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Ultrafast, tough, and adhesive hydrogel based
on hybrid photocrosslinking for articular cartilage

repair in water-filled arthroscopy
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Yiqing Zhang®, Shengjian Tang®, Guangdong Zhou'*3#, Linyong Zhu>®, Qiuning Lin%*

A hydrogel scaffold for direct tissue-engineering application in water-irrigated, arthroscopic cartilage repair, is
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badly needed. However, such hydrogels must cure quickly under water, bind strongly and permanently to the
surrounding tissue, and maintain sufficient mechanical strength to withstand the hydraulic pressure of arthroscopic
irrigation (~10 kilopascal). To address these challenges, we report a versatile hybrid photocrosslinkable (HPC)
hydrogel fabricated though a combination of photoinitiated radical polymerization and photoinduced imine
cross-linking. The ultrafast gelation, high mechanical strength, and strong adhesion to native tissue enable the
direct use of these hydrogels in irrigated arthroscopic treatments. We demonstrate, through in vivo articular
cartilage defect repair in the weight-bearing regions of swine models, that the HPC hydrogel can serve as an
arthroscopic autologous chondrocyte implantation scaffold for long-term cartilage regeneration, integration, and

reconstruction of articular function.

INTRODUCTION

Articular cartilage defects with low capacity for self-repair are very
common in the clinic; they affect health and mobility and often re-
quire surgical intervention for repair (1-3). Over the past 20 years,
tissue-engineering strategies that combine autologous chondrocyte
implantation (ACI) with three-dimensional scaffolds have proven
effective for generating new cartilage tissue (4-6). Hydrogels com-
posed by three-dimensional hydrophilic polymer networks are ide-
al candidate scaffolds for tissue engineering because they can mimic
several essential features of the extracellular matrix (ECM) and fit
with irregularly shaped defects in situ (7-10). More recently, in situ
gelling strategies based on two-component cross-linking through
spontaneous bioconjugate chemistry (11-14) or enzyme-catalyzed
reactions (15, 16) have been developed as injectable hydrogel sys-
tems for cartilage tissue repair. Yet, recent findings indicate that
photocrosslinking strategies offer better spatiotemporal control and
are thus easier to use than two-component cross-linking (17-20).
Wang et al. (21) showed positive results using an elegant multistep
system that applies chondroitin sulfate-based glue for tissue inte-
gration followed by photoinitiated radical polymerization hydrogels
to promote cartilage regeneration, and a pilot clinical study has even
been initiated (22). Recently, our group developed an inherent tissue-
integration hydrogel using a photoinduced imine cross-linking
strategy to embed the exosomes of mesenchymal stem cells to facili-
tate efficient cartilage regeneration (23, 24).
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Despite these achievements, minimally invasive surgical proce-
dures have become increasingly preferred for these repairs in the clinic
(25, 26). According to statistics, more than 750,000 arthroscopic
meniscal debridement surgeries are performed each year in the
United States at an annual cost of about $3 billion, and more than
4 million procedures are performed each year worldwide (27). How-
ever, the current designs associated with hydrogel-based ACI scaffolds
are not suited for arthroscopic approaches. Unlike open surgery,
standard arthroscopic procedures require continuous fluid irriga-
tion with a hydraulic pressure of ~10 kPa to expand the lacunar for
surgery and adequate visualization (28). To accommodate these sur-
gical preferences, the implanted material needs properties that ex-
tend beyond the conventional focus of improving biocompatibility
for chondrocyte survival and cartilage regeneration. Specifically,
arthroscopic surgery requires hydrogels that can gel quickly in water,
bind strongly to the surrounding tissue, and maintain mechanical
stability to withstand the fluid pressure environment. However, to
date, no hydrogel has demonstrated all of these properties simulta-
neously. In the clinic, gel-like products are blindly injected into the
whole joint cavity after evacuating the arthroscopic devices and
therefore cannot accurately target the defect site. Alternatively, for
targeted application, irrigation must be stopped, and the joint that
completely drained of irrigation fluid using a suction cannula and
gauze before the hydrogel can be applied (29). Therefore, in situ
gelling strategies that integrate the properties described above are
urgently needed for direct use in fluid-irrigated arthroscopic surgery.

Here, we report a novel and versatile hybrid photocrosslinkable
(HPC) method that combines photoinitiated radical polymerization
and photoinduced imine cross-linking to fabricate double-network
(DN) hydrogels for ACI scaffolds. The introduction of methacrylate-
grafted hyaluronic acid (HA) ensures rapid gelation based on free
radical-initiated polymerization. After further combination with
o-nitrobenzyl (NB)-grafted HA (HANB) adhesive, the mechanical
performance of the HPC hydrogel was greatly enhanced through
DN-associated mechanisms. Simultaneously, the aldehyde groups
photogenerated from NB can rapidly react with the amino groups
distributed in gelatin (GL) or the surrounding cartilage surfaces.
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This reaction results in the formation of high-performance DN hy-
drogel scaffolds in situ, which synergistically anchor to the surround-
ing cartilage via imine bonds in one step. The ultrafast gelation,
high mechanical strength, and strong adhesion of the HPC hydro-
gel facilitate its direct use in water-filled arthroscopic surgery in vitro
and in vivo. Furthermore, subcutaneous implantation of chondrocyte-
loaded HPC hydrogel scaffold in nude mice to regenerate cartilage,
in addition to successful healing of articular cartilage defects in the
weight-bearing regions of a swine model, together demonstrate that
our hybrid photocrosslinking strategy is promising for arthroscopic
ACI treatment.

RESULTS

Preparation and characterization of HPC hydrogels

To construct the HPC hydrogel, HANB [molecular weight (My,) =
340 kDa, 3.5% NB-substituted degree] was first synthesized as de-
scribed in our previous report (fig. S1) (23). HA was chosen because
it is an important glycosaminoglycan (GAG) that is found in carti-
lage (30). GL (from porcine skin) was used as the amino precursor
of the first network because of its excellent cell adhesion capability
(31). In addition, methacrylate-modified HA [HAMA; M,, = 48 kDa,
83.1% methacrylate-substituted degree] and a lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) photoinitiator were intro-
duced as the gel precursors of the second network (fig. S2A). The
selection of HA M,,s was based on the overall balance of precursor
solution viscosity and mechanical performance of the DN hydro-
gels. The HANB, with higher molecular weight than HAMA, bene-
fits the construction of the sparsely cross-linked and stretchable
network necessary for DN hydrogels (32); the HAMA, with lower
M,,, was selected to avoid excessive viscosity in the gel precur-
sor solution.

The gelation process and mechanical properties of HPC hydro-
gels with different solid contents [HPC-Low, 9% (w/v), HANB/GL/
HAMA = 2:6:1; HPC-High, 17% (w/v), HANB/GL/HAMA = 4:12:1;
both with 0.2% (w/v) LAP (6.8 mM)] were compared with two single-
network (SN) gels [HANB/GL gel, 8% (w/v), HANB/GL = 2:6;
HAMA gel, 1% (w/v) with 0.2% (w/v) LAP] (Fig. 1A and table S1).
As shown in Fig. 1 (B and C) and movie S1, the combination of
photoinitiated radical polymerization and photoinduced imine cross-
linking ensured that the HPC hydrogels gelled rapidlyin 1.2 £ 0.2 s
through simultaneous photoactivation of the dual cross-linking re-
actions, whereas the HANB/GL and HAMA gels took 27.9 + 1.3 s
and 4.4 + 0.3 s to gel, respectively (Fig. 1D and fig. S2B). The final
storage moduli (complete gelation) of the HPC hydrogels were
markedly greater (6147 + 231 Pa and 12460 + 781 Pa for HPC-Low
and HPC-High gels, respectively) than those of the HANB/GL
(875 + 39 Pa) and HAMA (1965 + 42 Pa) gels (Fig. 1E).

