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A B S T R A C T

Background: Injury to articular cartilage cause certain degree of disability due to poor self-repair ability of
cartilage tissue. To promote cartilage regeneration, it is essential to develop a scaffold that properly mimics the
native cartilage extracellular matrix (ECM) in the aspect of compositions and functions.
Methods: A mussel-inspired strategy was developed to construct an ECM-mimicking hydrogel scaffold by incor-
porating polydopamine-modified hyaluronic acid (PDA/HA) complex into a dual-crosslinked collagen (Col) ma-
trix for growth factor-free cartilage regeneration. The adhesion, proliferation, and chondrogenic differentiation of
cells on the scaffold were examined. A well-established full-thickness cartilage defect model of the knee in rabbits
was used to evaluated the efficacy and functionality of the engineered Col/PDA/HA hydrogel scaffold.
Results: The PDA/HA complex incorporated-hydrogel scaffold with catechol moieties exhibited better cell affinity
than bare negatively-charged HA incorporated hydrogel scaffold. In addition, the PDA/HA complex endowed the
scaffold with immunomodulation ability, which suppressed the expression of inflammatory cytokines and
effectively activated the polarization of macrophages toward M2 phenotypes. The in vivo results revealed that the
mussel-inspired Col/PDA/HA hydrogel scaffold showed strong cartilage inducing ability to promote cartilage
regeneration.
Conclusions: The PDA/HA complex-incorporated hydrogel scaffold overcame the cell repellency of negatively-
charged polysaccharide-based scaffolds, which facilitated the adhesion and clustering of cells on the scaffold,
and therefore enhanced cell-HA interactions for efficient chondrogenic differentiation. Moreover, the hydrogel
scaffold modulated immune microenvironment, and created a regenerative microenvironment to enhance carti-
lage regeneration.
The translational potential of this article: This study gives insight into the mussel-inspired approach to construct the
tissue-inducing hydrogel scaffold in a growth-factor-free manner, which show great advantage in the clinical
treatment. The hydrogel scaffold composed of collagen and hyaluronic acid as the major component, providing
cartilage ECM-mimicking environment, is promising for cartilage defect repair.
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1. Introduction

Articular cartilage is an avascular tissue with a complicated structure
and shows limited self-repair capacity following trauma or disease
because of lack of access to abundant nutrients or circulating progenitor
cells [1]. Therefore, the regeneration of defected cartilage remains one of
the main challenges in the orthopedic field. Although several strategies,
including debridement and lavage, microfracture, and autografts, have
been clinically employed to repair cartilage defects, these strategies still
have certain limitations such as low repair efficiency, poor integration
with healthy cartilage, and fibrous tissue formation [2–4]. Accordingly,
cartilage tissue engineering has been developed, which aims to combine
extracellular matrix (ECM) mimicking scaffolds with physicochemical
stimuli for cartilage reconstruction [5,6]. Studies have shown that
cartilage ECM not only provides mechanical stability to the cartilage
tissue but also contains various bioactive components to maintain the
phenotype of chondrocytes and induce chondrogenic differentiation of
mesenchymal stem cells [7–9]. On the other hand, the cartilage defects
can lead to active inflammatory conditions in the cartilage tissue, which
interferes with repairing process and retards the tissue regeneration ef-
fect of the implanted scaffolds [10,11]. During the inflammatory
response, macrophages are one of the most crucial immune cells, which
can be activated into different polarization status (pro-inflammatory M1
or anti-inflammatory M2 phenotype) in response to localized environ-
mental cues [12]. Previous studies have reported that implanting the
certain scaffolds can stimulate activation of M2 macrophages, which act
as regenerative homeostasis promoters by releasing prochondrogenic
cytokines to enhance tissue healing [13,14]. Thus, it is important to
fabricate a scaffold mimicking the natural cartilage ECM, while showing
the ability to regulate inflammatory microenvironment at cartilage de-
fects and guide successful cartilage regeneration.

