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A B S T R A C T

Proteoglycans (PGs), also known as a viscous lubricant, is the main component of the cartilage extracellular
matrix (ECM). The loss of PGs is accompanied by the chronic degeneration of cartilage tissue, which is an irre-
versible degeneration process that eventually develops into osteoarthritis (OA). Unfortunately, there is still no
substitute for PGs in clinical treatments. Herein, we propose a new PGs analogue. The Glycopolypeptide hydrogels
in the experimental groups with different concentrations were prepared by Schiff base reaction (Gel-1, Gel-2, Gel-
3, Gel-4, Gel-5 and Gel-6). They have good biocompatibility and adjustable enzyme-triggered degradability. The
hydrogels have a loose and porous structure suitable for the proliferation, adhesion, and migration of chon-
drocytes, good anti-swelling, and reduce the reactive oxygen species (ROS) in chondrocytes. In vitro experiments
confirmed that the glycopolypeptide hydrogels significantly promoted ECM deposition and up-regulated the
expression of cartilage-specific genes, such as type-II collagen, aggrecan, and glycosaminoglycans (sGAG). In vivo,
the New Zealand rabbit knee articular cartilage defect model was established and the hydrogels were implanted to
repair it, the results showed good cartilage regeneration potential. It is worth noting that the Gel-3 group, with a
pore size of 122 � 12 μm, was particularly prominent in the above experiments, and provides a theoretical
reference for the design of cartilage-tissue regeneration materials in the future.
1. Introduction

Cartilage is a thin layer of dense connective tissue covering the sur-
face of a joint, and its absence leads to physiological-function disorders,
such as joint load, lubrication, and cushioning pressure [1,2]. If the
cartilage defect is not improved, it may further develop into OA. So far,
no effective treatments have been explored that can be incorporated into
OA treatment guidelines [3,4]. Finding a treatment that can repair
cartilage defects with minimal trauma and alleviate the progression of
OA [5–7] has become an urgent clinical problem.

With the vigorous development of the intersection of medicine and
engineering, tissue-regeneration engineering has become an important
method for researchers to explore cartilage repair [8–11]. Cartilage is a
tissue composed of water, cartilage extracellular matrix and a single cell
type, the chondrocytes [12–17]. PGs, also known as a lubricant, is the
most important polysaccharide in cartilage's ECM [11,18]. It is composed
.
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of core protein and sGAG chain connected by one or more covalent bonds
[18–20]. Studies have shown that proteoglycan degradation can be used
as a pathological marker of OA lesions [21]. However, there are still no
functional and therapeutic substitutes for PGs. The main problems are as
follows: 1) The quality of PGs production batches is inconsistent and they
are expensive to produce; 2) the biodegradability and cellular-signal
transduction ability of the polymers that make up the core-protein
backbone need to be improved [22].

Poly-L-lysine (PLL) is a short peptide polymerized by lysine, which is
one of the essential amino acids in the human body. This cationic water-
soluble polymer has good adhesion, antibacterial, and non-immunity
properties [23]. Studies have shown that PLL-based peptides can not
only adhere to chondrocytes, but also increase the cell-to-cell contact and
communication. They also stimulate mesenchymal stem cells (MSCs) to
express cartilage genes in the early cartilage-formation stage [24–26]. All
the evidence shows the application prospects of PLL in cartilage-tissue
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Table 1
Preparation of glycopolypeptide POD hydrogels.

Group Pg concentration
% (w/v)

OD concentration
% (w/v)

Gel-1 4% 6%
Gel-2 4% 7%
Gel-3 4% 8%
Gel-4 5% 6%
Gel-5 5% 7%
Gel-6 5% 8%
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regeneration engineering. Unfortunately, the positive charge of PLL
makes it cytotoxic to a certain extent, and PLL-based peptide hydrogels
have weak stability and mechanical properties [27].

Dextran (Dex) is a type of polymer-compound glucan with a molec-
ular weight of 440 MDa. It has good biocompatibility, high natural
abundance, high hydrophilicity, and high chemical-functional modifi-
cation by changing the position, length and molecular weight of branch
chains. Dex oxidizes to oxidized dextran (OD) with aldehyde groups,
which can react with the Schiff base in the amino group [28]. Studies
have shown that the hydrogels with OD can react with amino groups on
the cartilage surface to provide good tissue adhesion. They can also
improve the hydrogels' mechanical strength, high porosity, and
biocompatibility, which is beneficial to the proliferation of rabbit chon-
drocytes and chondrogenesis in vitro [29,30].

In this study, based on a simulation of the PGs structure, PLL - glucose
lactone (glu) (Pg) as a core protein and OD as polysaccharide were
proposed. The two were reversibly combined using a Schiff-base reaction
to form a new PGs analogue, glycopolypeptide POD hydrogels. Our goal
was to adjust the biocompatibility and biodegradability of the hydrogels
through a series of combinations of different Pg and OD concentrations
using a simple, convenient, and low-cost preparation method. Then, the
hydrogels were characterized, and combined with the experimental data,
three groups of concentrations were selected for in-depth biological ex-
periments, including Gel-1, Gel-2 and Gel-3. Finally, Gel-3 as the optimal
combination of Pg and OD was selected, which had good biocompati-
bility and good biodegradability matched with cartilage regeneration. In
addition, it can adhere to chondrocytes to promote chondrocyte prolif-
eration, differentiation and migration to the defect area to repair carti-
lage tissue defects.

