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ABSTRACT: Cartilaginous extracellular matrix (ECM) com-
ponents such as type-II collagen (Col II) and chondroitin
sulfate (CS) play a crucial role in chondrogenesis. However,
direct clinical use of natural Col II or CS as scaffolds for
cartilage tissue engineering is limited by their instability and
rapid enzymatic degradation. Here, we investigate the
incorporation of Col II and CS into injectable chitosan
hydrogels designed to gel upon initiation by exposure to visible
blue light (VBL) in the presence of riboflavin. Unmodified
chitosan hydrogel supported proliferation and deposition of
cartilaginous ECM by encapsulated chondrocytes and mesen-
chymal stem cells. The incorporation of native Col II or CS
into chitosan hydrogels further increased chondrogenesis. The
incorporation of Col II, in particular, was found to be

responsible for the enhanced cellular condensation and chondrogenesis observed in modified hydrogels. This was mediated
by integrin 10 binding to Col II, increasing cell—matrix adhesion. These findings demonstrate the potential of cartilage ECM-
modified chitosan hydrogels as biomaterials to promote cartilage regeneration.
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1. INTRODUCTION

Regeneration of damaged articular cartilage is clinically
challenging because of its limited ability for self-repair.'”>
Therefore, tissue engineering approaches are being investigated
and are showing promise for the treatment of degenerative joint
diseases such as osteoarthritis. In articular cartilage, chon-
drocytes are surrounded by a highly hydrated extracellular
matrix (ECM) consisting of type-Il collagen (Col II),
proteoglycans, and various other proteins.”® Hydrogels are
cross-linked polymer networks that swell in aqueous solution
and present a unique opportunity for cartilage regeneration by
introducing chondrocytes or their precursors into a physically
controllable environment similar to articular cartilage, which
allows the efficient transport of nutrients and biological
molecules.® In addition, hydrogels can be formed in situ
through minimally invasive administration to deliver therapeu-
tic molecules or progenitor cells to defective or diseased
tissues.®

During chondrogenesis, mesenchymal stem cells (MSCs)
produce a variety of glycosaminoglycans (GAGs) and fibrous
ECM proteins such as collagens (Col), especially Col II, which
is the main structural protein in articular cartilage. Chondroitin
sulfate (CS) is a sulfated GAG (sGAG), which forms
proteoglycans trapped within the Col II fibril framework.
These molecules not only play a crucial role in providing
articular cartilage with mechanical strength but also are proven
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to support cell proliferation and maintain the chondrogenic
phenotype.””® Previous studies have demonstrated that Col II
or CS enhance proliferation and deposition of cartilaginous
ECM by chondrocytes or MSCs in cartilage tissue engineer-
ing.m_14 Furthermore, Col has been shown to induce cell
aggregation and subsequent chondrogenic differentiation
through integrin-mediated cell adhesion on its triple helical
fibers 121516

Although they have critical roles in the formation of cartilage
tissue, use of Col or CS alone is limited for cartilage tissue
engineering applications due to their high degree of water
solubility and rapid enzymatic degradation."""”'® Chemical
cross-linking can enhance the physical stability of Col or CS,
but this is at the expense of biological activity of the therapeutic
agents and living cells to be encapsulated. It has been shown
that cross-linking of Col with glutaraldehyde, a common cross-
linking agent, caused apoptosis of human osteoblasts that was
associated with poor cell attachment and spreading, indicating
glutaraldehyde toxicity.'® Similar observations of in vitro
cytotoxicity have been reported in dermal sheep Col cross-
linked with hexamethylene diisocyanate.”® Although Col can
spontaneously gel by self-assembly without chemical mod-
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Figure 1. Design of VBL cross-linkable chitosan/ECM composite hydrogels. (a) Chitosan hydrogel is prepared by cross-linking of MeGC via VBL
irradiation with RF. (b) Mixture of MeGC with Col II and RF is pH neutralized for initiating Col II gelation and followed by VBL-cross-linking to
form a hydrogel (MeGC/Col II). Fibrous structure of hydrogel can be varied in a Col II concentration dependent manner. (c) Ionically interacted
MeGC and CS is cross-linked using VBL irradiation with RF (MeGC/CS). (d) 'H NMR spectra and structures of MeGC in D,0. Structure of RF.

ifications, physically cross-linked gels often show low dimen-
sional stability with significant shrinkage and degradation in
culture.'”'®

We have previously developed injectable hydrogels using
photopolymerizable chitosan (methacrylated glycol chitosan;
MeGC) and riboflavin (RF; vitamin B2) as an aqueous initiator
that allows gelation in situ upon exposure to visible blue light
(VBL).>' This gelation system is prepared under very mild
conditions (room temperature, physiological pH, naturally
derived water-soluble initiator, and rapid curing), reducing
potential adverse effects associated with UV irradiation and
toxic initiators. Chitosan, a polysaccharide derived from
naturally occurring chitin, is widely used in tissue engineering
applications.zz_28 In particular, it is an attractive matrix to
facilitate cartilage tissue repair because of its biocompatibility
and structural similarity to GAGs found in articular cartilage.
Moreover, the free amino groups in chitosan allow the
formation of stable polyelectrolyte complex hydrogels with
many anionic molecules in tissue ECM such as Col and CS.

