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Injectable hydrogels have gained prominence in the field of tissue engineering for minimally invasive delivery of cells
for tissue repair and in the filling of irregular defects. However, many injectable hydrogels exhibit long gelation times or
are not stable for long periods after injection. To address these concerns, we used thermosensitive poly(N-
vinylcaprolactam) (PNVCL) hydrogels due to their cytocompatibility and fast response to temperature stimuli.
Changes in the PNVCL molecular weight and concentration enabled the development of hydrogels with tunable
mechanical properties and fast gelation times (<60s when the temperature was raised from room temperature to
physiologic temperature). Chondrocytes (CHs) and mesenchymal stem cells were encapsulated in PNVCL hydrogels
and exhibited high viability (~ 90%), as monitored by Live/Dead staining and Alamar Blue assays. Three-dimensional
constructs of CH-laden PNVCL hydrogels supported cartilage-specific extracellular matrix production both in vitro
and after subcutaneous injection in nude rats for up to 8 weeks. Moreover, biochemical analyses of constructs
demonstrated a time-dependent increase in glycosaminoglycans (GAGs) and collagen, which were significantly
augmented in the implants cultured in vivo. Histological analyses also demonstrated regular distribution of synthesized
cartilage components, including abundant GAGs and type II collagen. The findings from this study demonstrate

thermosensitive PNVCL as a candidate injectable biomaterial to deliver cells for cartilage tissue engineering.
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Introduction

ARTILAGE TISSUE ENGINEERING is needed due to the

limited ability of native cartilage to self-repair and re-
generate after damage. This necessitates new technologies
and approaches to repair damage to articular cartilage,
typically caused by traumatic injury and osteoarthritis that is
increasingly common, especially in an aging population.'~
Typical clinical treatments for articular cartilage repair in-
volve microfracture, autologous chondrocyte (CH) implan-
tation, osteochondral allograft transplantation, and scaffold
base techniques.* Although these therapies have reduced pain
and delayed cartilage degeneration, they have limitations
such as the need for complicated surgical procedures, risk of
infections, poor integration with the surrounding tissue, and
formation of fibrocartilage that has inferior mechanical and
chemical properties compared to hyaline cartilage.'>*°

To overcome these limitations, cell-based constructs
have emerged that integrate CHs, biochemical signals, and
three-dimensional (3D) scaffolds to create an engineered
cartilage tissue.” These constructs are usually composed of
synthetic or natural hydrogels that can encapsulate cells, be
modified to have specific mechanical properties, exhibit
controlled degradation, and possess a permeable matrix for
the diffusion of soluble factors, all of which can enable or
promote neocartilage formation.””'' However, preformed
scaffolds demand surgical procedures for implantation,
increasing the risk of infection and potentially poor inte-
gration to the defect site.>'? Alternatively, injectable hy-
drogels overcome many of these concerns, since they are
formed during or after the injection process.'® In this way,
they can be implanted in a minimally invasive manner,
provide better defect margin adaptation, and can incorpo-
rate cells, therapeutic drugs, and growth factors, which will
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stimulate the formation of extracellular matrix (ECM) and
the repair of cartilage tissue.>>"'

Injectable hydrogels are formed due to the in sifu transition
from a liquid phase to a gel state through the formation of a
3D polymeric network as a result of chemical bonds or
physical interactions between polymer chains.'* Chemically
cross-linked hydrogels can be formed by reactions such as
radical polymerizations,” click chemistry,'”> Michael-type ad-
dition reactions,'® and dynamic covalent chemistry,'” forming
in most cases irreversible cross-links.'* Alternatively, hydro-
gels can be formed by physical interactions as result of external
stimuli, such as heat and pH,l&19 or intermolecular assemblies,
such as guest-host bonds,>*?' resulting in networks with re-
versible bonds."® Particularly, thermosensitive hydrogels un-
dergo a sol-gel transition, based on hydration—dehydration
processes according to temperature changes.”>* Such hydro-
gels present a lower critical solution temperature (LCST),
which is the temperature where the sol—gel transition occurs.**
Specifically, the thermosensitive polymer is dispersed in an
aqueous solution, where the polymer chains swell in a random
coil conformation due to hydrophilic interactions with water
molecules; however, when the system is heated past the LCST,
the polymer chains aggregate and collapse due to predominant
hydrophobic interactions between polymer chains.'