The compression stress of the HPC-Low and HPC-High gel was
seven- and eightfold greater than that of the HANB/GL gel and
72- and 86-fold greater than that of the HAMA gel (Fig. 1F), respec-
tively. Even when the solid contents of HANB/GL and HAMA gels
were supplemented with nonfunctionalized HA to levels equivalent
with those in the HPC-Low gel [HANB/GL-Ctrl (control) and
HAMA-Ctrl groups in table S1], the mechanical performance was
still far below that of the HPC-Low gel. Furthermore, repeated com-
pression tests at strain of 10, 20, and 30% revealed no obvious
decline in the mechanical strength of the HPC gels over the compres-
sion cycle (Fig. 1, G and H). We thus concluded that the above
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mechanical performance was attributable to the mechanism of DN
enhancement (32) in which the rigid and brittle HAMA network
helps dissipate mechanical energy under large deformation, while
the stretchable HANB/GL network facilitates shape recovery after
stress removal. These results showed that the HPC gels had ultrafast
gelation rates and high mechanical strength, superior to those of the
SN gels.

Adhesion tests of HPC hydrogels

We next performed standard lap shear and burst pressure tests to
investigate the tissue-adhesive property of DN gels generated by
hybrid photocrosslinking. Lap shear testing based on the ASTM
F2255-05 standard was used to determine the shear strength be-
tween hydrogel and tissue using two glass slides coated with hog
casings as substrate (Fig. 2A). The lap shear strength of the DN hy-
drogels reached 23.7 + 1.0 kPa (HPC-Low gel) or 43.1 + 1.1 kPa
(HPC-High gel), which was higher than that of SN hydrogels (3.2 +
0.3 kPa for the HAMA gel or 11.9 + 1.2 kPa for the HANB/GL gel).
Next, burst pressure testing based on the ASTM F2392-04 standard
was performed using hog casings as substrate to test the ability of
the adhesive hydrogels to seal tissues under liquid pressure (Fig. 2B).
Similar to the results of lap shear strength testing, the burst pressure
of DN hydrogels reached 63.4 + 4.6 kPa (HPC-Low gel) or 78.7 +
3.1 kPa (HPC-High gel), which were also higher than that of SN
hydrogels (10.4 + 1.4 kPa for the HAMA gel or 32.8 + 2.8 kPa for the
HANB/GL gel). Notably, the enhanced tissue-adhesive capability of
the HPC hydrogels rivaled that of fibrin glue, a widely used bio-
adhesive in the clinic (14.2 + 1.1 kPa for shear strength and 21.8 +
2.8 kPa for burst pressure). Together, these results demonstrated
that the strength of tissue adhesion is highly related to the perform-
ance of hydrogels, and thus DN hydrogels with higher mechanical
properties exhibit higher strength of tissue adhesion.

We next examined the adhesion to cartilage by HPC hydrogels
using tensile strength and shear tests of the hydrogel-cartilage con-
structs glued to the plastic sheets. We found that the uniaxial tensile
(u) strength and horizontal shear (h) strength (Fig. 2, C and D) of
the HPC-Low gel (u = 16.4 + 1.2 kPa and h = 29.0 £ 3.2 kPa) were
markedly greater than those of the HANB/GL (u = 6.8 + 1.5 kPa and
h=13.1+1.6kPa)and HAMA (u=13+02kPaand h=2.6 +
0.6 kPa) gels (full details in table S2). Furthermore, the tensile and
shear forces required to dislocate the HPC gels from the cartilage
tissue increased as the hydrogel strength increased (HPC-High gel,
u=33.8+4.6and h =474+ 4.9kPa) [Fig. 2D, correlated with Fig. 1
(E and F)]. However, when the cartilage samples were presoaked in
10% formaldehyde solution to block the amino groups, the binding
strength decreased markedly (HPC-Low hydrogel-cartilage con-
structs, u=3.5+ 1.1kPaand h = 7.2 + 1.8 kPa; HPC-High hydrogel-
cartilage constructs, u = 4.6 £ 2.1 kPaand h = 9.0 + 2.5 kPa), thereby
demonstrating the contribution of chemical anchoring via imine
bonds on the hydrogel-cartilage interface. Note that there was a
limited decrease in binding strength, regardless of whether photo-
induced adhesion occurred in a subaqueous environment or after
addition of cells into the gel matrix. The above results indicate that
photoinduced imine cross-linking between the HANB adhesive and
the cartilage surface results in strong hydrogel-cartilage bonding.

To further scrutinize the integration of HPC hydrogel and carti-
lage tissue, we used scanning electron microscopy (SEM) to exam-
ine the gel-tissue interface. The SEM images revealed a tight and
seamless interface between the surrounding cartilage tissue and
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Fig. 1. Rheological and mechanical characterization of HPC hydrogels. (A) Schematic illustration of mechanisms for HPC hydrogel construction. (B) Photographs
showing rapid gelation of the HPC hydrogel within 1 s. (C) Representative rheological analysis of the HPC-Low gel. Statistical analysis of (D) gel points and (E) final storage
moduli of the HANB/GL, HAMA, and HPC gels. (F) Representative compressive stress-strain curves of the HANB/GL, HAMA, and HPC gels. (G) Representative results of re-
peated compression tests of the HPC-Low gel (10 times at each strain): 10, 20, and 30%. (H) Photographs of multiple cycle compressions on HPC-Low gel without any
breakage. All the gelling measurements were conducted using a 395-nm light-emitting diode (LED; 50 mW/cm?). Exposure time, 180's.n = 4; ***P < 0.001 and ****P < 0.0001.
HANB/GL gel, 8% (w/v); HANB/GL = 2:6; HAMA gel, 1% (w/v), 0.2% (w/v) LAP; HPC-Low gel, 9% (w/v); HANB/GL/HAMA = 2:6:1, 0.2% (w/v) LAP; HPC-High gel, 17% (w/v);
HANB/GL/HAMA =4:12:1, 0.2% (w/v) LAP. Photo credit: Yujie Hua, Shanghai Jiao Tong University School of Medicine.

HANB/GL, HPC-Low, and HPC-High hydrogels, respectively (Fig. 3A
and fig. S3). In addition, the hydrogels with higher density cross-
linkage exhibited tighter network structure and interfacial morpholo-
gy, consistent with our structural predictions of the hydrogel-cartilage
interfaces. By contrast, we observed obvious separation at the inter-
face in the HAMA gel group (fig. S3A), consistent with the non-
adhesive property of the HAMA gel.

We then examined the chemical anchor between the HANB ad-
hesive and the cartilage tissue by attenuated total reflection-Fourier
transform infrared (ATR-FTIR) spectroscopy and x-ray photoelectron
spectroscopy (XPS). To prepare samples coated in a monomolecular
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layer, a very dilute solution of one-component HANB adhesive
[0.1% (w/v)] was used to soak the cartilage samples, instead of the
whole hydrogel precursor, followed by 3-min light irradiation. As
shown in Fig. 3B, the ATR-FTIR spectrum of the untreated cartilage
had typical peaks that were attributable to protein amide-I at
1660 cm ™, to amide-IT at 1570 cm ™, and to amide-IIT at 1260 cm ™.
After treatment of the cartilage with HANB adhesive, a characteris-
tic peak attributable to alkoxyl groups appeared at 1020 cm ™', indi-
cating the presence of HA. After irradiation with 395-nm light, new
infrared bands appeared at 1705 and 1640 cm ™, which were associated
with C=0 stretching vibrations and C=N stretching vibrations,
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Fig. 2. Adhesion tests of HPC hydrogels. (A) Standard lap shear and (B) burst pressure tests to determine the hydrogel-tissue binding strength of the HPC hydrogels
compared with those of HAMA gel, HANB/GL gel, and Fibrin glue (commercially available sealant). Schematic illustration (top) and photographs (right) of the modified
standard methods for lap shear and burst pressure tests. (C) Schematic illustration (top) and photographs (bottom) of the uniaxial tensile and horizontal shear tests of the
HPC or HANB/GL gel-cartilage interface strength. (D) Hydrogel-cartilage interface strength measured by tensile and shear tests. For the amino-blocked group, the carti-
lage was preprocessed by 10% formaldehyde solution to block the amino groups before use. For the submerged group, the sample of gel-cartilage construct was pre-

pared under water. Light: 395-nm LED, 50 mW/cm?. Irradiation time, 180's.n

=4;*P<0.01,***P<0.001, ****P < 0.0001, and #P < 0.01 compared with the HPC-Low gel; ns,

no significance. The hydrogel compositions are the same as in Fig. 1. Photo credit: Yujie Hua, Shanghai Jiao Tong University School of Medicine.