2. Methods

2.1. Materials

Gluon-Delta-Lactone (GDL) was purchased from Sigma (USA). PLL
was obtained from the School of Chemical Engineering, Shanghai Jiao-
tong University (China). Dextran and sodium periodate were obtained
from Macklin (China). Dimethyl sulfoxide (DMSO) and triethylamine
(TEA) were purchased from Titan (China). The cell-counting kit 8 (CCK-
8) reagent and reactive oxygen species (ROS) assay kit was purchased
from Beyotime (China). A LIVE/DEAD cell-staining kit was purchased
from Sciencell (USA). A Transwell plate was purchased from Corning
(USA). Papain solutions and phalloidin-TRITC were purchased from
Sigma (USA). The vinculin antibody was purchased from Abcam (USA)
and the Quant-iT digestion PicoGreen kit and a TRIzol reagent were
purchased from Invitrogen (USA). The HiScript III RT SuperMix for
quantitative polymerase chain reaction (qPCR) (þ gDNA wiper) and
ChamQ Universal SYBR qPCR Master Mix (Shanghai, China) were pur-
chased from Vazyme (China). All chemicals were used directly without
additional purification.

2.2. Synthesis of the Pg and OD

The Pg was synthesized according to the method reported in the
literature [31]. In short, 1.0 g of PLL and 1.1 g of GDL were dissolved in
20 ml of DMSO. Then, 1.1 ml of TEA was added and the solution was
stirred violently at 50 �C for 48 h. The reaction solution was transferred
to a dialysis bag and dialyzed in deionized water for 48 h
molecular-weight cutoff (MWCO¼ 3500). After freeze-drying, a white Pg
product was obtained with an 80% yield. The Pg structure was analyzed
using 1H nuclear magnetic resonance spectroscopy (1H NMR, Mercury
Plus 400, Varian, USA) and the degree of substitution of the glu group
was calculated.

The OD was prepared using the reference method and modified
slightly. The typical method is as follows: 1.5 g of Dex was dissolved in 5
ml of distilled water, and 1.0 g of sodium periodate was added and stirred
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at room temperature for 24 h. The reaction product was transferred into a
dialysis bag and dialyzed in deionized water for 48 h (MWCO ¼ 3500).
After freeze-drying, a white OD product was obtained with an 80% yield.
The OD structure was analyzed using 1H NMR and the degree of oxida-
tion of OD was calculated.

2.3. Preparation of glycopolypeptide hydrogels

The glycopolypeptide POD hydrogels were prepared by blending Pg
and OD solutions. In short, different concentrations of Pg (4% and 5%)
and OD (6%, 7% and 8%) solutions were prepared, and the two solutions
were mixed at the same volume and reacted for 5 min in water bath at 37
�C. Finally, different proportions of glycopolypeptide POD hydrogels
were obtained (Table 1). The gel formation was detected using a vial-
inversion method.

2.4. Cell culture

All animal experiments were performed in accordance with the Na-
tional Institutes of Health Guide for the Care and Use of Laboratory
Animals and were approved by the Shanghai Jiao Tong University
Affiliated Sixth People's Hospital (DWSY2022-0038).

Chondrocytes were obtained from articular cartilage of the knee joint
of four-week-old male Sprague Dawley (SD) rats. In short, the cartilage
tissues of the SD rats were aseptically collected, as much as possible was
cut off, and transferred to 10-ml solutions containing 1% anti-
biotic–antifungal solution and 0.25% type-II collagenase for digestion.
After incubating for 3 h with 5% CO2 at 37 �C, the supernatant of the
digestive juice was centrifuged at 1000 rpm for 3 min and the precipi-
tation was collected. Then, Dulbecco's Modified Eagle Medium (DMEM,
Gibco-Invitrogen, USA), containing 1% antibiotic–antifungal solution
and 10% fetal bovine serum (FBS), was used to re-suspend the precipi-
tation. The cell suspension was inoculated into a 6 cm cell-culture dish
for monolayer amplification. The culture mediumwas changed every two
days.

When the cells reached an 80% confluence, they were passed to the
third generation (P3) and applied in subsequent experiments. For in vitro
experiments, the treatment groups were treated with the hydrogels,
while the control group only used complete medium.

2.5. In vitro cytocompatibility

The cytocompatibility of the hydrogels was tested by seeding the
suspension of chondrocytes on the hydrogels and incubating for 24 h.
The cells were treated using the LIVE/DEAD cell-staining kit and
observed with a confocal microscope (DMI6000B, Leica, Germany). The
data are expressed as the mean� standard deviation of three repetitions.

The effect of the glycopolypeptide POD hydrogels on the chondrocyte
proliferation was determined using a CCK-8 assay. In short, 100 μl of
glycopolypeptide POD hydrogels were prepared at the bottom of 96-well
plates and irradiated with ultraviolet (UV) light for 1 h. Cells were seeded
on the surface of the hydrogels (1 � 105 cells/well), and treated with the
CCK-8 reagent (10 μl/well) after incubating for 24 and 48 h respectively.
The optical-density value was measured at 450 nm using an enzyme-
labeling instrument (iMark, Bio-Rad, USA). All samples were measured
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in quintuplicate. The data are expressed as the mean � standard devia-
tion of three repetitions.

2.6. Biocompatibility in vivo

A full-layer skin model of the SD rats (male, 200 g–250 g) was used to
evaluate the biocompatibility of the glycosylated peptide POD hydrogels
in vivo. Before the operation, different proportions of samples (Gel-1,
Gel-2, and Gel-3) were prepared and irradiated with UV light for 1 h.
After anesthetizing the rats, a 1 cm of incision blind pouch was made in
the back of the rats, and the sample was added. The skin tissue of the
operation area was taken at different time points (7, 14 and 28 days after
the operation). The tissue was fixed with 4% paraformaldehyde (PFA)
and embedded in paraffin and sectioned serially at 5 μm. These slides
were subjected to hematoxylin and eosin (H&E) staining for routine
analysis, and then observed under a light microscope (n ¼ 3).