Some thermosensitive polymers, for instance, poly(N-
isopropylacrylamide) (PNIPAm) and poly(N-vinylcaprolactam)
(PNVCL), have LCST values similar to physiological temper-
atures. Therefore, these materials can transition from a liquid to
a gel and form an in-situ hydrogel when injected into the body,
without additional chemical reactions, cross-linkers, or envi-
ronmental treatments.'>** Although both of these polymers
have similar thermoresponsive behaviors, PNVCL does not
produce toxic compounds when degraded and has demonstrated
improved cell viability compared to PNIPAm.*****>2° PNVCL
assemblies degrade through the dissociation of the polymers
over time, which leads to material erosion. With these char-
acteristics and general consideration of biocompatibility,
PNVCL is a promising biomaterial for biomedical applications
and has gained attention, especially for therapeutic delivery and
entrapment of enzymes.”’ >’ However, there has been little
work toward the use of PNVCL in tissue engineering, espe-
cially when dealing with the investigation of cell-material in-
teractions and tissue formation in vitro and in vivo.”*>>

In the present work, we report the development and ap-
plication of an injectable PNVCL hydrogel for cartilage
tissue engineering. PNVCL hydrogels were synthesized
with two different polymer molecular weights (MWSs) and
with sol—gel transition at physiological temperature. The
mechanical properties against temperature and time were
investigated by rheological analysis and tailored through
PNVCL MW and concentration. Furthermore, the cyto-
compatibility and formation of tissue both in vitro and
in vivo were assessed with encapsulated bovine CHs and
human mesenchymal stem cells (MSCs). This work is an
important step toward the development of noninvasive
material-based approaches for cartilage repair.

Materials and Methods
Synthesis of PNVCL

PNVCL was synthesized through modification of a pro-
cedure by Medeiros et al.>* PNVCL with lower (PNVCL-L,
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M,=12.9kDa, polydispersity index [PDI]=5) or higher
(PNVCL-H, M,,=142.7 kDa, PDI =5) MWs were synthesized
by initially adding 15% or 5% w/w of N-vinylcaprolactam
monomer (=98%; Sigma-Aldrich) in the solvents dimethyl
sulfoxide (DMSO, anhydrous, 299.9%; Sigma-Aldrich) and
distilled water, respectively. Then, 2% w/w of 2,2’-azobis(2-
methylpropionitrile) (AIBN, 98%; Sigma-Aldrich), previously
recrystallized in methanol, was added to the reaction system at
70°C under nitrogen atmosphere. Within 4h the polymeriza-
tion was already completed and the PNVCL was purified by
dialysis (MW cutoff 3.5kDa) against deionized water during
4 days with repeated changes of water. PNVCL was then
lyophilized and stored at 4°C before use.

Characterization of PNVCL

PNVCL-L and PNVCL-H molecular structures were an-
alyzed by 'H NMR (DMX 360MHz; Bruker, Billerica,
MA). Chemical shifts (8) are reported in ppm relative to
D,0 (6=4.81 ppm). Four hydrogen resonances were found
in PNVCL-L and PNVCL-H spectra. They are assigned to:
methylene groups from caprolactam ring and backbone (6H,
2H, 6=1.8 ppm), close to C=0 (2H, 6=2.4 ppm), and close
to N (2H, 6=3.4ppm) and — NCH - (1H, 3=4.4ppm).
Ultraviolet (UV)-vis spectroscopy (MultiSpec-1501 UV-vis
Spectrophotometer Shimadzu) coupled with a Peltier control
device (TCC-Controller Shimadzu 240) was applied to de-
termine the LCST values of both polymers. For this, the
transmittance of a diluted aqueous polymer solution (1% w/v)
was measured at a wavelength of 500 nm from 25°C to 35°C.
The temperature was allowed to stabilize before the mea-
surement of the transmittance.