respectively. Furthermore, the XPS results revealed that the carti-
lage treated with HANB adhesive had a larger peak area of C=0
(287.8 eV) and C—O (285.8 eV) species than bare cartilage, consistent
with the fact that proteoglycan-rich HANB contains more oxygen
molecules in both the sugar ring and pendant alcohol groups. After
light irradiation treatment, the intensity of the peak attributable to
C=0 (287.8 €V) increased and a new component associated with
C=N bonds appeared at 286.2 eV (Fig. 3C and fig. S2C). This finding
confirmed the presence of aldehyde groups photogenerated by HANB
and the subsequent formation of imine bonds by photoinduced imine
cross-linking on the cartilage surface.

Swelling and biodegradation properties of HPC hydrogels

Swelling and biodegradation are essential properties of hydrogel
scaffold-based cartilage tissue engineering. Therefore, we investi-
gated the swelling and biodegradation attributes of HANB/GL,
HPC-Low, and HPC-High gels, both in vitro and in vivo (data of
HAMA gel are not shown because it was too brittle to implant). The
in vitro studies were carried out in Dulbecco’s phosphate-buffered
saline (D-PBS) with or without hyaluronidase enzyme. The in vivo
degradation processes were monitored after subcutaneous implan-
tation in rat models. As shown in table S1, HPC-Low gel showed a
low swelling ratio of 108.5 + 1.9% compared to that of HANB/GL
gel (246.9 + 6.4%). However, as the solid content increased, the
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swelling ratio of HPC-High hydrogel also increased to 162.8 + 5.3%.
This result is due to a substantially increased capacity for hydration
by the doubled solid content of HANB, which overcomes the limited
increase in cross-linking density in the first network (gel fraction,
94.8 + 0.7% for HPC-Low gel and 87.9 + 1.4% for HPC-High gel),
and consequently leads to a higher swelling ratio for the stiffer HPC-
High hydrogel. After reaching complete swelling equilibrium, HPC
hydrogels stabilized in the buffer solution and underwent enzyme
concentration-dependent degradation when supplemented with
hyaluronidase (100 or 50 U ml™") (fig. S4A). Although the stiffer gel
exhibited a slower degradation rate, both of materials were com-
pletely degraded within 7 days, indicating that HPC gels could be
degraded by standard enzymatic mechanisms (33).

Further in vivo time-dependent changes in HPC gels were re-
spectively determined by dry weights and volumes of the gel sam-
ples at 7, 28, and 56 days after implantation. The results in fig. S4B
showed that during the initial swelling period (approximately 7 days),
the HPC-High gel showed faster mass loss than HPC-Low gel, which
was consistent with calculations of the gel fraction that showed that
the addition of excess solid content within the gels led to greater
contents of uncross-linked polymer precursors. After attaining
swelling equilibrium, the weight of HANB/GL gel decreased sharply
because of a rapid rate of degradation, whereas the HPC hydrogels
degraded more slowly. In addition, the low swelling ratio and
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Fig. 3. Integrated interface of the hydrogel-cartilage constructs. (A) Schematic illustration of chemical bonding at the interface structure and the corresponding SEM
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without light irradiation. Light: 395-nm LED, 50 mW/cm?. Irradiation time, 180 s. The hydrogel compositions are the same as in Fig. 1. a.u., arbitrary unit.

moderate degradation rate for HPC-Low gel compared to that of
HANB/GL and HPC-High gels contributed to a low fluctuation in
volume, which should benefit the subsequent cartilage repair.

Evaluation of cartilage regenerative capability

ondifferent hydrogels

To select the proper hydrogel scaffold for cartilage regeneration, a
static subcutaneous implantation model was used for preliminary
studies. Briefly, the chondrocyte-loaded hydrogels (HANB/GL, HPC-
Low, and HPC-High gels at a density of 100 x 10° cells ml™") were
subcutaneously implanted into nude mice and harvested at 8 weeks
to evaluate the maturation degree of generated cartilage. Mean-
while, the hydrogels were intentionally prepared in rosette or star
shapes to better evaluate the capability of regenerated cartilage to
maintain the shape of the scaffold implants after long-term subcu-
taneous implantation (Fig. 4, A and B). We found that both HPC-
Low and HPC-High groups generally retained their original shapes,
while the HANB/GL group lost almost all of its original shape
because of insufficient mechanical strength (fig. S5A correlated
with Fig. 1F).

Histological examination further confirmed that both HANB/GL
and HPC-Low groups displayed better cartilage maturation with
homogenous structure, typical lacunae, and cartilage-specific ECM
deposition, whereas the HPC-High group presented a hybrid struc-
ture with obvious residual material (Fig. 4C and fig. S6). It is possi-
ble that the inferior cartilage formation observed in the HPC-High
group was due to the stiffness of the network, which limited nutri-
ent diffusion and material degradation (34). Further quantification
of total collagen, GAG content, and Young’s modulus generally
agreed with histological results (Fig. 4, D to F). Specifically, the
HANB/GL group showed the highest collagen and GAG content
and strongest mechanical properties, followed by HPC-Low group,
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while the HPC-High group exhibited the worst performance. It is
worth pointing out that these quantitative results in all groups were
lower than those in native samples, potentially because the short
in vivo implantation time was insufficient for full material degrada-
tion (correlated with fig. S4B) and neomatrix maturation (35). In
addition, compared with the dynamic environment in normal artic-
ular cartilage, the lack of mechanical stimulation in the static envi-
ronment of the subcutaneous model could also potentially lead to
the above differences. In light of its low swelling ratio, appropriate
degradation rate, stable shape retention, and effective cartilage re-
generation, HPC-Low gel was selected for all the subsequent in vitro
and in vivo experiments.

To further demonstrate the importance of sufficient cell density
for cartilage regeneration, chondrocyte-loaded HPC-Low gels with
different cell densities of 25 x 10%, 50 x 10, and 100 x 10° cells ml™"
were evaluated by subcutaneous implantation in nude mice. The his-
tological results (fig. S5B) showed that only the 100 x 10° cells ml ™
group regenerated homogeneous cartilage, whereas the 25 x 10°
and 50 x 10° cells ml™" groups showed obvious heterogeneous
structures with hybrid fibrous-like tissue among the regenerated
cartilage islands. These results demonstrated that a sufficiently high
cell count is required for effective cartilage regeneration when using
high-performance DN hydrogel as the scaffold.

Cytocompatibility and biosafety of HPC hydrogels

In consideration of the optimal performance of HPC-Low com-
pared with the other gels, we then evaluated the cytocompatibility
of the HPC-Low gel using CCK-8 assays and LIVE/DEAD staining.
The gel precursor did not show obvious cytotoxicity (>90% cell via-
bility) for chondrocytes at different concentrations of gel precursor
(fig. S7A). Moreover, LIVE/DEAD staining in an in vitro 3D cell
culture model revealed that dead cells were largely undetectable at
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***%p < 0.0001. Photo credit: Huitang Xia, Weifang Medical University.