2.7. Cell migration

The Transwell experiment was conducted to evaluate the effect of the
hydrogels on chondrocyte migration. In general, 100 μl of the hydrogels
were prepared and irradiated with UV light for 1 h, then placed in the
lower chamber of a Transwell plate (8 μm pore diameter, Corning, USA)
and immersed in a 400 μl medium. Then, 200 μl with 1 � 105 cells/ml
were planted in the 24-well upper cavity.

After incubating for 48 h, the cells on the upper surface of the
chamber of the Transwell were gently wiped with filter paper. The cells
on the lower surface of the chamber were fixed with 4% PFA for 20 min
and stained with 0.5% crystal violet for 10 min and washed three times
with PBS. Finally, in each filter, five visual fields were randomly selected
and counted twice by two blind independent evaluators. The data are
expressed as the mean � standard deviation of three repetitions.

2.8. Intracellular ROS detection

A ROS assay kit was used for extracellular and intracellular quanti-
fication and visualization of the free radicals and ROS. Chondrocytes
were co-cultured with glycopolypeptide POD hydrogels for 24 h. Then,
the chondrocytes were collected and concentration was adjusted at 1 �
106 cells/ml. Dichloro-dihydro-fluorescein diacetate (DCFH-DA) was
diluted 1:1000 in a serum-free medium and incubated in a cell incubator
at 37 �C for 20 min. It was mixed upside down every 3–5 min so that the
probe was in full contact with the cell.

The cells were washed three times with a serum-free cell-culture
medium to remove the residual probes, then collected and transferred to
a new 24-well plate. The fluorescence values were measured by a
microplate reader (iMark, Bio-Rad, USA). The data are expressed as the
mean � standard deviation of three repetitions.

2.9. Cell adhesion

The distribution of F-actin and focal adhesion sites was observed
using phalloidin-TRITC and vinculin, respectively. In short, P3-
generation chondrocytes were cultured on hydrogels for 48 h, and then
fixed in 4% PFA at room temperature for 20 min. They were treated with
1% TritonX-100 for 20 min, incubated with 1% bovine serum albumin
(BSA) at 37 �C for 1 h, then incubated in 1:300 diluted vinculin at 4 �C
overnight.

The next day, the solutions were poured out and washed with
phosphate-buffered saline (PBS) three times, each time for 5 h at room
temperature. Then, the second antibody (mouse anti-rabbit) and
phalloidin-TRITC were added and the cells were incubated in darkness
for 1 h. The second antibody was poured out and the cells were washed
with PBS three times for 5 min each time. The adhesion of the chon-
drocytes to the material was observed by inverted confocal microscope
(DMI6000B, Leica, Germany) at Ex/Em ¼ 556/574 nm. Finally, the
3

ImageJ image-processing software was used to measure the area of F-
actin and focal adhesion sites [32].

2.10. Biochemical assay

After the chondrocytes were cultured in hydrogels for 14 days,
specimens were collected and washed with PBS, and digested with
papain solutions (125 U/ml, Sigma) for 16 h at 57 �C. The papain
digestible product was stored at �20 �C to await further analysis. The
total DNA content of the digested sample was determined by the Quant-
iT digestion PicoGreen kit, according to the manufacturer's instructions.
The standard curve was generated using double-stranded DNA (dsDNA).

The total sulfated sGAG content of each sample was measured by
spectrophotometry using 1,9-dimethylmethylene blue dye and chon-
droitin sulfate as standard. The standard curve was generated using
bovine trachea chondroitin sulfate A (Sigma-Aldrich).

2.11. Real-time PCR

After the chondrocytes were cultured in hydrogels for 28 days,
specimens were split into 1 ml of TRIzol reagent and the entire RNA was
extracted according to the manufacturer's instructions. After the RNA
was extracted, its concentration was measured using a NanoDrop One
spectrophotometer (NanoDrop Technologies, USA). The HiScript III RT
SuperMix for qPCR (þ gDNA wiper) and ChamQ Universal SYBR qPCR
Master Mix kits were used for reverse transcription and quantitative PCR
(RT PCR) respectively. Primer sequences are provided in Table S1.

The statistical data first normalized the gene-expression level to
GAPDH, then normalized it to the sample expression level at the same
time point to obtain the -ΔΔCt value. The relative gene-expression level
was expressed as 2-ΔΔCt.

2.12. Cartilage-regeneration studies in vivo

Fourteen male New Zealand rabbits (3.0 � 0.5 kg) were selected and
used to evaluate the hydrogels promoting cartilage regeneration. A
model of a full-thickness cartilage defect in the New Zealand rabbits was
established under local anesthesia. In short, the knee joint was straight-
ened and the lateral patella was displaced. The skin was cut to expose the
trochlear surface of the knee joint, and a dental drill was used to create a
full-thickness cylindrical cartilage defect (3 mm diameter, 3 mm depth)
in the femoral cochlear groove. Hydrogels were used to repair the defect
in the experimental group, while the cartilage defect in the control group
was not treated. The animals were killed after 6 and 12 weeks for further
examination.

2.13. Micro-CT

A SkyScan-1176 micro-computerized tomography (micro-CT)
(Bruker Micro-CT, Belgium) systemwas used to scan the specimenmicro-
CT. NR economic software version 1.6 was used for three-dimensional
reconstruction and image viewing. The cartilage was analyzed using
CT-an software version 1.13.

2.14. Histological analysis

After the collected cartilage specimens were fixed in 4% PFA for 24 h,
they were transferred to EDTA decalcification solution and placed at 37
�C about 2 months. The solution was updated every 3 days. Then the
cartilage tissues embedded in paraffin. Next, histological sections were
stained with H&E, Safranin O-Fast green, and specific primary antibodies
(collagen type II, collagen type I, aggrecan, and Sox9), and the images
were obtained by optical microscopy (DM6, Leica). The International
Cartilage Repair Society (ICRS) scoring system was used for histological
evaluation, and high scores indicating good repair [33].
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2.15. Statistical analysis

All data were expressed as mean � standard deviation. The statisti-
cally significant differences between groups were analyzed using the
two-tailed t-test in the Graphpad Prism 9.0 statistical software. The sta-
tistical differences were significant, when *p < 0.05.