Hydrogel scaffolds, possessing characteristics, such as high-water
absorption, adjustable porosity, bionic mechanical behavior, biodegra-
dation, and biocompatibility, similar to those of cartilage ECM, are one of
promising candidate materials for cartilage tissue engineering. Both
natural and synthetic polymers have been employed for the development
of hydrogels. Owing to their notable biocompatibility and biodegrad-
ability, naturally derived biopolymers are considered smart materials for
the design of cartilage ECM-mimicking scaffolds to support tissue
regeneration [15–17]. For example, collagen (Col), as the major
component of cartilage ECM, has been widely adopted as an ideal
biomaterial for cartilage tissue engineering due to its good biocompati-
bility, low antigenicity, and excellent biodegradability [18,19]. Signifi-
cantly, Col with adhesive motifs can provide a biomimetic
microenvironment for cell adhesion, spreading, and proliferation [20].
However, the clinical applications of Col-based hydrogels or scaffolds are
limited due to their poor cartilage regeneration ability [21,22]. There-
fore, current strategies utilized blending with functional natural/-
synthetic polymers to enhance the bioactivity of scaffolds [23]. For
example, Liu et al. [24] developed a collagen type I to II blend (Col I/II)
hydrogel, which provided favorable conditions for the chondrogenic
differentiation of bone marrow-derived mesenchymal stem cells (MSCs)
and cartilage repair. Liu et al. [25] prepared injectable thiolated icariin
functionalized hyaluronic acid (HA)/collagen hydrogel, which main-
tained chondrocyte phenotype and promoted the production of the
cartilage extracellular matrix. HA, a nonsulfated glycosaminoglycan
(GAG) containing repeating disaccharide units, is another crucial
component of cartilage ECM. In the ECM, HA can provide biological cues,
such as CD44 interactions, based on the role of HA in cellular signaling
and thus can promote the metabolism of chondrocytes [26,27]. More-
over, it acts as a lubricant in diarthrodial joints. Thus, an HA-containing
scaffold is considered as one of the most promising biomaterials for
cartilage tissue engineering. Lin et al. [28] developed a photo-crosslinked
gelatin/HA hybrid scaffold and proved that the scaffold can stimulate
chondrogenesis by activating cellular signaling pathways. Pfeifer et al.
[29] investigated different compositions of HA–gelatin in a composite
121
scaffold and demonstrated that the scaffold with a higher amount of HA
supported the chondrogenic differentiation of human MSCs. Zhu et al.
[30] also reported that a high concentration of HA in an elastin-like
protein–HA hydrogel led to increased marker gene expression and
sulfated GAG deposition. However, these HA-based scaffolds showed
poor affinity to MSCs or chondrocytes because their negative charges
prevented cell adhesion [31], thus limiting HA–cell interactions.

The development of an ECM-mimicking scaffold with cell/tissue af-
finity that can recruit native cells and facilitate cartilage repair is still
imperative. Recently, a facile and versatile method inspired by mussel
adhesion chemistry has provided a newway to increase the cell affinity of
ECM scaffolds. Polydopamine (PDA) with catechol groups exhibits high
binding affinity to amine and thiol functional groups on cell membranes
and shows versatile adhesion to various substrates [32,33]. Thus, PDA
has been employed in the synthesis of biologically functional scaffolds
that promote the differentiation of stem cells into nerve cells [34,35] or
osteoblasts [36,37]. In our previous studies, we have also demonstrated
that mussel-inspired adhesive hydrogels are favorable for cell adhesion
and tissue regeneration [38–40]. Additionally, our previous studies have
demonstrated that the catechol groups can effectively inhibit inflam-
matory response through regulating the activity of macrophages [41],
which is essential for tissue regeneration. Thus, PDA provides a possi-
bility of improving the cell affinity and immunomodulatory effect of
scaffolds.

To address the clinical need for an effective biomaterial for cartilage
regeneration, this study employed a mussel-inspired strategy to construct
a cartilage ECM-mimicking hydrogel scaffold with excellent cell affinity
and immunomodulatory ability to promote cartilage regeneration
(Fig. 1). To mimic the structure and functions of native cartilage ECM, a
PDA-functionalized HA (PDA/HA) complex was firstly incorporated into
a Col matrix, which was then chemical cross-linked and freeze-dried to
obtain a Col/PDA/HA hydrogel scaffold. In this scaffold, the Col matrix
were dual cross-linked to form matrices with stable mechanical proper-
ties; these matrices mimic the loose or dense connective fibers of the
ECM, providing a 3D structural support for cell attachment. The nega-
tively charged HA segments of the scaffold mimic the GAG component of
the ECM, which upregulates the expression of cartilage-specific genes in
cells. The functionalization of HA by PDA grafts the adhesive catechol
groups on the HA chain; this is inspired by the structures of glycoproteins
comprising polysaccharide chains linked to a protein core. In our case,
the PDA/HA complex with adhesive catechol moieties exhibit higher cell
affinity than bare HA to enhance the adhesion and clustering of cells,
which can efficiently direct the bone marrow MSCs (BMSCs) toward
osteogenic lineages. In addition, the PDA/HA complex endows the
scaffold immunomodulatory ability that regulates macrophage transition
to M2, which further creates a regenerative microenvironment for pro-
moting cartilage regeneration. A well-established full-thickness cartilage
defect model of the knee in rabbits was used to analyze the efficacy and
functionality of the engineered Col/PDA/HA hydrogel scaffold, con-
firming that this scaffold created an appropriate ECM microenvironment
to promote cell adhesion, induce chondrogenic differentiation ability of
BMSCs, and repair cartilage defects in a growth factor-free manner.