24 hours after the light-induced encapsulation process, thus demon-
strating that the photocrosslinking process exerted no obvious neg-
ative effects on cell viability (fig. S7, B and C). No dead cells were
detected during the full period of in vitro culture and a slight in-
crease was observed in cell counts over the culture time, indicating
stable growth and survival of chondrocytes. All of these above re-
sults confirmed the satisfactory cytocompatibility of the HPC-Low
hydrogel and its photocrosslinking process.

The biocompatibility and safety of the HPC-Low hydrogel were
further evaluated by hematoxylin and eosin (H&E) staining and
immunohistochemical staining of macrophages (CD68) and lym-
phocytes (CD3) at 7 and 28 days after subcutaneous implantation in
a rat model (fig. S7D). No obvious tissue adhesion was observed
between the hydrogel and its surrounding tissue at either time
point. The results of immunohistochemical staining showed that
only a thin layer of CD68" macrophages were observed at the outer
edge of the HPC-Low gel at day 7, while these CD68 cells substan-
tially decreased by day 28. In addition, CD3" lymphocyte infiltra-
tion could not be widely detected at either time point. Notably, the
histological structures around the implants had recovered to a thin
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fibrous feature, similar to that of surrounding native tissue, by day
28. These results indicate that the HPC-Low hydrogel induces only
a mild inflammatory response to the host organism.

In vitro feasibility evaluation for HPC hydrogel-based
arthroscopic cartilage repair under water
On the basis of the ultrafast gelation, high mechanical strength, and
high tissue-adhesion strength, the HPC hydrogel is an appropriate
ACI scaffold for subaqueous arthroscopic treatment. To test this
possibility, we investigated underwater cartilage repair using the HPC
hydrogel. Because arthroscopic surgery requires fluid irrigation, the
tools for injection and light irradiation must be convenient and
quickly switched to prevent diffusion of the gel precursor from the
target site under water. To address this issue, we designed a mini-
mally invasive arthroscopic device with an external diameter of
7 mm that combined a channel with the functions for injection and
a fiber optic channel for irradiation within a single tube (Fig. 5A).
The intermediate viscosity of the gel precursor solution (table S1)
enabled accurate injection of the HPC-Low gel into the target site
(i.e., the cartilage defect), which was submerged in water (Fig. 5B).
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Fig. 5. Feasibility evaluation of HPC hydrogel-based arthroscopic cartilage
repair under water invitro. (A) Schematic illustration (left) and photograph
(right) of the arthroscopic device with combined hydrogel injection tube and opti-
cal fiber channel for curing (7 mm external diameter). (B) Photographs of in vitro
operation of in situ cartilage defect repair using HPC hydrogel under water: injec-
tion of gel precursor (i), light irradiation (i), and repaired cartilage defect (jii). (C) The
cured hydrogel-cartilage constructs are flushed with water at various hydraulic
pressures: HANB/GL gel (i), HAMA gel (ii), and HPC-Low gel (iii). (D) Resistance to
water pressure during washing of the repaired cartilage defect by HANB/GL,
HAMA, and HPC-Low gels. Fast Green FCF dye is added to the hydrogel for visual-
ization. Light: 395-nm LED, 50 mW/cm?. Irradiation time, 10 s. n=3, **P <0.001.
The hydrogel compositions are the same as in Fig. 1. Photo credit: Yujie Hua,
Shanghai Jiao Tong University School of Medicine.

The gel precursor did not diffuse from the target site within the
short time frame needed for irradiation with 395-nm light (approx-
imately 10 s). The hydrogel formation was tightly integrated with
the surrounding cartilage tissue and was capable of withstanding a
hydraulic pressure of 47.8 + 6.5 kPa when flushed with water. This
pressure is far beyond that typically required by arthroscopic treat-
ment (~10 kPa) (Fig. 5, C and D, and movie S2). However, SN gels
were easily washed away, owing to either slow gelation or poor ad-
hesion, and were only able to withstand low hydraulic pressures
(2.7 + 0.6 kPa for the HANB/GL gel and 6.1 + 0.8 kPa for the
HAMA gel).

Evaluation of water-filled arthroscopic ACl treatment based
on HPC hydrogel scaffolds in a swine model

On the basis of the results of in vitro tests, we then evaluated the
feasibility of arthroscopic cartilage repair using HPC-Low hydrogel
in a swine model (Fig. 6A and fig. S8A). The 7-mm-diameter cylin-
drical, full-thickness, articular cartilage defects, which have been
demonstrated to lack the capacity to self-heal (36), were created at
the weight-bearing regions of the femoral medial and lateral con-
dyles of the knee joint. Arthroscopic treatment of the knee chondral
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defects was performed under continuous saline irrigation. Saline
was supplied from a height of 1.0 m, which resulted in a hydraulic
pressure of approximately 10 kPa due to the effects of gravity. As
shown in Fig. 6B and movie S3, the HPC-Low gel precursor was
injected into the target site and irradiated immediately for 10 s.
Consistent with the in vitro experiment, the HPC-Low hydrogel
formed rapidly and integrated with the surrounding tissue, even in
the saline-filled articular cavity, whereas the SN gels could not be
successfully applied under the same conditions. Together, these re-
sults indicate that the HPC-Low hydrogels are quick-gelling, mechan-
ically strong, and highly adhesive, even underwater, and are thus
well-suited to fluid-irrigated arthroscopic cartilage repair.

To further evaluate the potential of HPC-Low hydrogels in car-
tilage repair and regeneration when loaded with chondrocytes, we
established a swine articular cartilage defect model and closely scru-
tinized the tissue regeneration process. Autologous ear chondrocytes
of passage 2 with specific phenotypes and chondrogenic ability (37)
were used as the seed cells. The defects were repaired with cell-loaded
HPC-Low hydrogel in the experimental (Exp) group or with cell-
free HPC-Low hydrogel in the Ctrl group. During the operation,
the cell-free and cell-loaded HPC-Low hydrogel precursor solutions
both fit well with the defects. They were then gelled in situ and inte-
grated with the surrounding native articular tissue by light irradia-
tion [395-nm light-emitting diode (LED), 50 mW/ cm?]. One of the
same pigs was tracked by magnetic resonance imaging (MRI) at dif-
ferent points to monitor the repaired regions. As shown in Fig. 6C
and fig. S8B, MRI revealed that both cell-loaded and cell-free HPC-
Low hydrogels were effectively retained in the repaired regions.
Notably, cartilage regeneration in the Exp group presented a time-
dependent trend, which was inferred from the gradual deterioration
of the bright water signals (i.e., strong signals shifted to weak sig-
nals) (38).

After 6 months, the pigs were euthanized to harvest the repaired
knee joints for gross observation, histological examinations, and
biochemical and biomechanical analyses. From the representative
gross view of the repaired regions (Fig. 6D), we found that the de-
fects in the Exp group were well repaired, exhibiting cartilage-like
tissue with satisfactory healing at the interfaces. In contrast, incom-
pletely developed cartilage- and fibrosis-like hybrid tissues were
observed in the Ctrl group. Histological examination with H&E,
Safranin O, and type II collagen staining further confirmed these
observations. As shown in Fig. 6E and figs. S9 and S10, the repaired
regions in the Exp group exhibited consistent results with relatively
homogeneous, hyaline, cartilage-like histological features: mature
cartilage lacunae, strong cartilage-specific ECM staining, and a car-
tilage thickness similar to that of the surrounding normal articular
cartilage. Although injury to the calcified layer was unavoidable
during defect creation in some animals, as is common and widely
reported in previous studies (39), and could potentially result in mi-
nor aesthetic flaws due to cartilage growth in the subchondral bone
(figs. S10, A, B, and D), the newly generated tissues appeared well
integrated with the surrounding cartilage and subchondral bone,
with good interfacial healing.