3. Results

3.1. Preparation of the glycopolypeptide POD hydrogels

In this study, the Pg was synthesized according to the preparation
method mentioned in the literature [34]. Studies have shown that
modifying PLL with glu can significantly improve its biocompatibility
and reduce its cytotoxicity [27]. Therefore, to further tap the application
potential of PLL regenerated tissue engineering, this study chose to
introduce glu-modified PLL to produce Pg glycopolypeptide POD
hydrogels, using a simple mixture of Pg and OD (Fig. 1a). The synthetic
route of the Pg and OD is shown in Fig. 1b.

As shown in Fig. S1, the characteristic peaks of dextran appear at δ
(ppm) ¼ 4.92 (1H, -OCHO-) and 3.43–4.04 (5H, -CHCHCHCHCH2O-),
while OD shows three new absorption peaks at δ (ppm) ¼ 5.70 (1H,
-OCHCHO), 5.36–5.52 (1H, –CH2CHCHO), and 5.19 (2H, -OCH2CH-
CHO). The weak peak of OD spectrum at 1790 cm�1 belonging to the
stretching of the aldehyde group. The degree of oxidation of OD was
calculated as the integral ratio between δ ¼ 5.70 ppm and the sum of δ ¼
4.92 ppm and δ ¼ 5.70 ppm. The results showed that the oxidation de-
gree was 17%, indicating OD prepared successfully. The characteristic
peaks of Pg assigned to the PLL skeleton were δ (ppm) ¼ 4.33 (1H,
-CHCH2CH2-), 2.97 (2H, -CH2CH2NH-), 1.79 (2H, -CH2CH2NH-), 1.65
(2H, -CHCH2CH2), and 1.41 (2H, –CHCH2CH2-), and δ (ppm) ¼ 4.08
(1H, -CH(CH)3CH2-) and 3.60–3.85 (5H, –CH(CH)3CH2-) belonged to
the proton peak of the glu group. FT-IR (KBr, cm�1): 3292 (vN-H), 2943
(vC-H), 1657 (amide-I), 1548 (amide-II) (Fig. S2). The substitution degree
of the glu group of Pg was calculated using the integral ratio of δ ¼ 4.08
ppm to δ¼ 4.33 ppm. The results showed that the glu substitution degree
was 50%, indicating Pg prepared successfully.

As shown in Fig. 1c, the mixture of Pg and OD could not form
hydrogels at room temperature. However, when heated to 37 �C, the
solution could convert into POD hydrogels within ~5 min by Schiff-base
reaction. When tilting the vial after gelation, it can be seen that the liquid
level no longer tilts with the tilt of the bottle. In addition, the extruded
glycopolypeptide POD hydrogels can quickly restore its original shape,
Fig. 1. Glycopolypeptide POD hydrogels. a–b) Schematic diagram of the preparation
shape memory.
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which was endowed with good self-healing and shape memory by the
dynamic covalent bond (Fig. 1d).

3.2. Characterization of glycopolypeptide POD hydrogels

As chondrocytes are very sensitive to changes in the surrounding
environment, the morphology, pore size, and porosity of the new PGs
analogues directly affect the proliferation, migration, and growth of the
chondrocytes [35]. Scanning electron microscope (SEM) results show
that the hydrogels have a uniform interconnected porous structure
(Fig. 2a). Among them, Gel-1, Gel-2, and Gel-3 have similar pore sizes,
which are 136 � 14 μm, 130 � 10 μm, and 122 � 12 μm, respectively
(Fig. 2b).

The cross-linking degree of the hydrogels increases with the increase
of the Pg concentration, and the pore sizes of Gel-4, Gel-5, and Gel-6
decreased significantly to 90 � 10 μm, 87 � 10 μm, and 87 � 5 μm,
respectively. The good porous structure gives the hydrogels a high
porosity of 68%–74% (Fig. 2c).

In addition, as shown in Fig. 2d, the water content of the different
hydrogels concentrations reached 93–95%, and there was no significant
statistical difference (p > 0.05). Studies have confirmed that scaffolds
with a 100–150 μm of pore diameter provide a more favorable envi-
ronment for the growth and proliferation of chondrocytes [36–38].
Therefore, the hydrogels with large pore sizes, Gel-1, Gel-2, and Gel-3
were selected for further study of cartilage-tissue regeneration and
repair.

The rheological behavior (Fig. S3) of the hydrogels was characterized
using a rheological instrument, showing typical hydrogels characteris-
tics. The elastic moduli of Gel-1, Gel-2, and Gel-3 were 0.6 kPa, 1.0 kPa,
and 2.0 kPa respectively. With the increase in OD concentration, the
mechanical properties of the hydrogels increased, owing to the enhanced
intermolecular force and tighter gel network.

Furthermore, the hydrogels swelling will oppress the surrounding
tissue, and may even cause it to separate from the target organ. As shown
in Fig. 2e, the three groups of hydrogels showed extremely low swelling
rates of only 103–110%, which confirmed that glycopolypeptide POD
hydrogels have good anti-swelling properties [39].

Good biodegradability is a necessary prerequisite for biomimetic
biomaterials to provide growth space for regenerated tissues [40]. As
shown in Fig. 2f and g, the degradation of hydrogels in vitro showed that
Gel-1, Gel-2, and Gel-3 were basically not degraded in PBS, and the mass
surpluses remained 98� 2%, 97� 1%, and 99� 1%, respectively (28 d).
It is worth noting that after 28 days of incubation with type-II collagenase
and chemical structure of the hydrogels; c) hydrogels preparation process; and d)



Fig. 2. Physical and chemical properties of glycopolypeptide POD hydrogels. a) SEM images, b) pore size, c) porosity, d) water content, and e) swelling properties of
different concentrations of hydrogels (37 �C, PBS, 10 mM, pH 7.4). Degradability of hydrogels at 37 �C in f) PBS and g) type-II collagenase solutions (n ¼ 5, scale ¼ 30
μm, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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solutions, the quality of the Gel-1, Gel-2, and Gel-3 hydrogels decreased
significantly to 23 � 5%, 24 � 4%, and 40 � 1%, respectively.