2. Results

2.1. Fabrication of the Col/PDA/HA hydrogel scaffold

The formation of the ECM-mimicking Col/PDA/HA hydrogel scaffold
was achieved by incorporating the PDA/HA complex into a chemically
cross-linked Col network. The preparation process of the Col/PDA/HA
hydrogel scaffold is shown in Fig. 1. Initially, the HA chains were
modified by PDA under alkaline conditions (pH ¼ 8.0), where PDA was
grafted on the HA chains via noncovalent interactions (hydrogen
bonding and electrostatic interactions) to form the PDA/HA complex.
The PDA/HA complex was subsequently added into the Col solution and
then cross-linked by poly (ethylene glycol) diglycidyl ether (PEGDE) to



Fig. 1. Schematics of fabrication process of mussel-inspired ECM mimicking Col/PDA/HA hydrogel scaffold for growth-factor-free cartilage regeneration. (a) HA was
functionalized by catechol groups to form the PDA/HA complex. (b) The Col/PDA/HA hydrogel scaffold was formed by chemical-crosslinking the PDA/HA complex
and collagen and subsequent freeze-drying. (c) Illustrations of dual crosslinking in the Col/PDA/HA hydrogel scaffolds. (d) The hydrogel scaffold was implanted into
the cartilage defect, which favored cell infiltration and tissue ingrowth due to its cell affinity. (e) The scaffold drove the macrophages towards the M2 phenotype and
facilitated chondrogenesis. (f) The scaffold established a regenerative microenvironment to enhance cartilage regeneration.
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form the Col/PDA/HA hydrogels. Finally, the cartilage ECM-like Col/
PDA/HA hydrogel scaffold was obtained after freeze-drying the Col/
PDA/HA hydrogels. Additionally, to demonstrate the advantages of the
Col/PDA/HA hydrogel scaffold, we also prepared Col only, Col/HA, and
Col/PDA scaffolds.

2.2. Characterizations of the Col/PDA/HA hydrogel scaffold

Using the abovementioned protocol, we fabricated a 3D Col/PDA/HA
hydrogel scaffold with physicochemical cross-linking. As shown in
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Fig. 2a, the Col/PDA/HA hydrogel scaffold was brown in color due to the
presence of PDA, compared with the white Col scaffold. Scanning elec-
tron microscopy (SEM) images indicated that the incorporation of PDA
and HA affected the microstructures of the scaffolds. The Col only scaf-
fold has a dense and disordered porous structure (Fig. 2b–i). When HA or
PDA were separately incorporated into Col, the resulting Col/HA and
Col/PDA scaffolds exhibited a loose structure (Fig. 2b–ii, b-iii). When the
PDA/HA complex was incorporated into Col matrix, the resulting Col/
PDA/HA hydrogel scaffold showed highly porous and interconnected
pore structures with pore size of approximately 200 μm (Fig. 2b–iv). The



Fig. 2. Characterization of the hydrogel scaffolds. (a) Digital images of Col (white) and Col/PDA/HA (brown) scaffolds. (b) SEM images of the scaffolds with different
compositions. (c) Porosity of various scaffolds. (d) Compressive strength of different scaffolds. (e) In vitro degradation profiles of different scaffolds in PBS containing
collagenase (2 μg/ml).
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Col/PDA/HA scaffold exhibited a higher level of porosity (up to 82%)
compared to the Col/PDA (65%), Col/HA (63%), and Col only (57%)
scaffolds (Fig. 2c). This is because the incorporation of the PDA/HA
complex hampered the entanglement of Col chains during the free-
zing–thawing process, thus decreasing the physical cross-linking density
of the Col/PDA/HA scaffold. The porous structure and pore size of the
Col/PDA/HA hydrogel scaffold mimic the architecture of the natural
ECM, which is favorable for cell attachment and new cartilage tissue
ingrowth [42,43]. Compression tests were used to characterize the me-
chanical strength of the scaffolds, and the results revealed that the
Col/PDA/HA scaffolds had a compressive strength of 800 kPa, which was
similar to the Col scaffolds (Fig. 2d).

The in vitro degradation performance of the hydrogels was also
evaluated using pH 7.4 PBS with collagenase (2 μg/ml). As shown in
Fig. 2e, all the scaffolds completely degraded after 25 days of incubation
with collagenase, and the Col/PDA/HA hydrogel scaffold had a degra-
dation profile comparable to that of the pure Col scaffold. This phe-
nomenon indicated that the incorporation of the PDA/HA complex did
not change the biodegradation behavior of the Col matrix for further in
vivo application.