By contrast, the control groups showed considerable variability
among individuals. Although the repaired regions in the Ctrl groups
showed positive staining for GAGs and type II collagen due to the
presence of native seed cells, such as the marrow cells derived from
bone bleeding during surgery, the repaired regions exhibited obvi-
ous tissue disruption, thin cartilage depth, and a rough surface. The
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Fig. 6. Evaluation of water-filled arthroscopic ACI treatment based on HPC hydrogel scaffolds in a swine model. (A) Schematic illustration of HPC hydrogel appli-
cation in water-irrigated arthroscopic articular cartilage repair. (B) Photographs of in vivo operation of in situ arthroscopic cartilage defect repair using HPC hydrogel
under continuous saline irrigation at ~10 kPa: defect (i), injection of gel precursor (i), light irradiation (iii), and complete repair (iv). Fast Green FCF dye is added to the
hydrogel for visualization. (C) Representative MRI images (axial) obtained at 1 and 3 months after treatment showing cartilage tissue repair. Exp group, red arrows. Ctrl
group, yellow arrows. (D) Representative gross view of the repaired regions at 6 months after surgery. Exp group, red arrows. Ctrl group, yellow arrows. (E) Representative
histological images of H&E, Safranin O, and type Il collagen staining of the repaired regions showing strong positive staining of GAGs, ideal interfacial integration with the
surrounding native tissues, and satisfactory cartilage regeneration in the Exp group. RA, repaired area; IF, interface; NA, native area. Black arrows indicate repaired regions.
Black bars, 1 mm. White bars, 500 um. (F) Representative micromechanical experiment data and (G) statistical analysis of Young's moduli of cartilage samples from the

repaired regions of the Exp and Ctrl groups and the normal region (n=5). **P < 0.01. Photo credit: Huitang Xia, Weifang Medical University.

cartilage defects were so large that cell recruitment based on hydrogel
scaffold alone was inadequate to meet the high cell counts required
for satisfactory repair of these cartilage defects; thus, unpredictable
external factors could remarkably interfere with the repair effects in
the control defects, leading to highly inconsistent results. Even in the
control animal with the closest histological outcomes to that of
the Exp groups, further Sirius red staining indicated that the re-
paired cartilage in control group was mainly composed of fibro-
cartilage containing type I collagen rather than hyaline cartilage
(fig. S11 correlated with Fig. 6E). Overall, the histological grading
scores in the Exp groups were significantly better than those of the
Ctrl groups (fig. S12A).
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Quantitative analysis of the regenerated cartilage further supported
the above observations. The ECM (such as GAGs and total collagen)
and DNA contents in the Exp group were significantly higher than
those in the Ctrl group, although no significant differences were ob-
served between Exp and Ctrl groups in relative expression levels of
chondrogenic marker genes (fig. S12B). As the primary indexes of
functionality, compressive strength and Young’s modulus in the Exp
group reached a comparable level to that of native articular cartilage,
significantly higher than those in the Ctrl group (Fig. 6, F and G). Col-
lectively, these results demonstrated satisfactory cartilage regeneration
through application of chondrocyte-loaded HPC hydrogel, even in the
mechanically demanding weight-bearing regions of the knee joint.
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DISCUSSION

The repair of articular cartilage defects is highly challenging clinical
procedures. Despite considerable advances in tissue-engineering
technology based on hydrogel scaffolds for cartilage repair, hydrogel
scaffolds face further challenges for clinical adoption over traditional
methods for improving cartilage regeneration due to the general
preference for minimally invasive surgery. Different from open sur-
gery, arthroscopic surgical processes that use continuous ~10-kPa
fluid irrigation require that hydrogels gel quickly in water, bind
strongly to the surrounding tissue, and maintain mechanical stabil-
ity to withstand the fluid pressure environment and continuous
joint movement. However, until now, deficient performance in ei-
ther operability or mechanical properties—including gelation rate,
mechanical strength, and tissue-adhesion ability—have limited in situ
gelling techniques in their direct application in arthroscopy surgery.

In the current work, we combine photoinitiated radical polym-
erization with photoinduced imine cross-linking to develop a novel
class of hybrid photocrosslinked hydrogel scaffolds, which exhibit
both rapid gelation rates and high tissue-adhesion strength derived
from the integration of two different gel networks. The hybrid pho-
tocrosslinking strategy accelerates the gelation rate to within 2 s and
thus ensures that the highly hydrated gel precursor cures extremely
quickly after injection to prevent dilution or diffusion in the pres-
surized fluid environment. The effective dissipation of mechanical
energy by the DN structure increases the mechanical strength of
HPC hydrogels (up to ~2 MPa), which, in turn, improves the ability
of the hydrogel to adhere to tissue. On the one hand, the chemical
anchorage between the photogenerated aldehyde groups of the
HANB adhesive and the amino groups distributed on the tissue sur-
faces results in intrinsically high capacity for tissue adhesion. On
the other hand, the strengthened hydrogel-tissue bonding of the
HPC hydrogel system can support higher interfacial toughness by
dissipating a substantial amount of mechanical energy (40, 41).

To balance the potential restrictions on cartilage regeneration by
DN hydrogels with high cross-linking density, a relatively high cell
density of 100 x 10° cells ml™" was needed. The HPC hydrogel scaf-
folds loaded with chondrocytes not only provide appropriate me-
chanical strength for long-term shape retention but also improve
cartilage regeneration, successfully regenerating homogeneous car-
tilage in static subcutaneous cultures in nude mice. Although static
subcutaneous models cannot accurately simulate the dynamic envi-
ronment of articular cartilage, the results obtained with the subcu-
taneous model provide direct evidence of a static degradation rate
and cartilage regeneration in vivo. Consequently, the HPC hydro-
gels exhibit ultrafast gelation, appropriate mechanical strength, en-
hanced tissue adhesion, and homogeneous cartilage regeneration,
thus indicating their potential application in arthroscopic carti-
lage repair.

Another important factor for successful arthroscopic ACI treat-
ment is whether these improved properties are retained in subaqueous
applications. Swelling and degradation tests revealed that HPC-
Low gel, which has a low solid content, kept its volume more effec-
tively than HPC-High hydrogel, thus ensuring long-term persistence
after implantation for accurate cartilage repair. Hence, the HPC-Low
hydrogel was selected for the arthroscopic treatment in this work. To
accommodate application in minimally invasive surgery, we also
designed an arthroscopic device that combines the functions of pre-
cursor injection with fiber optic light irradiation. In vitro experi-
ments showed that, after injection, HPC-Low gel precursors quickly

Hua et al., Sci. Adv. 2021; 7 : eabg0628 25 August 2021

cured upon light irradiation and tightly integrated with the sur-
rounding cartilage tissue. Moreover, the cured gels could withstand
a hydraulic pressure of 47.8 + 6.5 kPa, far beyond the ~10 kPa limit
required for arthroscopic treatment. Similarly, the HPC-Low hy-
drogel was relatively easy to apply in the weight-bearing regions of
a swine model in vivo, without the need for tedious drying of the
irrigation fluid, which is an indispensable step prior to the applica-
tion of currently used hydrogels. These results thus demonstrated
that the superior performance of the HPC-Low hydrogel can be di-
rectly applied in minimally invasive surgery in vivo.