The results showed that POD hydrogels have a good enzyme-
mediated degradation performance, which can be regulated by chang-
ing the OD concentration to improve the spatiotemporal speed of carti-
lage regeneration. In summary, the anti-swelling POD hydrogels were
successfully prepared. They have good biological stability and adjustable
5

degradability, and good prospects of being used as scaffolding for carti-
lage regeneration.
3.3. Biocompatibility of glycopolypeptide POD hydrogels in vitro

The biocompatibility of hydrogels is an important biomaterial prop-
erty. The cytotoxicity of hydrogels was evaluated by a direct-contact



Fig. 3. Cytotoxicity of glycosylated peptide POD hydrogels in vitro. a) Cell experimental diagram of hydrogels. b) Stained picture of living (red) and dead (green) cells
after 24 h of co-culture; c) proportion of living and dead cells. d) CCK-8 assay results. (n ¼ 3, scale ¼ 100 μm, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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method (Fig. 3a) [41]. As shown in Fig. 3b, the chondrocytes had a
typical morphology and the number of living cells accounts for the vast
majority of the visual field. The quantitative results showed that the
proportion of living cells in POD hydrogels was more than 85% (Fig. 3c).
It is worth noting that the proportion of living cells increased signifi-
cantly from 85 � 3% (Gel-1) to 96 � 1% (Gel-3) with the increase of OD
concentration. In summary, POD hydrogels have good cytocompatibility,
and adjusting the OD concentration can significantly improve their
biocompatibility.

Furthermore, the effect of hydrogels on the chondrocyte proliferation
was explored using a CCK-8 assay. As can be seen in Fig. 3d, after 24 h of
culture, there was no significant difference in cell viability between the
hydrogels group and the control group, which once again proves the
good biocompatibility of hydrogels. After 48 h of culture, the optical-
density value of the hydrogels group was 2.2–2.4 times higher than
that of the control group.

The above results confirmed that POD hydrogels not only have good
cytocompatibility, but also significantly promote the proliferation of
chondrocytes with the increase of co-culture time. It is worth noting that
Gel-3 showed a maximum optical-density value (2.4), indicating that it
provided a more favorable environment for chondrocyte proliferation.

The positively charged PLL easily interacts with the negative charges
on the surface of the cell membrane and stimulates the growth and
development of chondrocytes [23]. The adhesion of hydrogels to chon-
drocytes was evaluated using F-actin and vinculin fluorescence staining.
As shown in Fig. 4a, the chondrocytes showed a regular morphology. The
F-actin clumped around the nucleus in group Gel-1, while the diffusion in
groups Gel-2 and Gel-3 was clearly seen as bundles. In contrast, with the
6

increase of OD concentration, the adhesion plaques changed from being
closely gathered around the cartilage nucleus to gradually spreading out,
indicating that chondrocytes can adhere to the hydrogels.

The areas of F-actin and focal adhesion area were quantitatively
analyzed using Image J2 software. As shown in Fig. 4b and c, the F-actin
areas between Gel-1, Gel-2, and Gel-3 were similar, while there was
significant statistical difference in the focal adhesion area between Gel-1
and the latter two groups. It is confirmed that glycopolypeptide POD
hydrogels have good cell adhesion and can optimize the regulation of the
OD concentration.

In addition, the Transwell experiment further showed that the
hydrogels could promote chondrocyte migration. The numbers of cell
migrations in Gel-1 and Gel-2 were 214–243 cell per field, respectively,
while the number of cell migrations in Gel-3 increased significantly to
401 cells per field (Fig. 4d and e). The experimental results once again
proved that Gel-3 provides a microenvironment to promote the growth
and migration of cartilage.

Under normal physiological conditions, the growth and proliferation
of chondrocytes depend on the hypoxic microenvironment in the ECM
[42]; therefore, the hydrogels were required to have good antioxidant
activity. The ROS production of chondrocytes was detected by a ROS kit,
and the results showed that the ROS of the hydrogels group decreased
significantly, as shown in Fig. 4f. In particular, the ROS content of Gel-3
decreased to 81% of that of the control group, indicating that this group
had better antioxidant properties.

In vitro experiments revealed that POD hydrogels have good cyto-
compatibility and promote the proliferation and migration of chon-
drocytes. In particular, Gel-3 significantly reduces the ROS content of



Fig. 4. Biocompatibility of glycosylated peptide POD hydrogels in vitro. a) DAPI staining of DNA (blue); the F-actin distribution was assessed using phalloidin-TRITC
(red) and vinculin staining of focal adhesion (green). b) Area of F-actin and c) focal adhesion. d) Diagram of the Transwell experiment. e) Migration cell number. f)
ROS production of chondrocytes. (n ¼ 3, scale ¼ 100 μm, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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chondrocytes and provides a more favorable hypoxia environment for
chondrocyte regeneration. This not only alleviates the development of
OA lesions, but also creates a goodmicroenvironment for cartilage repair.
3.4. Biocompatibility of glycopolypeptide POD hydrogels in vivo

H&E staining was used to observe the inflammation of the subcu-
taneous skin implanted into the backs of rats at different time points, and
the biocompatibility of glycopolypeptide POD hydrogels in vivo was
evaluate.