2.3. Anti-inflammation and immunomodulation

The Col/PDA/HA hydrogel scaffold displayed anti-inflammation and
immunomodulation ability. RAW 264.7 macrophages stimulated with
lipopolysaccharide (LPS) were seeded on the hydrogel scaffold to
determine the anti-inflammation and immunomodulatory effects. After
48 h of culturing, immunofluorescence staining of iNOS (a marker of M1
macrophages) and CD206 (a biomarker of M2 macrophages) was per-
formed for the cells treated with Col and Col/PDA/HA hydrogel scaffolds
and observed under a confocal laser scanning microscope (CLSM). As
shown in Fig. 3a, the intensity of iNOS-positive cells on Col/PDA/HA
hydrogel scaffold was lower than that on Col hydrogel scaffold, while the
intensity of CD206-positive cells on Col/PDA/HA hydrogel was higher
than that on Col hydrogel scaffolds, which was consistent with the sta-
tistical results of fluorescent intensity (Fig. 3b). The results of flow
cytometry also revealed that the less CD86 (M1 marker) positive mac-
rophages were detected in the Col/PDA/HA group (Fig. 3c), proving the
anti-inflammation activity of PDA/HA-incorporated hydrogel scaffold.
To further evaluate the macrophages polarization status, the real-time
polymerase chain reaction (RT-PCR) analysis was used to evaluated the
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expression level of M1 and M2 macrophages marker genes. The results
showed that the expression of M2 macrophages marker genes, including
Ym1, CD206, Arg1, TGF-β1, and TGF-β3, were significantly elevated by
Col/PDA/HA group in contrast to Col group (Fig. 3e). Meanwhile, the
expression of M1 macrophages marker genes, including the iNOS and IL-
1β remarkably decreased in Col/PDA/HA group (Fig. 3d). The local
immunomodulatory effect of the Col/PDA/HA hydrogel scaffold was
further evaluated via a in vivo full-thickness cartilage defect model in
rabbits. The Col and Col/HA hydrogel scaffolds were also implanted as
controls. The defects without any treatment were set as blank control.
After 7 days of treatments, the sample-implanted-defects were harvested
for gross observation and the synovial fluid were collected for assessing
the expression levels of immune-related cytokines. As shown in Fig. 3f,
the surface of the Col/PDA/HA-treated defect was the smoothest among
all groups. Enzyme linked immunosorbent assay (ELISA) indicated that
decreased levels of pro-inflammatory cytokines (IL-6, iNOS) and
increased levels of anti-inflammatory cytokine (Arg1) were found from
the synovial fluid in the Col/PDA/HA-treated groups (Fig. 3g). Espe-
cially, the Col/PDA/HA hydrogel scaffold activated the M2 macrophages
to secrete more pro-chondrogenic cytokines (TGF-β1, TGF-β3) (Fig. 3e, g),
which were important cytokines to induce the chondrogenesis of BMSCs
and regulate cartilage regeneration. All these results demonstrated that
Col/PDA/HA hydrogel scaffold modulated the inflammatory environ-
ment by effectively inhibiting inflammatory response and activating
macrophages polarization to M2 phenotype, which provided a locally
pro-chondrogenic microenvironment for cartilage regeneration.

2.4. In vitro cell affinity

The Col/PDA/HA hydrogel scaffolds exhibited excellent cyto-
compatibility and cell affinity favoring cell adhesion, spreading, and
proliferation. To demonstrate this, BMSCs were seeded on this scaffold
and cultured in a basic stem cell maintenance medium. BMSCs were also
separately cultured on the Col only, Col/HA, and Col/PDA hydrogel
scaffolds for comparison. The morphologies of the BMSCs adhered on
various scaffolds were observed using the CLSM on day 3 after stained by
LIVE/DEAD Viability/Cytotoxicity Kit assay. As shown in Fig. 4a and b,
only few round-shaped cells were observed on the Col/HA scaffold. In
contrast, many cells were found on the surface of the Col/PDA and Col/
PDA/HA hydrogel scaffolds. Magnified image showed that the majority
of cells on the Col/PDA and Col/PDA/HA hydrogel scaffolds displayed