Here, we report the use of injectable formulations of natural
cartilaginous ECM (Col II and CS) enhanced by VBL-inducible
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chitosan hydrogels (MeGC/Col II and MeGC/CS) for
potential use in cartilage regeneration. Specifically, a hydrogel
was formed by mixing solutions of unpolymerized MeGC with
Col II or CS followed by VBL-cross-linking in the presence of
RF (Figure 1). The naturally derived hydrogel matrix studied
here also contains type-I Col (Col I), the main protein found in
connective tissue, and denatured Col II (dCol II) allowing
further investigation of the effects of matrix surface specificity
and fibrous Col structure on cellular responses. The feasibility
of these hydrogel systems to support chondrogenic differ-
entiation was investigated by encapsulating chondrocytes and
MSC:s in vitro.

2. EXPERIMENTAL SECTION

2.1. Photopolymerizable Hydrogel Preparation. VBL indu-
cible MeGC was prepared as previously described.*" Briefly, glycidyl
methacrylate (Sigma-Aldrich, St. Louis, MO) was added to a 2% w/v
glycol chitosan (GC; Sigma-Aldrich; ~500 kDa) aqueous solution (pH
9.0) with 1.1 molar ratio of glycidyl methacrylate to the primary amine
groups in chitosan and allowed to react for 36 h with gentle shaking at
room temperature. The reaction mixture was then neutralized,
dialyzed against water using a membrane with a 50 kDa molecular
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weight cutoff for 15 h, and lyophilized. The degree of deacetylation of
GC and degree of substitution of MeGC were calculated via 'H NMR
spectra. We previously enhanced the ability of the hydrogel to
promote tissue regeneration by adding Col I or hyaluronic acid at
concentrations of 0.1-1.0% into the hydrogel.>"** Col II (Sigma-
Aldrich, from chicken sternal cartilage) is insoluble in water (10 mg/
mL in 0.01 M acetic acid), and CS (Sigma-Aldrich) concentrations
above 1% w/v reduced the modulus of the cross-linked hydrogel.
Based on these findings, the final concentrations of 0.2 and 0.4% w/v
for Col II and 0.5 and 1% w/v for CS were chosen for the current
studies. The experimental groups are specified in Table 1. Briefly, the

Table 1. List of Experimental Groups

concentration of concentration of concentration of

group MeGC (% w/v) Col II (% w/v) CS (% w/v)
MeGC 2 0 0
MeGC/ 2 0.2 0
Col II-L

MeGC/ 2 0.4 0
Col I-H

MeGC/ 2 0 0.5
CS-L

MeGC/ 2 0 1.0
CS-H

MeGC (2% w/v) composite solutions containing 0.2% w/v of Col II
(MeGC/Col II-L), 0.4% w/v of Col II (MeGC/Col II-H), 0.5% w/v
of CS (MeGC/CS-L), or 1% w/v of CS (MeGC/CS-H) were
prepared by mixing stock solutions of MeGC (4% w/v in phosphate
buffered saline, PBS) with Col II (1.0% w/v, in 0.05% acetic acid) or
CS (2% w/v in PBS). MeGC solutions (2% w/v) without additives
were prepared by diluting the 4% w/v MeGC in PBS. The hydrogel
was formed by exposing 40 uL of the solution to visible blue light
(400—500 nm, 500—600 mW/cm?; Bisco Inc., Schaumburg, IL) in the
presence of RF (final concentration 6 uM), as a photoinitiator.

2.2. Hydrogel Characterization. The gelation time of the
chitosan and chitosan/ECM composite solutions under VBL
irradiation with different concentrations of RF (1.5, 3, 6, 12, and 24
uM) was investigated by a test tube tilting method as previously
described (n = 3).* The compressive modulus of hydrogels (400 uL
with 6 uM RF; 40 s VBL-irradiation in 48-well plates) was measured
via an indentation experiment with an Instron electromechanical
testing machine (Instron, Model 5564, Norwood, MA) using a flat-
ended indenter 3 mm in diameter and calculated as described
previously using a Poisson’s ratio of 0.25 (n = 3).** To determine in
vitro gel degradation, the cross-linked hydrogels were incubated in 3
mL of PBS with or without lysozyme (Sigma-Aldrich, 2 mg/
mL)*?%" at 37 °C for up to 42 days. The lysozyme solution was
replaced twice a week. At various time-points, the incubating media
was removed and the wet weight of remaining gels was measured after
gentle blotting without drying hydrogels. The amount of remaining gel
was expressed as a percentage of the initial wet mass of the gel (n = 3).
The interior morphology and cell-matrix interactions of the photo-
cross-linked hydrogels were observed using scanning electron
microscopy (SEM; Nova NanoSEM230, FEI, Hillsboro, OR). Prior
to SEM analysis, the hydrogels were fixed in 2.5% glutaraldehyde
(Polysciences, Warrington, PA) and then observed in low vacuum
mode.