As can be seen in Fig. 5, at 7 days, the implantation of different
concentrations of glycopolypeptide POD hydrogels was accompanied by
inflammatory-cell infiltration, as indicated by the presence of lympho-
cytes and neutrophils; at 14 days, the inflammatory cells decreased
significantly in each group; at 28 days, not only did the inflammatory
cells decrease significantly, but they were also accompanied by the
emergence of neovascularization. It is worth noting that the inflamma-
tory cells in Gel-3 decreased significantly 14 days after implantation, and
only a few inflammatory cells were found 28 days after implantation.
7

3.5. Biochemical assay

After co-culturing glycopolypeptide POD hydrogels and chon-
drocytes, dsDNA, and cartilage-specific genes were quantified to evaluate
the ability of glycopolypeptide POD hydrogels to promote ECM deposi-
tion, chondrocyte proliferation, and maintain the chondrocyte
phenotype.

The quantitative results of dsDNA are shown in Fig. 6a. At 14 days,
compared with the control group, the amount of dsDNA in Gel-2 and Gel-
3 had increased significantly. The quantitative results of sGAG are shown
in Fig. 6b. At 14 days, compared with the control group, the amount of
sGAG in Gel-2 and Gel-3 had increased significantly. In conclusion, Gel-2
and Gel-3 promoted chondrocyte proliferation and cartilage ECM
deposition.

Chondrogenesis was quantitatively evaluated using cartilage-specific
genes (Fig. 6c–e). The results showed that the expressions of collagen
type II, aggrecan, and sGAG genes in Gel-2 and Gel-3 were significantly
higher than those in the control group. The expression of aggrecan in Gel-
1 was higher than that in the control group, while the expression of sGAG



Fig. 5. In vivo biocompatibility of glycopolypeptide POD hydrogels. (n ¼ 3, scale ¼ 100 μm).
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was significantly lower than that in the control group. Therefore, gly-
copolypeptide POD hydrogels promoted the expression of cartilage-
specific genes in groups Gel-2 and Gel-3. The expression of collagen II
and aggrecan in Gel-3 was two to three times higher than that in the
control group, and Gel-3 had an excellent ability to maintain the
phenotype of the chondrocytes.
3.6. In vivo repair of cartilage with glycopolypeptide POD hydrogels

After establishing the rabbit-knee cartilage-defect model, glyco-
polypeptide POD hydrogels were implanted (Fig. 7a). The results of the
in vivo repair are shown in Fig. 7b. The depth and area of the cartilage
defects in the hydrogels group were smaller than those of the control
group. At six weeks, the hydrogels group had begun to fill the defect with
obvious regenerated tissue, and a small area similar to hyaline cartilage
had appeared in the Gel-2 and Gel-3; however, the defect was not
completely repaired.

At 12 weeks, part of the regenerated tissue in the control group and a
large area of the defect had not been restored, while the regenerated
tissue in the hydrogels group was completely full of defect tissue and the
surface was regular and smooth. In particular, the regenerated tissue of
Gel-3 was well integrated with the surrounding tissue, and a large area of
transparent tissue appeared.

Micro-CT imaging was used to evaluate the subchondral bone
regeneration in postoperative cartilage defects (Fig. 7c). At 6 weeks,
compared with the control group, the hydrogels group had an obvious
regeneration tendency; however, the defect area was not completely
repaired. At 12 weeks, part of a high-density shadow appeared in the
defect area in Gel-1 and the high-density shadow in Gel-2 and Gel-3 was
8

almost full. The boundary betweenmost of the regenerated tissue and the
surrounding tissue in Gel-3 gradually blurred.

Further data analysis (Fig. 7d–f) showed that, compared with the
control group, the bone-mineral density (BMD) and bone-volume frac-
tion (BV/TV) were up-regulated in Gel-1, Gel-2, and Gel-3 at six weeks,
while the structure separation (St.Sp) was down-regulated in Gel-2 and
Gel-3. At 12 weeks, the BMD and BV/TVwere up-regulated and St.Sp was
down-regulated in Gel-2 and Gel-3. The BMD and BV/TV values of the
regenerated tissue in Gel-3 were higher than those in natural cartilage
tissue, showing a good potential for regeneration.

In summary, glycopolypeptide-based POD hydrogels can effectively
promote cartilage-tissue regeneration. Among them, the density of the
regenerated tissue was higher and the bone trabecular space was lower in
Gel-3; hence, it was the group with the best repair effect. It surpasses the
natural cartilage tissue and shows good regeneration potential.
3.7. Histological analysis

A histological examination with H&E, Safranin-O, and immunohis-
tochemistry (IHC) further confirmed that glycopolypeptide-based POD
hydrogels repaired cartilage defects. The results are shown in Fig. 8a and
b. At 6 weeks, the hydrogels group showed a clear tissue-repair tendency,
with an obvious defect and less regenerated tissue in Gel-1, and large-
scale repairs in Gel-2 and Gel-3 with a large number of hyaline carti-
lage clusters. At 12 weeks, the defect was incompletely repaired in Gel-1,
and a large number of hyaline cartilage-like cells were distributed in Gel-
2 and Gel-3. It is worth noting that at 12 weeks, there were more hyaline
cartilage-like cells in Gel-3, and the surface of the repair area was smooth,
similar to the surrounding natural tissue, and fused well. The histological



Fig. 6. Biochemical analysis. Quantification of dsDNA (a) and sGAG (b) were used to evaluate the promoting effect of glycopolypeptide POD hydrogels at different
concentrations on chondrocytes. The hydrogels promote the expression of specific genes related to chondrocytes: collagen II(c), aggrecan(d), and sGAG(e). (n ¼ 3, *P
＜0.05, **P＜0.01, ***P＜0.001, ****P＜0.0001.)
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score assessment showed that the Gel-3 group had the highest mean ICRS
histological score (11.3–15.3), followed by the Gel-2 (9.3–11.3) and Gel-
1(6.3–8.3) groups (Fig. S4). In contrast, the control group had obvious
tissue defects and a small amount of thin fibrous tissue was repaired with
the lowest mean ICR histological score (3.3–4.7).