Further combination with a sufficient number of chondrocytes
resulted in the cell-loaded groups consistently exhibiting more sta-
ble and better repair effects than that of cell-free groups. All of the
newly generated cartilage in the cell-loaded defects exhibited typical
lacunae structures, hyaline cartilage-specific ECM, and tight inte-
gration with the surrounding cartilage, and subchondral bone. By
comparison with similar previous studies, we found that the current
results of cartilage defect repair were essentially consistent with oth-
er methods [such as acellular HA hydrogel (42), blood clot (43), and
cell-seeded collagen hydrogel (44)]. The acellular hydrogel scaffold
can lead to repair of cartilage defects to a limited extent, whereas a
cell-loaded hydrogel scaffold can obviously enhance the cartilage
repair effects. Unfortunately, because of unavoidable injury of the
calcified layer during the creation of cartilage defects, we observed,
in some samples, undesirable growth of regenerated cartilage in the
subchondral bone, which has also been reported in several previous
studies (39). To solve this issue, we propose that bone marrow stem
cells (BMSCs) may provide a more reliable option than ear-derived
chondrocytes for implantation with the HPC hydrogel substrate,
since BMSCs have both chondrogenic and osteogenic potential (45).

In summary, the current study presents a novel hybrid photo-
crosslinking strategy for constructing a DN hydrogel as a tissue-
engineered ACI scaffold for arthroscopic cartilage repair. The ultrafast
gelation, high mechanical strength, and strong adhesiveness of the
HPC hydrogel qualify it for direct use in fluid-irrigated arthroscopic
surgery. The HPC hydrogel ACI scaffold successfully repaired artic-
ular cartilage defects in the weight-bearing regions of a swine model.
While this work represents a proof-of-concept study, after refine-
ment and optimization (e.g., to reduce the implanted cell density),
we can envision wide adoption of HPC hydrogels as scaffolds in
advanced cartilage repair for application in minimally invasive ar-
throscopic treatments.

MATERIALS AND METHODS

Materials

HA (M, 340 or 48 kDa), GL (from porcine skin), methacrylic an-
hydride, sodium hydroxide, lithium LAP, and 4-(4,6-dimethoxy-1,3,5-
triazin-2-yl)-4-methyl morpholinium chloride were purchased from
Sigma-Aldrich. All the other chemicals were reagent grade and de-
ionized (DI) water was used.

Synthesis of hydrogel precursors

The synthesis of HANB

HA (2 g, My, of 340 kDa) was dissolved in 100 ml, 0.1 M 2-
morpholinoethanesulfonic acid (MES) solution (pH = 5.17), and
4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl morpholinium chloride
(0.4 g, 1.36 mmol) was added. NB (60 mg, 0.18 mmol) was dis-
solved in dimethyl sulfoxide, added into the above solution and
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stirred overnight in the dark at 30°C. Then, the solution was dia-
lyzed against DI water for 3 days followed by freezing and lyophilizing.
"H nuclear magnetic resonance (NMR) analysis was performed to
determine the substitution degree of the nitrobenzyl group as previ-
ously described (23).

The synthesis of HAMA

Methacrylic anhydride (8 ml) was added dropwise to a 2% (w/v) HA
(2 g, M, of 48 kDa) solution in an ice bath. The pH was maintained
between 8 and 11 adjusted by 5 M NaOH (aq), and the reaction
continued overnight in the dark at 4°C. The solution was centri-
fuged to remove insoluble substance. The pH was adjusted to 7.4 by
1 M HCI (aq). Then, the crude product was dialyzed against DI wa-
ter for 3 days followed by freezing and lyophilizing. 'H NMR analy-
sis was performed to determine the degree of methacrylation as
previously described (46). All the other polymers were purchased
from Sigma-Aldrich. Hydrogel precursors of HANB, GL, HAMA,
and LAP were mixed according to different requirements in
D-PBS (pH 7.4) at 37°C. Then, the above specimens were subject-
ed to different measurements following light irradiation (395-nm
LED, 50 mW/cm?).

Rheological analysis

Dynamic rheology experiments were performed on a HAAKE MARS
III photorheometer with parallel-plate (P20 TiL, 20 mm diameter)
geometry and 395-nm LED (50 mW/cm?) at 37°C. Time sweep
oscillatory tests were performed at a 10% strain [Controlled Deform-
ation (CD) mode], 1-Hz frequency, and a 0.5-mm gap for 180 s.
Strain sweeps were performed to verify the linear response. The gel
point was determined as the time when the storage modulus (G’)
surpassed the loss modulus (G”). The final storage modulus, calcu-
lated as the balance of rheological tests, was recorded as the final
modulus of hydrogels.

Light irradiation time

For all experiments involving the comparison of three groups of
materials (HANB/GL gel, HAMA gel, and HPC gel), light irradia-
tion time of 180 s was used for consistency because the control
group HANB/GL gel needed 180 s to finish the gelation. For the
subsequent animal experiments after abandoning the control group
of HANB/GL gel and HAMA gel, a light irradiation time of 10 s
was used.

Tests of mechanical properties

Mechanical tests were carried out for as-prepared hydrogels using a
GT-TCS-2000 universal material testing machine with 20-kN ca-
pacity. For compression tests, hydrogel samples were prepared as
cylindrical shapes, 10 mm in diameter and 3 mm long, with speed
set at 1 mm/min. The cyclic compression tests were conducted
10 times for each strain at 10, 20, and 30%. The hydrogels were
subjected to compression tests after complete gelation upon light
irradiation (395-nm LED, 50 mW/cm?).

Lap shear tests

Lap shear test was performed according to a previous method (23).
Briefly, a 3.5 x 2.5 cm fresh hog casing was attached to an 8 X 2.5 cm
glass slide with cyanoacrylate glue. Then, 100 ul of gel precursor was
uniformly dispersed on the surface of the hog casing. A second hog
casing was attached to a glass slide and placed on the first glass slide.
The obtained test samples were irradiated with a 395-nm LED
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(50 mW/cm?) to allow the gel precursor to gel in situ. One side of
the sample was fixed, and increasing pull strength was applied to the
other side by a GT-TCS-2000 universal material testing machine.
Then, the tissue adhesive strength of the hydrogel was calculated
according to Eq. 1. Four samples were tested to determine the adhe-
sive strength of each group (n = 4)

Tissue adhesive strength = F/A (1)
where F is the pulling stress and A is the adhesive area.

Burst pressure tests

Burst pressure tests were performed according to a previous meth-
od (19). Briefly, a piece of 4 x 4 cm hog casing was cut and cleaned
to remove any excess fat. The hog casing was fixed to the measure-
ment device that was linked to a syringe pump and filled with water.
A 2-mm incision was made on the hog casing surface after which
the hydrogels were formed in situ on the puncture site. The burst
pressure was measured after the complete gelation of the hydrogels.
The pressure at which it began to decrease was considered the burst-
ing pressure. Four samples were tested to determine the burst pres-
sure of each group (n =4).

Measurement of hydrogel-cartilage interface strength

The cartilage samples with a cylindrical shape of 7 mm diameter
and 1 mm length were drawn from swine articular cartilage and
washed with DI water to clean the surface of cartilage tissue. The
hydrogel precursor solution was applied to the cartilage sample, fol-
lowed by light irradiation (395-nm LED, 50 mW/cm?) for 3 min.
The hydrogel-cartilage samples were glued to plastic sheets for ten-
sile and shear tests. One side of the plastic sheet was fixed, and in-
creasing tensile or shear strength was applied to the other side by
adding a certain amount of water to a barrel that was fixed to the
glass slide using a string. When the interface was separated, the mass
of the water and barrel was recorded. Then, the hydrogel-tissue in-
terface strength was calculated according to Eq. 2. Four samples were
tested to determine the hydrogel-tissue interface strength of each
group (n=4)

Hydrogel — cartilage interface strength = F/A ()
where F is the tensile or shear stress and A is the adhesive area.

SEM analysis of the hydrogel-cartilage interface

To evaluate the integration of the cartilage tissue and hydrogels, the
samples were dehydrated by freeze drying immediately. Then, the
dehydrated samples were coated with gold-palladium in a Hitachi
S-3400N ion sputter and observed.