2.3. Cell Isolation and in Vitro 3D Culture. All studies involving
animals were carried out using protocols approved by the UCLA
Chancellor’s Animal Research Committee (ARC) and were in
accordance with National Institutes of Health regulations on the
Care and Use of Laboratory Animals. Chondrocytes were isolated
from the knees of 3 month old male New Zealand white rabbits
(Charles River Laboratories, Wilmington, MA), as rabbit chondrocytes
were shown to proliferate and deposit cartilaginous ECM in our
previous study using alginate gels.*” The harvested cells were expanded
in the culture medium consisting of Dulbecco’s modified Eagle’s
medium (DMEM, Cellgro, Manassas, VA) with 10% fetal bovine

serum (Gibco, Carlsbad, CA), 100 U/ml penicillin (Cellgro), and 100
ug/mL streptomycin (Cellgro) at 37 °C in a §% CO, humidified
atmosphere. Chondrocytes (passage 3) suspended in polymer solution
(40 pL at a density of 2 X 10° cells/mL) were exposed to VBL for 40 s
in the presence of 6 uM RF and grown in culture media. To evaluate
the capacity of the hydrogels to support chondrogenic differentiation
of MSCs, adipose derived MSCs (ADSCs) were isolated from inguinal
fat pads of 4—8 week old male CS7BL/6 mice (Charles River
Laboratories) as previously described, as these cells were able to
differentiate into multiple mesenchymal lineages, including chondro-
genic, osteogenic, and adipogenic lineages, in specific differentiation
media in our previous study.*> An ADSC-polymer suspension at a
density of 10 X 10° cells/mL was VBL-cross-linked and cultured in
standard MSC chondrogenic differentiation media, consisting of
culture media plus ITS+ Premix supplement (BD Biosciences,
Bedford, MA), 10 ng/mL TGF-f1 (PeproTech, Rocky Hill, NJ),
100 nM dexamethasone, 40 yug/mL L-proline, 1 mM sodium pyruvate,
and SO pug/mL L-ascorbic acid 2-phosphate (all from Sigma-Aldrich).

2.4. Cell Proliferation, Viability, and Differentiation. The 3D
cultured samples were analyzed for proliferation, viability, and
differentiation. The proliferation of chondrocytes in hydrogels was
assessed using a Quant-iT Picogreen dsDNA kit (Invitrogen, Carlsbad,
CA) according to the manufacturer’s protocol (n = 3). Viability of
chondrocytes and ADSCs in hydrogels was determined using the Live/
Dead assay kit (Invitrogen). Stained cells were observed using an
Olympus IX71 microscope (Olympus, Tokyo, Japan). Accumulation
of sGAG in hydrogel was measured using a 1,9-dimethyl-methylene
blue (DMB, Sigma-Aldrich) assay and then further normalized to the
dry weight of each sample.

2.5. Histological Analysis. For histology, cultured constructs
were fixed in 10% neutral buffered formalin, embedded in paraffin, and
sectioned at S5 pm. Sections were deparaffinized and stained with
hematoxylin and eosin (H&E) to examine cellular distribution and
morphology, safranin-O to assess sGAG, and immunohistochemistry
to determine Col II production. For immunohistochemistry of
accumulated Col II, sections were incubated with monoclonal
antirabbit Col II (EMD Millipore, Billerica, MA). Antibody was
detected using the SuperPicture polymer detection kit (Invitrogen).
GAG and Col II accumulated area were relatively quantified by using
NIH-Image] software (http:/rsb.info.nih.gov/ij/) (n = 3).

2.6. Conformational Change of Col. To investigate the effects of
Col conformation on chondrogenesis, Col II was denatured by heat
treatment at 95 °C for 30 min as previously described.>* The
conformational change of Col II was determined by circular dichroism
(CD) spectroscopy (J-71S, JASCO, Tokyo, Japan) as previously
described.*® Because Col II forms a triple helical structure similar to
Col I, CD spectra measurements were also performed for Col I
(PureCol, Advanced Biomatrix, San Diego, CA).