The results of the IHC staining (collagen type II, aggrecan, and Sox-9)
showed that there was almost no expression, with discontinuous de-
pressions and heterogeneous tissues in the control group (Fig. 9). Type-II
collagen, aggrecan, and Sox-9 were weakly positive in group Gel-1, and
the defect was partially repaired. However, the expressions of type-II
collagen, aggrecan, and Sox-9 were positive in Gel-2 and Gel-3, the
defect was almost filled by repaired tissue, and the surface of the repaired
tissue gradually became smooth. It is worth noting that the expressions of
type-II collagen, aggrecan, and Sox-9 in Gel-3 were strongly positive.

In summary, it was confirmed that the hydrogels group had good
cartilage-defect repair ability, and Gel-3 was the most prominent group
of glycopolypeptide POD hydrogels in cartilage regeneration.

4. Discussion

Inspired by the molecular structure of natural PGs, Pg and OD were
selected to prepare glycopolypeptide POD hydrogels using the Schiff-
base reaction. The reaction is a reversible reaction, and the hydrolysate
of the hydrogels is a polysaccharide peptide [43]. The product of the
Schiff-base reaction was non-toxic, which ensured the satisfactory
biocompatibility of the hydrogels. The cell proliferation, migration, and
ROS detection showed that Gel-3, with the highest concentration of OD,
significantly promoted the proliferation, migration, and ROS decrease of
chondrocytes. This suggests that it not only has the ability to induce
targeted cartilage-defect repair [44], but also has the potential to alle-
viate the progression of OA inflammation [45].

These were attributed to the fact that the Pg in glycopolypeptide POD
hydrogels is a cationic polymer, which reacts with the negative charge on
9

the cell-membrane surface to stimulate cell response, enhance cell
viability, and promote cell proliferation [23,46], and the PLL in Pg can
promote cell adhesion by up-regulating the expression of neural
(N)-cadherin [47–49]. Furthermore, the appropriate concentrations of
anionic OD can combine with part of the positive charge of Pg and
improve the biocompatibility of the glycopolypeptide POD hydrogels,
and the group Gel-3 showed the best biocompatibility in vivo and in
vitro.

Chondrogenesis experiments in vitro showed that Gel-2 and Gel-3
significantly promoted the up-regulation of dsDNA, sGAG, and
cartilage-related genes. Among them, the group Gel-3 significantly up-
regulated collagen type II and aggrecan, and had an excellent ability to
maintain the phenotype of the chondrocytes. This is because chon-
drocytes rely on the mechanical stimulation of the hydrogels to secrete
ECM and maintain the phenotype of the chondrocytes. The increase of
the cross-linking degree in Gel-3 enhanced their mechanical properties,
so they showed good chondrogenesis characteristics in vitro and the
ability to prevent chondrocyte dedifferentiation [50,51].

In addition, the glycopolypeptide POD hydrogels showed good tissue-
regeneration potential during the repair of implanted cartilage defects in
vivo, especially Gel-3. It is worth noting that the BV/TV and BMD in Gel-
3 reached 72% and 73% of the natural cartilage tissue, respectively. It
was followed by the appearance of a large number of hyaline cartilage-
like cells and the expression of collagen type II and aggrecan. The Gel-
3 had a good ability to repair cartilage defects in vivo and in vitro.

The reasons for the good cartilage-regeneration ability of the glyco-
polypeptide POD hydrogels in vivo and in vitro may be as follows:

1) Based on the PGs component of simulated ECM, the hydrogels aim to
supplement the polysaccharides in the external chondrocyte micro-
environment and maintain the integrity of the ECM tissue
composition.



Fig. 7. Evaluation of the repair of rabbit-knee cartilage defects with glycopolypeptide POD hydrogels. a) Establishment of the rabbit-knee cartilage-defect model and
implantation of hydrogels. b) Macroscopic observation of rabbit knee cartilage defect after hydrogels repair. (Red circle shows the repair area). c) Micro-CT (Green box
shows the repair area). d) Analysis of related indexes of articular-cartilage defect repairs: BV/TV%, BMD, and St.Sp. (n ¼ 3, scale ¼ 3 mm, *P＜0.05, **P＜0.01, ***P
＜0.001, ****P＜0.0001.).
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2) The hydrogel's own structure restores the microenvironment of
chondrocyte growth and guarantees a suitable space for chondrocyte
growth, proliferation, and ECM redeposition.

3) The adjustable biodegradability of the hydrogels matches the
cartilage-tissue regeneration rate, which provides support for the
developing chondrocytes and degrades to make room for the growth
of regenerated tissue.

Glycopolypeptide POD hydrogels can well simulate the ECM
composition. sGAG, as a polysaccharide molecule on the side chain of
10
PGs, has been widely used in clinical practice. However, sGAG is
currently isolated from animal sources, and face the same batch-to-batch
variation and even serious quality problems as PGs [52]. In this study, to
simulate the composition and structure of PGs, the glycopolypeptide POD
hydrogels were synthesized using a Schiff-base reaction, and was suc-
cessfully constructed to supplement the polysaccharide components of
the chondrocyte extracellular microenvironment. As a polymer network,
hydrogels exhibit high water content, permeability, reasonable pore size,
and porosity, which contribute to the exchange of metabolites, gases, and
nutrients with the extracellular environment; hence, it is a popular choice



Fig. 8. Histological staining a) H&E and b) Safranin-O staining. (scale ¼ 200 μm).
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for 3D culture space for the growth and development of chondrocytes
[53]. In addition to the general properties mentioned above, the glyco-
polypeptide POD hydrogels prepared by the Schiff-base reaction also
have high chemical selectivity and rapid performance. Once the
Schiff-base bond and gel in the network structure are destroyed, the
amino or acylhydrazide groups on the ruptured surface quickly react with
the aldehyde groups in contact to reform the Schiff-base bonds, thus
reconfiguring the hydrogels matrix for self-repair [54,55]. Therefore, the
glycopolypeptide POD hydrogels prepared using the Schiff-base reaction
have a dynamic 3D microenvironment that helps to maintain the cell
phenotype and promote the ECM deposition.