Fig. 3. Immunomodulatory effect of the Col/PDA/HA hydrogel scaffold. (a) Representative immunofluorescence images of iNOS, and CD206, and nucleic staining of
RAW 264.7 macrophages after 48 h of culturing on Col and Col/PDA/HA hydrogel scaffolds. (b) Quantitative analysis of fluorescence intensity of iNOS and CD206. (c)
Flow cytometry analysis of RAW 264.7 macrophages treated with Col and Col/PDA/HA hydrogel scaffolds. The relative mRNA levels of (d) pro-inflammatory cy-
tokines (iNOS, IL-6, IL-1β) and (e) anti-inflammatory cytokines (Ym1, Arg1, TGF-β1, TGF-β3) in macrophages. (f) Gross observation of the cartilage defects after 7 days
of implantation in different treated groups. (g) ELISA assay of proinflammation cytokines (IL-6, iNOS) and anti-inflammation cytokines (TGF-β3, Arg1) in different
treated groups. Error bars were means � SD, *p < 0.05.
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Fig.4. In vitro cytocompatibility evaluation of the hydrogel scaffolds (a–d) CLSM images of live/dead stained BMSCs on the four kinds of hydrogel scaffolds (Col, Col/
HA Col/PDA, and Col/PDA/HA) after 3 days of culturing in primary medium. Live and dead cells were stained green and red, respectively. (e) Phalloidin (red) and
DAPI (blue) staining of BMSCs on Col, Col/HA and Col/PDA/HA hydrogel scaffolds on day 3. (f) Quantitative analysis of spreading area of BMSCs on various hydrogel
scaffolds. (g) MTT assay of the proliferation of BMSCs on hydrogel scaffolds after 1, 3, and 5 days of culturing in primary medium. Error bars were means � SD, *p
< 0.05.
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typical spindle-like morphology (Fig. 4c and d), proving that the PDA
component in the scaffolds facilitated cell adhesion and spreading. The
cellular morphology on various hydrogel scaffolds was further evaluated
by F-actin cytoskeleton staining. As shown in Fig. 4e, BMSCs cultured on
the Col/PDA/HA and Col hydrogel scaffolds displayed more elongated
cell morphology with extensive actin filaments that linked adjacent cells.
In contrast, the cells on the Col/HA hydrogel scaffold were dispersive,
and some of cells displayed spherical morphology with smaller spreading
areas (Fig. 4f). Then, the cell proliferation was investigated via 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay on
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days 1, 3, and 5. The proliferation of the BMSCs increased on all scaffolds
from day 1–5 (Fig. 4g), indicating good biocompatibility of these scaf-
folds. However, the cells adhered to the Col/HA scaffold showed a lower
proliferation rate when compared with the Col only scaffold; this
confirmed that the incorporation of HA into the Col only scaffold could
hamper cell adhesion. Contrarily, the cells adhered to the Col/PDA/HA
hydrogel scaffold showed a higher proliferation rate than those adhered
to the Col only and Col/HA scaffolds. The above results proved that the
PDA functionalization could improve the cell affinity of HA, and there-
fore the Col/PDA/HA hydrogel scaffold had better cell affinity to



Fig. 5. Chondrogenic differentiation of BMSCs on scaffolds. (a) False color SEM images of BMSCs seeded on the four kinds of scaffolds after 3 and 14 days of culturing
in chondrogenic medium without addition of TGF-β3. The TGF-β3-loaded Col/PDA/HA hydrogel scaffolds were tested as controls. The relative mRNA levels of
chondrogenic markers, including (b) SOX 9, (c) ACAN, and (d) Col II in BMSCs on hydrogel scaffolds at day 7 and 14. Relative production of (e) GAG and (f) type II
collagen for BMSCs cultured on the hydrogel scaffolds at 7 and 14 days. Error bars were means � SD, *p < 0.05.
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promote the proliferation of BMSCs.

2.5. In vitro chondrogenic differentiation of BMSCs on the Col/PDA/HA
hydrogel scaffold

The Col/PDA/HA hydrogel scaffold with high cell affinity also pro-
vided cell-supportive physicochemical and structural cues for stimulating
chondrogenic differentiation of BMSCs. To evaluate the chondrogenic
inducibility the Col/PDA/HA hydrogel scaffold, BMSCs were seeded on
this scaffold and cultured in a chondrogenic induction medium. First,
cellular morphologies in different culture stages were observed using
SEM (Fig. 5). On day 3, the BMSCs adhered to the Col/PDA/HA and Col/
PDA scaffolds spread better than those adhered to the Col/HA scaffold
and showed a typical spindle and elongated shape (Fig. 5a–i). The ob-
servations from SEM images were in agreement with those from CLSM
images (Fig. 4a–d), indicating that the presence of PDA enhanced the cell
affinity of the scaffolds, and Col/PDA/HA hydrogel scaffold favored the
initial adhesion and spreading of BMSCs [44]. After 14 days of culture in
the induction medium, the morphological changes of the BMSCs adhered
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to various scaffolds were observed. The BMSCs cultured on the Col/P-
DA/HA hydrogel scaffold displayed a round shape (Fig. 5a–iv), sug-
gesting that the BMSCs acquired chondrocyte phenotypes. However, the
BMSCs cultured on the Col only scaffold still retained the spindle shapes,
and The BMSCs adhered to the Col/HA scaffold also showed a spreading
shape, indicating that no differentiation occurred. The morphological
transition of BMSCs indicated that the HA component itself in the scaf-
fold could not exert its function to induce any effect on cell morphology.