2.7. Integrin Expression. To determine the effects of the
conformational change of Col on integrin expression, ADSCs were
encapsulated in MeGC hydrogels containing Col I, Col II, or dCol II
at a density of 10 X 10° cells/mL as described above. ADSCs
encapsulated in hydrogels were fixed after 24 h culture with 2%
paraformaldehyde, permeabilized with 0.1% Triton X-100, and blocked
with 2 mg/mL BSA. Hydrogels were incubated overnight with the
mixture of primary antibodies to integrin a3 (rabbit antimouse
integrin a3, Santa Cruz, CA; Dallas, TX) and integrin a10 (goat
antimouse integrin 10, Santa Cruz) at 4 °C, washed, and then
incubates with mixture of secondary antibodies (donkey antirabbit
IgG-R and donkey antigoat IgG-fluorescein isothiocyanate (FITC)
from Santa Cruz). Nuclei were stained with 4’,6-diamidino-2-
phenylindole (DAPI) and images were obtained using an Olympus
IX71 microscope.

2.8. Statistical Analysis. Sol—gel transition, hydrogel degradation,
and DNA or sGAG content data were analyzed by two-way analysis of
variances (ANOVA), and all other data were analyzed by one-way
ANOVA followed by Turkey’s post hoc test. A value of p < 0.05 was
considered as significant.
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Figure 2. Hydrogel characterization. (a) Gelation time of chitosan (MeGC) and chitosan/ECM composite (MeGC/Col II-H and MeGC/CS-H)
solutions as a function of RF concentration determined by test tube tilting method (n = 3; **p < 0.01 compared with MeGC). (b) Mechanical
strength of hydrogels (MeGC, MeGC/Col II-L (0.2% w/v of Col II), MeGC/Col II-H (0.4% w/v of Col II), MeGC/CS-L (0.5% w/v of CS), and
MeGC/CS-H (1.0% w/v of CS). (c) In vitro mass loss of hydrogels in PBS without or with lysozyme (n = 3).

3. RESULTS AND DISCUSSION

3.1. Sol-Gel Transition of Hydrogels. MeGC was
prepared via methacrylation to the GC, as described in section
2.1. The degree of substitution of methacrylate to the GC was
26%, as determined via '"H NMR (Figure 1d). Fast gelation is
desired for in situ forming hydrogels to rapidly entrap cells and
bioactive molecules at a complex defective site with good
integration with surrounding tissues.*® The sol-to-gel transition
time was determined as a function of RF concentration (Figure
2a). The MeGC solution with 1.5 uM of RF showed sol—gel
transition after 80 + 4 s of irradiation. The sol-to-gel transition
time of MeGC rapidly decreased from 80 + 4 to 20 + 2 s with
increasing RF concentration from 1.5 uM to 3 uM, whereas a
further increase of RF concentration up to 24 pM had little
influence on the transition time. Addition of Col II (0.4% w/v)
or CS (1.0% w/v) significantly decreased the gelation time
from 80 =+ 4 to 24 & 2 or 29 * 3 s, respectively, with 1.5 uM
RF (MeGC/Col II'-H or MeGC/CS-H in Figure 2a). These
VBL/RF-initiated chitosan hydrogels showed relatively faster
gelation compared to UV/lithium acylphosphinate or Irgacure
2959-initiated hydrogel systems that required a longer
irradiation time of 180 s with polyethylene glycol (PEG) or
MeGC-based hydrogels.”” > Because RF concentrations above
3 uM did not significantly change the gelation time of
hydrogels (p > 0.1) and gelation occurred within 20 s, a slightly
higher RF concentration (6 M) and irradiation time (40 s)
were investigated in further studies.

3.2. Mechanical Properties of Hydrogels. The mechan-
ical strength of hydrogels was characterized in the presence or
absence of Col II or CS with 6 uM of RF and 40 s of VBL
irradiation (Figure 2b). Addition of Col II significantly
increased the compressive modulus of MeGC from 4.6 to 5.8
or 7.0 kPa at Col II content of 0.2% w/v (MeGC/Col II-L) or
0.4% w/v (MeGC/Col II-H), respectively. The enhanced
mechanical strength of the composite hydrogels can be
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attributed to the formation of an interpenetrating network
(IPN) by Col II in the cross-linked MeGC network. It was
previously demonstrated that mechanical strength is enhanced
in semi-IPN and IPN hydrogels created by agarose and photo-
cross-linkable PEG,*® or Col and photo-cross-linkable hyalur-
onic acid (HA).*' It is possible that the radical polymerization
can cause cross-linking of thiol moieties in proteins such as
cysteine amino acids; however, this effect is unlikely in the
MeGC/Col II hydrogels, given the lack of cysteine residues in
Col I.** Addition of CS also enhanced the modulus of
MeGC from 4.6 to 5.3 or 5.0 kPa at a CS content of 0.5% w/v
(MeGC/CS-L) or 1.0% w/v (MeGC/CS-H). The observed
enhanced mechanical modulus may be attributed to the ionic
interaction between MeGC and CS. In previous studies, similar
mechanical effects mediated by ionic interactions were reported
between cross-linked MeGC and HA in composite hydrogels™
or in chitosan-coated alginate filaments.** Although the
observed mechanical properties of the hydrogels are orders of
magnitude lower than those of cartilage (4—19 MPa),* it is
expected that implanted cells will generate new cartilage tissue
as the hydrogel degrades, which in turn will ultimately provide
mechanical support.