Glycopolypeptide POD hydrogels can well simulate the microenvi-
ronment of chondrocytes. Firstly, the hydrogels own morphology and
structure can provide water-rich chondrocytes, accommodate cell growth
and development, and allow the cells to contact and communicate with
each other in a stable growth environment [56]. Secondly, the pore size
of the hydrogels (Gel-1, Gel-2, and Gel-3) provides a space with appro-
priate mechanical strength for chondrocyte growth and favorable con-
ditions for chondrocyte survival and proliferation in cartilage-tissue
engineering [36–38]. In addition, we found that the pore size of the
glycopolypeptide POD hydrogels decreased significantly with the in-
crease of Pg concentration, which was attributed to the effect of the
higher molecular weight of PLL on the pore size [57,58]. Anti-swelling or
low swelling means that the swelling rate of the hydrogels is less than
150% [39,59]. The anti-swelling property can maintain the stability of
the mechanical properties and the integrity of the structure of the
11
hydrogels in the water-based environment [60,61]. The positively
charged Pg and OD in the glycopolypeptide POD hydrogels show good
anti-swelling ability, owing to the mutual attraction of different charges,
which provides an important guarantee for the stable mechanical
strength of the hydrogels implanted into the body to repair the defect
[62–64].

The degradation rate of the glycopolypeptide POD hydrogels well
matches the rate of the cartilage-tissue regeneration. The ideal hydrogels
network system used in cartilage-tissue regeneration engineering should
not only degrade fast enough to allow optimal matrix distribution and
tissue, but also slow enough to provide physical support, according to the
needs of the regenerated tissue [65]. Unfortunately, even if the
cross-linking degree was improved, a sufficiently large number of
hydrogels could not reach the degradation rate required for
cartilage-tissue repair in a short period of time [66]. Moreover, R. Jin
et al. [67] reported that the hydrogels in the PGs analogue based on
dextran degraded rapidly. Thus, it can be seen that hydrogels synthesized
with PGs face a rapid degradation rate that cannot match the rate of
chondrocyte regeneration.

In this study, by degrading three groups of the glycopolypeptide POD
hydrogels in PBS and type-II collagenase solutions under physiological
conditions, we confirmed the hydrogels' stability and enzyme degrad-
ability. The hydrogels hardly degraded in PBS solutions at different time
points under physiological conditions. This is because the amide bond in
Pg, the OD with the aldehyde group, and the Schiff-base bond formed by
the combination of the two are very stable in PBS solutions under



Fig. 9. IHC staining for collagen, aggrecan, and Sox-9. (scale ¼ 200 μm).
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physiological conditions [30,68]. However, the glycopolypeptide POD
hydrogels degraded significantly in type-II collagenase solutions, which
was attributed to the hydrolysis of Schiff-base bond by collagenase [69].
This suggested that it could be degraded by collagenase secreted by the
chondrocytes when applied to repair in vivo. In addition, it was sug-
gested that we could adjust the biodegradability of the hydrogels by
changing the concentration of the gel components.

Furthermore, increasing the OD concentration improve the cross-
linking of hydrogels with Pg and decreases the degradation of the
hydrogels [9,10,70]. The adjustable biodegradability of the glyco-
polypeptide POD hydrogels enables them to match the degradation rate
of regenerated tissue. This provides a reference for the reasonable design
of polymer-degradation rates in the future. In addition, at 4 weeks, the in
vitro enzyme-mediated degradation of Gel-3 was 60 � 1%, while at 6
weeks, the BMD and BV/TV of the regenerated tissue reached 72% � 1%
of that of natural cartilage tissue, respectively. These results suggest that
12
Gel-3 holds promise for biodegradation to match tissue regeneration. The
study still has some limitations, and suggestions for further improvement
should be proposed. First, the experimental results of degradation in vitro
and regeneration in vivo are a preliminary exploration of the possibility
of a dynamic balance between the degradation and regeneration. How-
ever, it is still necessary to detect simultaneous degradation and regen-
eration in animal experiments. Perhaps glycopolypeptide POD hydrogels
can be modified by fluorescence for non-invasive detection. Secondly,
the self-healing of the glycopolypeptide hydrogels produced by the
Schiff-base reaction improved the mechanical properties of the hydrogels
system to a certain extent, which improved the stress brittleness of
conventional hydrogels. However, the mechanical properties of the
hydrogels used in cartilage-tissue regeneration engineering still need to
be strengthened. Hence, the glycopolypeptide POD hydrogels should be
further modified to introduce polymers or chemical groups that can
enhance their mechanical properties.
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5. Conclusion

In summary, the glycopolypeptide POD hydrogels were prepared
using a simple preparation method. This new PGs analogue had good
biocompatibility and adjustable biodegradability matching the tissue
regeneration. It was confirmed that glycopolypeptide POD hydrogels
promoted the proliferation, adhesion, and migration of chondrocytes,
reduced the intracellular ROS of chondrocytes, and alleviated the prog-
ress of OA. In addition, it promoted ECM deposition and cartilage-specific
gene-expression up-regulation, showing the potential for subchondral
bone and hyaline-cartilage formation when repairing cartilage in vivo.

It is worth noting that the Gel-3 group, with a pore size of 122 � 12
μm, was particularly prominent in the above experiments, and provides a
theoretical reference for the design of cartilage-tissue regeneration ma-
terials in the future.
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