The chondrogenic markers (Sox9, ACAN, and COL II) of the BMSCs
cultured on various scaffolds were examined via RT-PCR analysis after 7
and 14 days of culture in chondrogenic media (Fig. 5b–d). On day 7, the
expression of the Sox9 gene was similar in all groups. However, the
expression of the ACAN and COL II genes in the Col/HA and Col/PDA/HA
groups was significantly higher than that in the Col and Col/PDA groups,
and Col/PDA/HA groups achieved the highest gene expression level
among all samples. After 14 days of culture, the expression of Sox9,
ACAN, and COL II genes in all groups were increased. The same trendwas
found in the expression level of these three genes: Col/PDA/HA > Col/
HA > Col/PDA � Col. Note that the expression levels in Col/PDA/HA
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group were same as those in the TGF-β3-loaded scaffold-treated group.
The GAG and type-II collagen contents also confirmed the trends (Fig. 5e
and f). All these results showed that Col/PDA/HA hydrogel scaffold
improved the adhesion, spreading, and proliferation of BMSCs at early
proliferation stage, and effectively induced the chondrogenic differenti-
ation of BMSCs.
2.6. In vivo cartilage repair by the Col/PDA/HA hydrogel scaffolds

The Col/PDA/HA hydrogel scaffold was implanted into a critical-
sized full-thickness cartilage defect to evaluate its ability to support
cartilage regeneration in vivo (Fig. 6a). The TGF-β3-loaded Col/PDA/HA
hydrogel scaffolds were also implanted as positive groups. After 12 weeks
of implantation, macroscopic gross morphology examination showed
that the defects in all groups were mostly filled with regenerated tissues
(Fig. 6b). In the blank groups, the defects were filled with loose fibrous
tissue, and a boundary between the defect and surrounding cartilage was
observed (Fig. 6b–i). In the Col scaffold-treated groups, the defects were
filled with denser tissue; however, the surface of the defect was rough
(Fig. 6b–ii). In the Col/HA scaffold- and Col/PDA scaffold-treated groups,
although the repair tissue underneath integrated with the surrounding
tissue, the surface seemed fibrillated with a concavity in the center
(Fig. 6b–iii, iv). In the Col/PDA/HA hydrogel scaffold-treated group, the
defects were filled with cartilage-like tissue having a smooth and
congruent surface that integrated well with the surrounding host carti-
lage (Fig. 6b–v), which was comparable to TGF-β3-loaded Col/PDA/HA
hydrogel scaffold-treated group (Fig. 6b–vi). The International Cartilage
Repair Society (ICRS) score were calculated for macroscopic evaluation.
As shown in Fig. 6e, the ICRS scores of the Col/HA scaffold- (10.5 � 2.2)
and Col/PDA scaffold (11.0� 1.9)-treated groups were higher than those
of blank (4.5� 1.4) and Col scaffold (6.5� 1.1)-treated groups. The Col/
PDA/HA hydrogel scaffold-treated group had a considerably higher score
(18.8 � 2.3), and the TGF-β3-loaded Col/PDA/HA hydrogel scaffold-
treated group presented the highest score (20.5 � 2.2).

The quality of regenerated cartilage in each group was further eval-
uated by histological analysis after H&E and Safranin-O staining (Fig. 6c
and d). In the blank group, only thin fibrous tissue was present on the
surface of the defect, and the surrounding host cartilage was moderately
degenerated (Fig. 6c–i). In the Col scaffold-treated group, loose fibrous
tissue filled the defect (Fig. 6c–ii). In the Col/PDA scaffold and Col/HA
scaffold-treated groups, the defects were partially repaired, and some
newly-regenerated cartilage tissue was observed at the defect sites
(Fig. 6c–iii, iv). In the Col/PDA/HA hydrogel scaffold-treated group, the
defect was completely covered with a well-organized and thick cartilage
layer, which was in line and well-integrated with the neighboring host
cartilage (Fig. 6c–v). The magnified image showed typical hierarchical
zonal cell alignments, indicating that articular cartilage was formed in
the defect treated with the Col/PDA/HA hydrogel scaffold. Additionally,
the Safranin-O staining images showed almost no red staining in the
blank, Col only scaffold-, and Col/HA scaffold-treated defects, indicating
no GAG deposition at the defect sites (Fig. 6d). Light red staining was
observed in the Col/PDA scaffold-treated groups, implying partial carti-
lage formation. In sharp contrast, the Safranin-O staining of the defects
treated by the Col/PDA/HA hydrogel scaffold was similar to that of the
normal surrounding cartilage. In addition, tidemark, an important indi-
cator of the formation of mature cartilage, appeared in the defects treated
with the Col/PDA/HA and TGF-β3-loaded Col/PDA/HA ECM scaffolds,
suggesting the maturity of the new regenerated cartilage tissues.
Fig. 6. In vivo cartilage repair by the Col/PDA/HA hydrogel scaffolds. (a) Schematic
in the patellar groove of rabbit. Digital photos of the defect with 3.5 mm in diamet
Macroscopic observation of repaired cartilages after 12 weeks of post-healing in di
groups at 12 weeks after surgery. (c) H&E and (d) Safranin-O staining of post-sacr
arrows indicate fibrous tissue, Blacks squares indicate newly-regenerated cartilage
macroscopic and (f) Modified O'Driscoll histological scores of repaired cartilages at 12
aggrecan (AGG) in defect sites at 12 weeks. Scar bar: 3.5 mm (b), 1 μm (c, d, g, h).