3.3. Degradation of Hydrogels. Tissue engineering
scaffolds must be designed to degrade, to allow subsequent
tissue regeneration or the release of encapsulated bioactive
molecules. Chitosan is enzymatically degraded by lysozyme
present in the human cartilage ECM* and in certain body
fluids.**~** Lysozyme-specific degradation has been shown with
various chitosan-based hydrogels or scaffolds.”"***"** To
examine whether photo-cross-linked chitosan is degradable by
lysozyme and whether addition of Col II or CS affects the
degradation behavior of hydrogels, MeGC and ECM-modified
chitosan hydrogels were incubated in PBS with or without
lysozyme at 37 °C for up to 42 days (Figure 2c). Lysozyme was
used at a concentration of 2 mg/mL to mimic the physiological
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conditions in cartilage (lysozyme concentration range in human
cartilage: 0.80—3.03 mg/g).”® As expected, photo-cross-linked
MeGC was stable in the absence of lysozyme during the
incubation (remaining mass: 91%). In the presence of
lysozyme, a significant time-dependent loss of MeGC mass
was observed (remaining mass: 34%). Addition of Col II or CS
did not significantly affect the degradation behavior of
hydrogels and showed lysozyme-dependent degradation similar
to unmodified MeGC. Specifically, there was no significant
mass loss of hydrogels in PBS for up to 42 days (Figure 2c left),
indicating that the incorporated ECM molecules remained in
the hydrogels during the incubation period. Nonetheless, the
ECM molecules can quickly diffuse out of the hydrogels, as the
additives are not covalently incorporated to the gels. Thus, we
have performed release studies to measure the Col II or CS
contents in incubating solutions using biochemical assays.
Approximately 3.2% or 6.4% of the initially loaded Col II or CS
was released from the hydrogels during the first 4 days followed
by a plateau, indicating that the incorporated ECM molecules
are retained well in the hydrogels during incubation (Figure S1,
Supporting Information).

3.4. Microstructure of Hydrogels and Cell-Matrix
Interaction. The interior morphology of the hydrogels was
examined using SEM (Figure 3a). The cross-sectional SEM
images revealed that the surface of MeGC was smooth, whereas
fibrous nanostructures were observed throughout the MeGC/
Col II in a Col II-dose-dependent manner (MeGC/Col II-L
and MeGC/Col II-H in Figure 3a). In MeGC/CS, the surface
was relatively rough compared with MeGC but fibrous
nanostructures were not observed.

Cell-matrix interaction was investigated by encapsulating
chondrocytes in hydrogels and culturing them for 1 day (Figure
3b). Cross-sectional SEM images showed that chondrocytes
remained rounded without interacting with the MeGC matrix.
In contrast, cells encapsulated in MeGC/Col II appeared to
form projections and interact with the surrounding hydrogel
matrix. However, the cells maintained a round shape character-

istic of chondrocytes and no spreading was observed, indicating
that MeGC/Col 1I supported their differentiated phenotype.
Chondrocytes in MeGC/CS formed fewer projections
compared to those in MeGC/Col 1L