Rheological analysis was performed on an AR2000 rhe-
ometer (TA Instruments), coupled with a Peltier control
device (20mm diameter cone and plate geometry, 59 min
42s cone angle, gap of 27 um). Storage (G") and loss (G”)
moduli from PNVCL-L (10-30% w/v in phosphate-buffered
saline [PBS]) and PNVCL-H (5-20% w/v in PBS) were
evaluated at the temperature range of 25-37°C, at 3°C/min,
0.5% strain, and 1 Hz. The time to reach elevated mechan-
ical properties at 37°C was investigated by time sweep
(3005, 0.5% strain, 1 Hz) of intermediate concentrations of
polymers—PNVCL-L (20% w/v) and PNVCL-H (10% w/v).

Cell isolation and expansion

Bovine CHs were isolated from juvenile bovine joints
(Research 87, Boylston, MA), and maintained and expanded
through passage 1 in basal medium, which consists of high-
glucose Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% v/v fetal bovine serum (FBS;
Gibco-Invitrogen) and 1% v/v penicillin/streptomycin/fun-
gizone (PSF; Gibco-InVitrogen).3’34 Human MSCs (Lonza)
were maintained and expanded to passage 3 in growth me-
dia, which consists of minimum essential medium o sup-
plemented with 16.7% w/v FBS (Gibco-Invitrogen) and 1%
penicillin/streptomycin (Gibco-Invitrogen).

Cytotoxicity studies

Cytotoxicity of PNVCL-L and PNVCL-H was assessed
by an Alamar Blue (AB) assay to measure viability of CHs
and MSCs. Initially, CHs and MSCs were suspended in
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basal and growth media, respectively, seeded in a 96-well
plate at a density of 1x 10* cells per well, and incubated at
37°C, 5% CO, for 24h. Then, the media (total volume of
100 uL) was replaced with the appropriate polymers re-
suspended in media at a series of concentrations from 0.001
to 1 mg/mL and incubated for 24 h. Subsequently, media
containing polymer was removed, and the cells were washed
with PBS thrice at room temperature before being replaced
by 100 pL. per well of AB solution (10% w/w of alamarBlue®
in serum-free basal medium). After incubation at 37°C for
4 h, the absorbance of each sample (n=4) was measured in a
microplate reader (excitation wavelength=>540nm, emission
wavelength=610nm). Cell viability (%) was calculated ac-
cording to the absorbance values measured and normalized to
the absorbance of control wells, in which seeded cells were
incubated in the presence of media alone.

Three-dimensional cell viability and in vitro studies

CHs and MSCs were resuspended at a concentration of 20
million cells/mL in PNVCL-L (20% w/v) and PNVCL-H
(10% wi/v). Then, 50 uLL of these suspensions were injected
using hypodermic needles of various gauges (18G, 21G, 27G)
into custom polydimethylsiloxane circular molds adhered to
12 mm plasma-treated glass coverslips and placed inside a 24-
well plate. They were then incubated at 37°C for gelation, and
2mL of basal or growth media was added. On the day of
injection (day 0) and after 3 days (day 3), cell viability in the
encapsulated materials was assessed by a Live/Dead Assay Kit
(Molecular Probes) with the use of confocal microscopy (TCS
SPS5; Leica) to image throughout the construct volume. Live
cells, stained green with calcein-AM, and dead cells, stained
red with ethidium homodimer, were quantified. In vitro studies
to investigate neocartilage formation were performed with
CH-laden PNVCL-L and PNVCL-H cultured in the presence
of 2mL of chondrogenic medium (high-glucose DMEM, 1%
v/v Corning® ITS Premix Universal Culture Supplement,
50 mg/mL L-proline, 0.1 mM dexamethasone, 0.9 mM sodium
pyruvate, 50 mg/mL ascorbate, and 1% v/v of PSF),9 which
was replaced thrice a week over 4 and 8 weeks.