ATR-FTIR and XPS experiments

The cartilage samples were first washed with DI water to clean the
surface of cartilage tissue. Then, 0.1% (w/v) HANB adhesive solution
was applied to soak the cartilage sample, followed by light (395-nm
LED, 50 mW/cm?) irradiation for 3 min or without irradiation (con-
trol). The treated samples were dried at 40°C for 12 hours. Then, ATR-
FTIR spectra were recorded on a Nicolet 6700 FTIR spectrometer.
Film characterization using XPS was carried out in an ultrahigh vacu-
um chamber by an ESCALAB 250Xi XPS system. Then, XPS spectra
were analyzed by XPSPEAK software to conduct peak separation.
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Swelling property

The cylindrical hydrogel samples (diameter = 10 mm and height =
2 mm) produced according to the above methods were recorded as
the initial weight (Wy). For in vitro swelling tests, the hydrogels
were fully immersed in PBS solution (pH = 7.4) for complete swell-
ing (24 hours) (n = 4). For in vivo time-dependent swelling tests, the
as-prepared hydrogels were directly implanted into the subcutane-
ous tissue of rats (n = 3). After implantation for 1, 7, and 14 days,
these samples were carefully collected and gently blotted with filter
paper to get rid of excess water on their surfaces. When the mass of
these hydrogels was constant, the values were recorded as the wet
weight (Wy). The swelling ratio was calculated according to the fol-
lowing Eq. 3

eratio = W 1009
Swelling ratio = Wo x 100% (3)

Gel fraction tests

The gel fraction (%) is defined as the ratio of the dry gel weight (W)
to the initial dry weight of the polymer precursor (W}). For gel frac-
tion tests, the cylindrical hydrogel samples (diameter = 10 mm and
height = 2 mm) generated according to the above methods were
fully immersed in 10 ml of DI water at 37°C for complete perme-
ation (n = 4 for each gel). Every 8 hours, the DI water was refreshed.
After 48 hours, the samples were lyophilized and recorded as the
dry weight (Wy). The gel fraction (%) was calculated according to
the following Eq. 4

W,
Gel fraction (%) = Wg x 100% (4)
p

Enzyme-mediated degradation tests

For enzyme-mediated degradation tests, the above hydrogels after
complete swelling (24 hours) were recorded as the initial weight Wy,
Then, hydrogels were incubated in PBS supplemented with or with-
out 100 or 50 U ml™" hyaluronidase (from bovine testes, Sigma-Al-
drich) at 37°C (n = 4 for each gel). The culture solution was refreshed
every day to maintain the enzyme activity. At each time point, these
samples were carefully collected, and gently blotted with filter paper
to get rid of excess water on the surface. The weight was recorded as
W,. The massloss (%) was calculated according to the following Eq. 5

Wy - Wi

Mass loss (%) = W
0

x 100% (5)

In vivo degradation tests

The cylindrical hydrogel samples (diameter = 10 mm and height =
2 mm) constructed according to the above methods were recorded
as the initial wet volume (Vj), then lyophilized, and recorded as the
initial dry weight (W). The as-prepared hydrogels were directly
implanted into the subcutaneous tissue of rats (n = 3). After implan-
tation for 7, 28, and 56 days, the hydrogels with the surrounding
tissue were harvested after euthanizing rats. These samples were
thoroughly washed in distilled water, and the excess tissue was care-
fully removed. The samples were measured with digital calipers to
record the wet volume (V}), then lyophilized, and recorded as the
dry weight (W,). In vivo degradation and volume change were mea-
sured on the basis of the changes in weights and sizes of the samples
before and after implantation. The degradation ratio recorded as
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relative mass (%) and volume change recorded as relative volume %
were respectively calculated according to the following equation
(Egs. 6 and 7)

Relative mass (%) = % x 100% (6)
0

Relative volume % = % x 100% (7)
0

Immunohistochemical evaluation by

subcutaneous implantation

For immunohistochemical evaluation, HPC-Low hydrogels were
subcutaneously implanted into rats. After implantation for 7 and
56 days, the HPC-Low hydrogel samples with surrounding tissue
were harvested for immunohistochemical analysis. Then, the sam-
ples were fixed with 4% paraformaldehyde, embedded in paraffin,
sectioned (5-um cryosection slides), stained with H&E, and then
processed using an immunohistochemical technique as previously
reported (24). CD3 was detected using rabbit anti-CD3 antibody
(1:500; ab16669, Abcam, Cambridge, UK), followed by goat anti-
rabbit immunoglobulin G (IgG) H&L [horseradish peroxidase (HRP)]
(1:2000; ab205718, Abcam, Cambridge, UK). CD68 was detected using
mouse anti-CD68 antibody (1:500; ab31630, Abcam, Cambridge, UK),
followed by goat anti-mouse IgG H&L (HRP) (1:2000; ab205719,
Abcam, Cambridge, UK).

Cell encapsulation and in vivo implantation

Stainless steel molds were manufactured for in situ gelation accord-
ing to digital models of two different shapes (rosette and star). Porcine
chondrocytes from auricular cartilage were isolated, cultured, and
expanded. Briefly, the fresh auricular cartilage was obtained from
porcine ear and minced into about 1.0 x 1.0 mm® pieces. The carti-
lage pieces were digested using 0.15 weight % type II collagenase
(Worthington Biochemical Corp., Freehold, NJ, USA) to isolate
chondrocytes. The cells were harvested, cultured, and expanded in
the culture medium [high-glucose Dulbecco’s modified Eagle medium
(Gibco BRL, Grand Island, NY), 10% fetal bovine serum (Hyclone,
Logan, UT, USA), and 1% penicillin/streptomycin/amphotericin B
solution] supplemented with basic fibroblast growth factor (5 ng/ml).
The PO chondrocytes were passaged at the ratio of 1:5. The chon-
drocytes (passage 2) were resuspended in the gel precursor solution
for the subsequent preparation of cell-loaded hydrogels. Before
using, the cells were stained with type II collagen and Alcian Blue to
evaluate cartilage phenotype-specific matrix. Then, the gel precur-
sor solution (HANB/GL, HPC-Low, and HPC-High gels) loaded
with different cell densities of chondrocytes (25 x 10% 50 x 10°, or
100 x 10° cells ml™") were poured into the stainless steel molds to
fabricate cell-loaded hydrogels with specific shapes upon light irra-
diation (395-nm LED, 50 mW/cm?). The cell-loaded hydrogels
were then subcutaneously implanted into nude mice. After implan-
tation for 8 weeks, all samples were harvested to evaluate cartilage
regeneration.

Histological, biochemical, and biomechanical evaluations

of in vivo regenerated cartilage

The above samples were fixed in 4% paraformaldehyde, embedded
in paraffin, and sectioned for histological and immunohistochemical
analysis. Sections were stained according to previously established
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methods with H&E, Safranin O, and type II collagen to evaluate
histological structure and cartilage ECM deposition in the regener-
ated cartilage. Expression of collagen II was detected using rabbit
anti-collagen II antibody (1:200; ab34712, Abcam, Cambridge,
UK), followed by goat anti-rabbit IgG H&L (HRP) (1:2,000; ab205718,
Abcam, Cambridge, UK). The samples were collected and minced
to conduct cartilage-related biochemical evaluations for GAG and
total collagen quantified by the dimethylmethylene blue assay
(DMMB; Sigma-Aldrich), and hydroxyproline assay kit (Sigma-
Aldrich), respectively. The quantitative data were analyzed by de-
ducting the background of hydrogel after 8 weeks of culture.

