staining of MFCs cultured in hybrid scaffold for 3 days.
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Figure 7

In vivo assessment of the early host response and macrophage polarization of hybrid scaffolds. (A) H&E
and immunohistochemical staining (IL-1β) of the hybrid scaffold’s immune response in vivo at 7 days.
(B) DAPI and CD206 immuno�uorescence staining of the hybrid scaffold’s immune response in vivo at 7
days.
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Figure 8

In vivo repair. (A) H&E and toluidine blue staining analyses of the regenerated menisci. (B, E) H&E staining
was used to assess the femoral condyle and tibial plateau. (C) Ishida histological score for the
regenerated menisci. (D) the compressive modulus of the regenerated menisci. 
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Figure 9

Summarized schematic of regenerative process of the neo-meniscus occurring within STS delivery PCL-
MECM based hydrogel hybrid scaffold.
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