3.5. Viability and Proliferation of Chondrocytes in
Hydrogels. To evaluate the effects of hydrogel composition on
the behaviors of fully differentiated chondrocytes, we
encapsulated chondrocytes within the hydrogels and charac-
terized their change of morphology, viability, and DNA
content. During chondrogenesis, undifferentiated mesenchymal
cells condense and produce various ECM components,
indicating that cell—cell and cell-matrix interactions are
important steps in early cartilage formation.* Chondrocytes
formed cellular aggregates during 6 weeks of culture in MeGC
(Figure 4a), indicating that MeGC supported chondrogenic
differentiation. Incorporation of Col II or CS in MeGC
significantly increased the number and size of cell aggregates in
a dose-dependent manner. In particular, cell clusters become
evident in MeGC/Col II-H by 3 weeks and continued to
increase in size over time. Live/Dead staining showed a high
level of viability of encapsulated chondrocytes over the 6 week
culture period in all conditions (Figure 4b). Proliferation of
chondrocytes in hydrogels was further studied by DNA
quantification using a PicoGreen assay (Figure 4c). Addition
of Col II to MeGC significantly increased DNA content
compared to MeGC alone by day seven. Similar proliferative
effects of Col II were previously observed in GAG or
polycaprolactone scaffolds supplemented with Col IL'"'* The
accumulation of sGAG in hydrogels was quantified using a
DMB assay (Figure 4d). After 6 weeks in culture, significantly
higher sGAG production was observed in composite hydrogels
compared with MeGC, with the highest sGAG production in
MeGC/Col II-H (4.6-fold higher compared to MeGC). It has
been reported that Col II and CS provide favorable
chondrogenic environments for MSCs and chondro-
cytes, 10~ 150
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Figure 4. Culture of chondrocytes in hydrogels. (a) Morphological change and (b) viability of encapsulated chondrocytes in hydrogels after 6 weeks
in culture. Cells are stained using a Live (green)/Dead (red) kit. The scale bar is 200 ym. (c) Increase of DNA contents during culture period is
correlated with cell proliferation, and this was analyzed using Picogreen assay (n = 3; *p < 0.05 and **p < 0.01 compared with MeGC). (d)
Quantification of sGAG content as performed by DMB assay at 1, 3, and 6 weeks in culture and the value was then further normalized to the dry
weight of each sample to determine chondrogenic potential of hydrogels (n = 3; *p < 0.05 and **p < 0.01 compared with MeGC).

3.6. Cartilaginous ECM Production in Hydrogels. The lated chondrocytes maintained their characteristic round shape
feasibility of MeGC/Col II and MeGC/CS to support over the culture period in all experimental hydrogel groups
chondrogenic differentiation was further investigated by (Figure Sa). Cell clusters were formed after 3 weeks in culture
histological examination. H&E staining revealed that encapsu- and continued to increase in number and size over time.
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Figure 5. Histological analysis of 3D cultured chondrocytes in hydrogel systems during 6 week culture. Sections are stained with (a) H&E, (c)
safranin-O (sGAG: orange red), and (e) immunohistochemical staining of Col II (brown) at 1, 3, and 6 weeks in culture. The scale bar is 200 ym.
Aggregates area (b), production of sGAG (d), and production of Col II (f) at 6 weeks in culture are quantified by image analysis of staining samples
using Image] and expressed as a fold-increase relative to pure MeGC groups (1 = 3; *p < 0.05 and **p < 0.01 compared with MeGC; *p < 0.01

compared with other groups).

Addition of Col II or CS significantly increased the area of cell
aggregates per unit gel area in a dose-dependent manner and
significantly larger aggregates were formed in MeGC/Col II-H
compared to any other experimental hydrogels (Figure Sb).
The observed cellular aggregation is likely due to cell migration
and merging in hydrogels rather than cell proliferation, since
DNA content did not significantly increase after day seven

(Figure 4c). Other studies have also demonstrated that cellular
aggregation could be due to migration and fusion of small
clusters of cells.”"** Cartilaginous ECM deposition was
evaluated by immunohistochemistry for Col II and safranin-O
staining to observe sGAG. Accumulation of sGAG increased
over the culture period and positive safranin-O staining was
observed immediately adjacent to chondroid cell clusters in
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MeGC after 6 weeks (Figure Sc). In contrast, the region of
safranin-O positive ECM extended into the hydrogel matrix
surrounding the cell clusters in MeGC/Col II and MeGC/CS
after 6 weeks in culture, indicating increased sGAG
accumulation. In particular, MeGC/Col II-H showed highly
intense safranin-O staining throughout the hydrogel matrix as
well as around cellular aggregates. Relative quantitation of
safranin-O staining showed 4.5-fold higher sGAG production in
MeGC/Col II-H compared to MeGC (Figure Sd), which is
similar to the results from the DMB assay (Figure 4d). Similarly
to sGAG accumulation trends, Col II production from
encapsulated cells increased over time and highly intense Col
II staining was observed in composite hydrogels compared with
MeGC (Figure Se). Immunostaining showed Col II secretion
increased as follows: MeGC < MeGC/CS-L < MeGC/Col II-L
< MeGC/CS-H < MeGC/Col II-H after 6 weeks in culture.
Col II production was 3.5-fold higher for MeGC/Col II-H
compared to MeGC (Figure Sf). We also performed
immunohistochemistry for Col types I and X, markers of
immature and hypertrophic chondrocytes, respectively. Col
types I and X were detected minimally in MeGC/Col II groups
(Figure S2, Supporting Information), suggesting the presence
of mature chondrocytes that are not hypertrophic in the
hydrogels and a stable hyaline phenotype. Our results suggest
that MeGC/Col II-H is the most promising chondrogenic
matrix among the experimental groups examined here. Future
studies will investigate the combined effects of Col II with CS,
in particular, with a high Col II to CS ratio, given the high
amount of Col II relative to CS in normal articular cartilage.>®