Subcutaneous injection in nude rats

CH-laden and acellular hydrogels of PNVCL-L (20% w/v)
and PNVCL-H (10% w/v) at 20 million cells/mL were
prepared as previously described and injected with a hypo-
dermic needle (21G) subcutaneously in male athymic nude
rats (aged 9-10 weeks), under inhalational anesthesia (2%
vaporized isoflurane in the supply gas [oxygen]), and using
standard aseptic techniques. A total of 10 subcutaneous in-
jections per timepoint, 200 pL. per injection, were adminis-
tered for each CH-laden hydrogel (n=28), and 2 injections of
acellular samples (n=2) were used as controls. Samples
were explanted at 4 and 8 weeks. This in vivo study was
approved by the Institutional Animal Care and Use Com-
mittee at the University of Pennsylvania and the Philadel-
phia VA Medical Center.

Biochemical and histological analyses

At 4 and 8 weeks, the in vitro and in vivo CH-laden
hydrogels (n=4) were weighed, lyophilized, and then di-
gested in 0.75 mg/mL of papain (Sigma) at 60°C for 48 h.
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The glycosaminoglycan (GAG) content in these samples
was determined using the dimethylmethylene blue (DMMB)
assay (Sigma-Aldrich), using a standard curve of bovine
chondroitin 4-sulfate.®*> Collagen content was also deter-
mined using the orthohydroxyproline (OHP) assay, using a
trans-4-hydroxy-L-proline (Sigma-Aldrich) standard curve,
and quantified according to the known ratio 1:7.14 of
OHP:collagen.M’36 Acellular constructs were also evaluated
in both assays as control groups, showing no interference in
the data obtained.

CH-laden and acellular implants removed from the rats
after 4 and 8 weeks were processed for histology in paraffin
(n=3). Sections of 7um of thickness were stained with
Alcian blue (pH 2.5) for proteoglycans and immunostained
for collagen type I and II (Col I and Col II, respectively).
Sections were imaged by bright-field microscopy (Olympus
BX51), and quantification of the mean staining intensity of
implants was measured using ImageJ, by converting the
images to 8-bit grayscale.

Statistical analysis

Statistical analysis was performed using Excel software
with Daniel’s XL Toolbox add-in. Significance between
groups (n=4 per group) was determined by one-way analysis
of variance (ANOVA) with Tukey’s post hoc test (p <0.05),
and error bars represent standard error of the mean.

Results and Discussion
Synthesis and characterization of PNVCL

PNVCL, a prominent injectable and biocompatible ma-
terial that undergoes a transition phase at physiological
temperature, is still poorly explored as a potential hydrogel
material for tissue engineering. To understand the potential
of PNVCL as an injectable biomaterial for cartilage tissue
engineering, two polymers (PNVCL-L and PNVCL-H) with
distinct MWs (PNVCL-L, M, gpc=12.9kDa; PNVCL-H,
M, gpc=142.7kDa) were synthesized by tuning synthesis
parameters (Fig. 1a). PNVCL-L was obtained in a homog-
enous system of solvent (DMSO), monomer, and radical
initiator, whereas PNVCL-H was prepared in a heteroge-
neous system with water and the formation of a precipitated
polymer during the reaction at 70°C (above its transition
phase temperature). In both systems, a pure phase of linear
PNVCL was obtained after 4h of reaction. However, the
precipitation polymerization led to a higher MW, which is
usually attributed to a higher ratio of the propagation to
termination rate compared to a homogenous system.>’ Lo-
zinsky et al.®® also observed an increase in the MW during
the synthesis of PNVCL using a mixture of water/DMSO as
the solvent compared to synthesis in DMSO alone.