128
Nevertheless, the modified O'Driscoll modified score for histological
evaluation of cartilage regeneration was significantly better in the Col/
PDA/HA hydrogel scaffold-treated groups than in the Col only, Col/PDA,
and Col/HA scaffold-treated groups (Fig. 6f).

The quality of regenerated cartilage was further evaluated through
the immunohistochemical (IHC) staining for type II collagen (COL II,
Fig. 6g) and aggrecan (AGG, Fig. 6h). COL II and AGG did not stain the
neotissue in the blank group. Light staining was observed in the Col
group. More positive staining of COL II and AGG was shown in the Col/
HA group. Intensive COL II but light AGG staining was observed in the
Col/PDA group, which indicated that calcification might happen in the
cartilage layer. In sharp contrast, intensive staining of both COL II and
AGGwere detected in the Col/PDA/HA hydrogel scaffold-treated groups,
same as that in the TGF-β3-loaded scaffold-treated groups, indicating
good production of ECM and integrative cartilage repair in the Col/PDA/
HA hydrogel scaffold-treated groups. These results also confirmed the
phenotypic stability of the newly formed cartilage in the Col/PDA/HA
hydrogel scaffold treated-groups. In vivo cartilage defect regeneration
experiments suggested that the superior cartilage repair ability of the
Col/PDA/HA hydrogel scaffold resulted in high quality of the repaired
cartilage tissue as compared to that in the case of the Col/HA scaffold.

3. Discussions

Owing to the limited self-repair capacity of cartilage, cartilage
regeneration is still a clinical challenge. Bioactive scaffolds have been
explored as a promising platform for repairing the damaged cartilage.
Generally, the Col only scaffold is an ideal scaffold for cartilage tissue
engineering. Although the Col only scaffold has cell affinity, it lacks
chondrogenic inducibility. Moreover, HA is an active component of GAG
in the ECM of cartilage [45–47]. However, the negative charge of HA
inhibits cell attachment, and therefore, it is difficult for HA to induce
chondrogenic differentiation of the BMSCs. In vitro cell culture results
confirmed that the adhesion and spreading of the BMSCs on the Col/HA
scaffold were difficult because of the presence of HA that repelled the
cells and inhibited cell mobility [30,48,49]. After PDA functionalization,
the resulting Col/PDA/HA hydrogel scaffold exhibited improved cell
affinity, which intrinsically promoted cell adhesion and spreading. This
was because the PDA functionalization introduced abundant reactive
catechol groups having high binding affinity to the diverse nucleophiles
(e.g., amines, thiols, and imidazoles) of peptides and proteins on the cell
surfaces. In the previous studies, PDA-modified HA was generally pre-
pared based on EDC/NHS method [50,51] or thiol-prefunctionalized HA
[52,53]. The efficiency of these chemical modifications is limited in
terms of the low substitution of catechol groups and tedious preparation
process, resulting in insufficient grafting ratio of catechol groups and a
fast degradation rate of HA due to chain broken during grafting process.
Compared with these previous studies, the advantages of PDA/HA
complex in this study are as following. (1) The procedure of preparation
of PDA/HA complex in the current study are simply and biocompatible
without using additional chemical agents. (2) The main interactions
between PDA and HA in the complex was non-covalent interactions,
which would not break the HA chains. (3) The catechol groups were
efficiently incorporated into the complex. Thus, the Col/PDA/HA
hydrogel scaffold proposed herein possesses several technical advan-
tages, including strong cell adhesion due to the presence of PDA in
addition to HA, immunomodulatory ability to drive macrophage polari-
zation, promotion of the chondrogenic differentiation of BMSCs, and
illustration of implanting hydrogel scaffold into a full-thickness cylindrical defect
er and 5 mm in depth (left), and hydrogel scaffold-implanted defect (right). (b)
fferent groups. Histological of repaired cartilages in different scaffolds-treated
ifice defects. Dashed lines indicate approximate margins of defect sites. Black
tissue. Black asterisks indicate with a well-organized cartilage tissue. (e) ICRS
weeks. Immunohistochemical expression of (g) Type II collagen (COL II) and (h)
Data are presented as mean � SD, *p < 0.05.
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enhancement of cartilage regeneration in vivo, over conventional scaf-
folds. The good cartilage regeneration ability of the Col/PDA/HA
hydrogel scaffold is attributed to the following reasons.