Histologic staining revealed a high cell cluster density in the
outer region of the hydrogels, while the cluster density
remained low in the interior region. The observed heteroge-
neous cell distribution in the hydrogels might be due to mass
transport and nutrient exchange limitations whereby insuffi-
cient oxygen and soluble factors are transported to the interior
regions of the hydrogels, resulting in cell death. Similar growth
limitation of seeded cells was observed in tissue engineering 3D
scaffolds in previous studies.**™>® More work is needed to
address this issue. It has been shown that microchannel
networks can be embedded within a cell-laden hydrogel using
micro- and nanofluidic technologies to facilitate nutrient and
metabolite diffusion in 3D tissue constructs.’>®"

Our previous studies demonstrated a S- to 10-fold increase in
gel modulus with increased irradiation from 40 s up to 300 s
without compromising cell viability.”"** We therefore further
investigated the effect of hydrogel modulus on chondrogenesis.
The compressive modulus of hydrogels significantly increased
from approximately 4.6—7.0 to 10—14 kPa with an increase in
irradiation time from 40 to 120 s (Figure 6a). However,
increasing the hydrogel modulus led to significant reduction in
sGAG secretion from chondrocytes encapsulated in the
hydrogel (Figure 6b). This may be due to more highly cross-
linked and stiffer hydrogels that suppressed matrix contraction
or cellular migration, and subsequent reduction of the degree of
cellular condensation and matrix synthesis.’” It is also possible
that free radicals produced during photopolymerization have
detrimental effects on encapsulated biomolecules, leading to
DNA fragmentation, protein denaturation, and cell damage.63
These results suggest that it will be critical to maintain a
balance between initial mechanical strength and cellular
differentiation for successful cartilage tissue regeneration.

3.7. Conformational Change of Different Col Types.
Native Col consists of three polypeptide chains that self-
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Figure 6. Effects of hydrogel modulus. (a) Mechanical strength of
hydrogels with different VBL irradiation times (40 and 120 s). (b)
Safranin-O staining for the sections of 3D cultured chondrocytes in the
40 and 120 s irradiated hydrogels after 6 weeks in culture. The scale
bar is 200 ym.

assemble into a triple helix via periodic interchain hydrogen
bonds. These unique triple helical structures of Col play
important roles in tissue development and regeneration.'® The
influence of triple helical structures on chondrogenesis was
investigated by encapsulating ADSCs in dCol II with MeGC
(MeGC/dCol 1I). We also evaluated the specificity of triple
helical conformation on chondrogenesis by using Col I, the
most abundant structural protein in connective tissue. CD
spectra confirmed the triple helical structure of Col I and Col
II, whereas dCol II lost the typical band for its helical structure,
indicating that heat denaturation altered the structure of Col II
from a triple helix to random coil (Figure 7a). Fourier
transform infrared (FTIR) analysis confirmed the preservation
of the triple helical structure of Col II after being incorporated
into the hydrogel (Figure S3, Supporting Information). The
amide I band (C=O stretching) for both pure Col II and
composite MeGC/Col II hydrogels showed highly intense
peaks at around 1656 cm™', which indicate an a-helical
secondary structure.®*”% The amide A peaks (N—H
stretching) for Col II and MeGC/Col II were found at around
3300 cm™, which was shifted to lower than typical free amide
N—H stretching (3400 cm™"), indicating formation of stable
interchain hydrogen bonding between N—H and other groups
in Col stabilizing the helical structure.>%” Tt is also well
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Figure 8. ADSC 3D culture in MeGC/Col hydrogels. ADSC viability in hydrogels after 3 weeks in culture analyzed by Live (green)/Dead (red)
staining. Scale bar is 100 #m. Accumulated SGAG or Col II was evaluated by safranin-O staining (sGAG: orange red) or immunohistochemistry (Col
II: brown), respectively, after 3 weeks in culture. Scale bar is 100 ym. Expression of integrin a3 (red) and a10 (green) subunits from ADSCs after 24
h being seeded in hydrogels. Cell nuclei: DAPI blue. Scale bar is S0 ym. Every image was quantified using Image]J for viability (%), relative sGAG
production, relative Col II production, and @10/a3 ratio (**p < 0.01 compared with other groups). Relative production of sGAG or Col I in each
hydrogel was normalized to that in MeGC/Col 1. MeGC/Col II, red; MeGC/dCol II, green; MeGC/Col I, blue.

demonstrated that the ratios of absorbance at 1235 cm™!