The fresh cartilage-like tissue was prepared as cylindrical shapes,
10 mm in diameter and 2 mm in thickness, using a trepan. Bio-
mechanical tests were conducted with a GT-TCS-2000 universal material
testing machine with a 20-kN capacity and with test speed set at 1 mm/min.
Young’s modulus was determined for each sample and analyzed ac-
cording to the slope of the stress-strain curve in the linear region to
evaluate the mechanical properties of the regenerated cartilage.

The operability of cartilage repair under water using HPC
hydrogel in vitro

The cylindrical defect with 7 mm in diameter and 1 mm in length
was made on a swine articular cartilage. Then, the gel precursors
(HANB/GL, HAMA, and HPC gels) were injected into the target
site of the cartilage, which was immersed in water, to fill the defect,
followed by immediate light (395-nm LED, 50 mW/cm?) irradia-
tion for about 10 s to form hydrogels. A hydraulic giant with tun-
able hydraulic pressure was applied to test the hydrogel-cartilage
binding strength. The hydraulic pressure was recorded by a hydrau-
lic pressure gauge (n = 3).

Arthroscopic surgery based on HPC hydrogel in vivo

Knee arthroscopic surgery was performed on a swine model using
an arthroscope system (Linvatec T2530 with Cannula/Trocar 100163).
An image intensifier (560P High Definition Camera System) with
light source (Dyonics 300x]) was used to take photographs. A 30°
arthroscope was inserted, and a complete diagnostic evaluation of
the knee joint was conducted. Irrigation fluid was then introduced
into the joint under continuous saline irrigation with pressure of
about 10 kPa by gravity effect of saline with 1.0 m in height. After
the approximately 7-mm-diameter cartilage defect was created by
an electric driller, debridement was performed with curettes and
motorized shavers (ConMed) to completely remove the delaminated
cartilage and to obtain a well-defined cartilage defect with a stable
margin (injury of the calcified layer accompanied by bone bleeding
is uncontrollable during the operation). Then, the gel precursors
(HANB/GL, HAMA, and HPC-Low gels) were injected through the
hollow channel of the specially designed arthroscopic device into
the target site of the cartilage defect. The 395-nm light (50 mW/cm®)
was transmitted through the outer fiber channel for in situ photo-
crosslinking to form hydrogels. During the injection and irradia-
tion process, it was better to keep the defects horizontal.

Repair of swine articular cartilage defects

A total of five hybrid pigs (6 months old, 40 to 50 kg) were used in
this study (Shanghai Jiagan Biological Technology Co., Shanghai,
China). Porcine chondrocytes from auricular cartilage were isolated,
cultured, and expanded as described above. The chondrocytes (pas-
sage 2) were resuspended in the gel precursor solution (100 x

Hua et al., Sci. Adv. 2021; 7 : eabg0628 25 August 2021

10° cells ml™") for subsequent cell-loaded hydrogels. Then, two cy-
lindrical full-thickness articular cartilage defects (7 mm in diame-
ter, chondral defects) were created at the weight-bearing area of the
femoral medial and lateral condyles of the knee joint. Both defects
were repaired with cell-loaded HPC hydrogel as the Exp group and
with cell-free HPC hydrogel as the Ctrl group. The selection of me-
dial or lateral condyle in Exp and Ctrl groups was random. All ani-
mals were allowed to move freely after the operation. The animal
care and use committee of Shanghai Jiao Tong University School of
Medicine approved all the animal studies for this study.

MRI tracking of cell-free and cell-loaded HPC hydrogels

in the repaired regions

To avoid consuming excessive clinical resources and enhancing the
risk of animal anesthesia, one of the same pigs was randomly selected
for MRI using a 3.0-T MR System (SIGNATM Voyager, GE Medi-
cal systems, USA) 1, 3, and 6 months after the operation. All the
evaluations were conducted by three blinded experts (X. Lin, L. Lin,
and H. Yin) using the magnetic resonance observation of cartilage
repair tissue scoring system, with the sagittal T1-FSE (TR, 380 ms;
TE, 25.4 ms; matrix, 512 x 512; flip angle, 90°; slice thickness, 3 mm;
and spacing betweenslices, 3.3 mm), sagittal FS-PD (2020/33/512 x
512/90°/3/3.3), sagittal STIR (5000/57.5/512 x 512/90°/3/3.3), coronal
STIR (4200/58.9/512 x 512/90°/3/3.3), and axial FS-T2 (2900/59.2/512 x
512/90°/4/4.5) sequences as previously described (38).

Gross observation and histological examination

of repaired regions

Six months after the operation, all the pigs were euthanized to har-
vest repaired knee joints (distal part of femur). Harvested tissues
were sawed sagittally at the midline of repaired regions for gross
observation, histological examination, and histological grading scores.
All the samples were fixed in 4% paraformaldehyde, embedded
in paraffin, and sectioned for histological analysis. Sections were
stained according to previously established methods with H&E,
Safranin O, and type II collagen to evaluate histological structure
and cartilage ECM deposition in the repaired regions. Specially, Sirius
red staining was used to distinguish the type of collagen in the re-
paired regions. Observations were performed with a Nikon LV-UEPI
model microscope using crossed polarizing filters. Expression of
collagen II was detected using rabbit anti-collagen II antibody
(1:200; ab34712, Abcam, Cambridge, UK), followed by goat anti-
rabbit IgG H&L (HRP) (1:2000; ab205718, Abcam, Cambridge, UK).
The histological grading scores for cartilage repair were performed
on the basis of previously reported methods (47).

Biomechanical and biochemical evaluations

of cartilage tissue

The fresh articular cartilage samples were directly subjected to bio-
mechanical tests. Then, the micromechanical properties were tested using
a FT-MTAQO2 nanoindentor, and the cartilage samples were subjected
to a cycle of loading and unloading with 45-pum pressed depth. The size
of the silicon probe was 50 x 50 pum, and the speed was set at 100 um/min.
The stiffness of cartilage tissue was determined as the slope of the
unloading curve at the site of 90%. Then, the Young’s modulus of
the cartilage tissue was calculated according to Eq. 8. Five samples
were tested to determine the Young’s modulus of each group (n =5)

VN
E=> " (8)
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where E is the Young’s modulus, S is the stiffness, and A is the area
of indentation.

For biochemical evaluations, the same surgeries of articular car-
tilage repair on another three hybrid pigs (6 months old, 40 to
50 kg) were performed according to the above methods (Shanghai
Jiagan Biological Technology Co., Shanghai, China). Three months
after the operation, all the pigs were euthanized to harvest repaired
knee joints (distal part of femur). The samples were collected and
minced to conduct cartilage-related biochemical evaluations (n = 3)
for GAG, total collagen, and DNA quantifications, which were
quantified by the DMMB (Sigma-Aldrich), hydroxyproline assay
kit (Sigma-Aldrich), and PicoGreen dsDNA assay (Invitrogen). The
expression levels of chondrogenesis marker (COL1A1, COL2A1,
and SOX9) were analyzed by quantitative real-time polymerase
chain reaction using an ABI ViiA7 RT-PCR system (Applied Bio-
systems). The relative expressions were determined by normalizing
expression of each C, value to B-actin C, value. Three replicate tests
were conducted for each sample in the biochemical evaluation pro-
cess, and the average value was calculated for data analysis.

Statements

All animal experimental procedures were approved by the Independent
Ethics Committee of Shanghai Ninth People’s Hospital, Shanghai
Jiao Tong University School of Medicine. All experiments were
conducted in accordance with guidelines from the Division of Lab-
oratory Animal Medicine. All images in Fig. 6 (and figs. S9 and S10)
show representative, typical, and reproducible responses to treatment.

Statistical analysis

All data were presented as means + SD. Differences between the
values were evaluated using one-way analysis of variance (ANOVA)
with P < 0.05 considered statistically significant.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/35/eabg0628/DC1

View/request a protocol for this paper from Bio-protocol.
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