First, the Col hydrogel scaffold created a cell affinitive 3D microen-
vironment to support cell adhesion, spreading, and proliferation. The
incorporation of PDA-modified HA complex did not alter the cell affinity
of the scaffold. SEM observation illustrated that the BMSCs were firmly
adhered to the surface of the Col and Col/PDA/HA hydrogel scaffolds
(Fig. 5a), suggesting that these cells could be effectively stimulated
without further migration. The MTT assay indicated that the Col/PDA/
HA hydrogel scaffold could further enhance cell proliferation and in-
crease the cell density in a shorter time (5 days) as compared to the case
of the Col/HA and Col hydrogel scaffolds. Thus, the PDA in the hydrogel
scaffold plays an important role in directing cell–matrix interactions
during BMSCs condensation, a process mediated by surface contacts that
results in the aggregation of progenitor cells [54,55].

Second, the Col/PDA/HA hydrogel scaffold exhibited the anti-
inflammation and immune modulation ability. Generally, the damage
on cartilage initiates inflammatory process, which interfere with the
cartilage regeneration process. In this study, the Col/PDA/HA hydrogel
scaffold was demonstrated to be able to inhibit inflammation and drive
the macrophages of transition from an inflammatory state to a regener-
ative state, by enhancing the secretion of specific chemokines and cyto-
kines, including Ym1, CD206, Arg-1, TGF-β1, and TGF-β3 (Fig. 3), which
therefore exerted multiple functions in tissue regeneration process [56].
Especially, the secretion of TGF-β3 and TGF-β1 was enhanced in the
macrophages treated by Col/PDA/HA hydrogel scaffold, which could
then mediate chondrogenic differentiation of BMSCs [57,58]. The in vivo
examination further confirmed that the immunomodulatory ability of the
Col/PDA/HA hydrogel was ascribed to the introduction of PDA, which
was in accordance with our previous studies. The reactive catechol
groups of PDA actively alleviate the inflammatory response by regulating
the activity of macrophages [41]. Therefore, when the Col/PDA/HA
hydrogel scaffold was implanted into the defect area, the inflammatory
process was inhibited and part of the macrophage population was
induced to polarize into M2 macrophages. Thus, the Col/PDA/HA
hydrogel scaffold created a regenerative microenvironment for recruiting
repairing cells and favoring cartilage tissue regeneration.

Third, the PDA/HA complex endowed biological functions to the Col
matrix, which induced the differentiation of the BMSCs into chon-
drocytes and maintained the chondrocyte phenotype. Most importantly,
the cell-affinitive PDA/HA complex overcame the cell–repellent proper-
ties of HA, and enhanced the adhesion and clustering of cells. As well-
documented, the cellular microenvironment played an important role
in promoting BMSCs proliferation and differentiation, and better
cell–matrix interactions has profound impact on cell differentiation. In
Col/PDA/HA hydrogel scaffold, the Col and PDA could form strong in-
teractions with functional groups of the cell membrane to effectively
promote the cell adhesion and spreading [32,59,60]. Thus, the HA seg-
ments in the Col/PDA/HA hydrogel scaffold effectively upregulated the
chondrogenic gene expression. The proliferation, morphological
changes, and cartilage-related gene expression of the BMSCs on the
Col/PDA/HA hydrogel scaffold exhibited an increasing trend, suggesting
that the PDA/HA complex is more effective in promoting the chondro-
genic differentiation of BMSCs in vitro than bare HA. Consequently, the
Col/PDA/HA hydrogel scaffold created a suitable biomimetic ECM
microenvironment to efficiently induce the chondrocyte differentiation
of BMSCs. After implantation, this scaffold could capture and recruit cells
and endogenous growth factors from the interstitial fluid of the sur-
rounding tissues to the defect sites. This is an important process in
achieving effective cluster formation at an early stage of cartilage
regeneration and promotes the formation of cartilage at the defect sites
without any chondrogenic cytokines [61,62]. Based on these above re-
sults, it was concluded that the Col/PDA/HA hydrogel scaffold could
effectively enhance cartilage regeneration by facilitating the adhesion
and clustering of cells on the scaffold as well as modulating immune
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microenvironment due to the synergy effects of PDA, hyaluronic acid,
and collagen.

4. Conclusions

In summary, we have fabricated a mussel-inspired Col/PDA/HA
hydrogel scaffold mimicking the native ECM of cartilage. This scaffold
possesses a suitable porous structure, mechanical strength, good cell af-
finity, immunomodulatory ability, and chondrogenic inducibility, which
provides a biologically active, growth factor-free microenvironment
favorable for cell growth, proliferation, and chondrogenic differentia-
tion. Such a mussel-inspired strategy solves the problem of poor cell af-
finity of traditional polysaccharide-based ECM scaffolds, and prepares
cartilage ECM-mimicking scaffolds as next-generation biomaterials for
cartilage regeneration.
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