(amide III to 1450 cm™ (pyrrolidine ring) are around 1.0
and 0.5 for native Col and denatured Col, respectively.®*~%
The ratio value was around 0.9 for MeGC/Col II, indicating
that the triple helical structure of Col II was preserved in the
MeGC/Col II hydrogel. SEM revealed the presence of
nanofibrous structures in both MeGC/Col I and MeGC/Col
II hydrogels, but not in MeGC/dCol II (Figure 7b).

20118

3.8. Viability and Chondrogenic Differentiation of
ADSCs in Hydrogels. We further cultured ADSCs in
hydrogels containing Col II, dCol II, and Col I for 3 weeks
(Figure 8). Encapsulated ADSCs showed over 95% viability in
all hydrogel systems. As expected, ADSCs in MeGC/Col II
formed aggregates with 2.2-fold higher sGAG accumulation
compared with MeGC/dCol II, whereas most of the
encapsulated cells in MeGC/dCol II were present as individual
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round cells with few aggregates, indicating the importance of
Col helical structure on chondrogenesis. Although Col I
possesses a triple helical structure, ADSCs encapsulated in
MeGC/Col I remained as individual cells with a spindle-like
shape and showed S5.7-fold lower sGAG accumulation
compared with MeGC/Col II. In addition, Col II deposition
was observed within the aggregates, confirming the chon-
drocytic phenotype of cells in the hydrogels, and Col II
accumulation was significantly higher in MeGC/Col II than in
MeGC/dCol II or MeGC/Col L No significant hydrogel
contraction was observed for cell encapsulating hydrogels
containing Col II, whereas Col I-incorporated groups showed
distinct gel contraction over culture.

3.9. Integrin Expression. Cells attach to Col through
interaction of cell surface integrins with Col. Integrins alf1,
a2f1, and a3f1 are the main receptors for Col I, and alpl,
a2f1, and a10f1 integrins are the main receptors for Col 1"
We evaluated expression of various integrins on ADSCs
encapsulated in hydrogels (Figure 8). Strong expression of
integrin @10 was observed in ADSCs encapsulated within
MeGC/Col II, but was minimally expressed in MeGC/Col 1
and MeGC/dCol IL In contrast, strong expression of integrin
a3 was observed in MeGC/Col L Specifically, the ratios of
expression of integrin @10 to a3 (a10/a3) in MeGC/Col II,
MeGC/dCol II, and MeGC/Col I were 22.5, 2.1, and 0.02,
respectively. These results suggest that integrin @10 is the
major Col II-binding integrin during chondrogenic differ-
entiation and the recognition of Col II by cells was dependent
on the presence of the triple helical conformation. These results
correlated well with previous studies that suggested a1041-Col
Il interaction is the most probable molecular interaction
responsible for maintaining the chondrocyte phenotype.'>

In this study, we have developed a simple and rapid method
to stabilize natural cues of Col II or CS present in the cartilage
extracellular environment into VBL/RF-initiated chitosan
hydrogels. These gelation systems can be rapidly prepared
using a water-soluble photoinitiator that absorbs in the visible
region and have several advantages over UV light-initiated
polymerizations. Exposure to visible light is less thermogenic,
causes less damage to encapsulated cells, and has deeper tissue
penetration.**® Our VBL/RF-initiated system showed a faster
polymerization rate compared with other UV-initiated hydrogel
systems using lithium acylphosphinate or Irgacure 2959 as
initiators.>’ >

Recent cell-based therapies are attractive options to repair
damaged cartilage. There is an increasing interest in developing
biomaterial systems to localize precursor cells in the defective
area and promote their chondrogenic differentiation. Large and
complex cartilage defects are often found in chronic osteo-
arthritis lesions. Our hydrogel system may serve as an
appropriate delivery modality for living cells and therapeutic
agents to the site of extensive cartilage damage to improve
clinical cartilage repair.

4. CONCLUSION

In this study, we have examined injectable and VBL-inducible
chitosan hydrogel systems bearing cartilaginous ECM. These
hydrogels supported proliferation and cartilage matrix
production by encapsulated chondrocytes and MSCs. Incorpo-
ration of native cartilage ECM, specifically Col II, in the
chitosan matrix, greatly enhanced cellular condensation,
chondroid cluster formation, and chondrogenesis, which can
lead to enhanced cell-matrix interaction mostly through

integrin 10f1-Col II interaction. Furthermore, chondrogenesis
was affected by matrix specificity and conformation. Our
findings demonstrate that Col II hydrogels enhanced by
chitosan have a high potential for an injectable scaffolding
system for cartilage repair. These results suggest that the
strategy of incorporating the appropriate natural ECM
components within a cross-linked chitosan network is a
valuable means to create a specific microenvironment tailored
to promote tissue regeneration.
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