The MW of PNVCL can also influence LCST values
during the sol-gel transition. The reduction of the transmit-
tance with temperature of a PNVCL aqueous suspension in-
dicates the transition of the thermosensitive polymer from sol
(transparent) to gel (opaque), as shown in Figure 1b and c;
PNVCL-L and PNVCL-H presented LCST values of ~34°C
and 32°C, respectively. This reduction of the LCST with the
MW can be explained according to the Flory—Huggins mis-
cibility behavior, where PNVCL exhibits the classical phase
change in water (type I) and where the critical point in the
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FIG. 1. Representation of the radical polymerization of

PNVCL (a). The percent transmittance (at a wavelength of
500nm) as a variation of temperature of PNVCL suspen-
sions (1% w/v) with different molecular weights (b). Images
of the transition of a PNVCL-L suspension from transparent
to opaque when below and above the LCST, respectively
(¢). LCST, lower critical solution temperature; PNVCL,
poly(N-vinylcaprolactam); PNVCL-L, PNVCL lower. Color
images available online at www.liebertpub.com/tea

phase diagram shifts to LCST values with the increase of
polymer chain length and concentration.***°

The viscoelastic properties of the hydrogels were evalu-
ated by monitoring the storage and loss moduli (G’, G”,
respectively) as a function of temperature and time (Fig. 2).
Increasing the system temperature from 25°C to 37°C re-
sulted in higher mechanical properties for all polymer sus-
pensions; this is a result of the transition phase and the
formation of the globule phase. By changing the concentra-
tion of the PNVCL-L suspension from 10% to 30% (Fig. 2a),
higher mechanical properties were observed, where G” was
greater than G’ for all concentrations, a condition indicative of
viscous liquid materials and where G” reached up to 125 Pa.
For PNVCL-H, the concentration varied from 5% to 20%
(Fig. 2b), due to the insolubility of the polymer in PBS at
higher concentrations. For all concentrations, G’ was greater
than G”, a condition indicative of elastic hydrogel forma-
tion,>*! where G’ reached up to ~ 1.36 kPa. Comparing both
polymer systems above the LCST, PNVCL-L cannot be
considered a gel since G” > G’. However, with the increase of
the temperature and association of the PNVCL-L polymer
chains with further phase separation, PNVCL-L acquires a
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““‘gel-like”” behavior compared to the same material at room
temperature.”**> On the contrary, PNVCL-H reached the gel
point (G’> G”) at LCST for all investigated concentrations.
Different MWs between PNVCL-L and PNVCL-H explain
these distinct mechanical properties, since longer chains re-
sult in more entanglement, which increases the viscosity and
the elastic energy stored.*

Two intermediate concentrations for PNVCL-L (20% w/v)
and PNVCL-H (10% w/v) were then chosen (based on their
mechanical properties and their solubility in medium) for fur-
ther investigation in vitro and in vivo. These studies required
fast gelation time and increased mechanical properties from the
polymer suspensions to prevent the diffusion of the material
away from the injection site and to ensure the stability of the
hydrogel.* To simulate how the mechanical properties of
PNVCL hydrogels respond to the temperature stimuli imposed
by physiological conditions, PNVCL-L (20% w/v) and
PNVCL-H (10% w/v) maintained initially at 25°C were heated
to 37°C (Fig. 2¢). Both materials showed that the greatest G’
and G” were reached in <60s, the same time needed for the
rheometer to stabilize to 37°C. This result indicates that the
response of PNVCL suspensions to temperature stimuli should
be almost immediate when presented into a physiological en-
vironment. Unlike injectable hydrogels formed by chemical
reactions that can result in local toxicity and slow gelation,'>**
PNVCL materials exhibited tunable mechanical properties and
fast response to temperature stimuli without the need for ad-
ditional cross-linkers or copolymerization.

Cytocompatibility of PNVCL

Some thermosensitive hydrogels have showed cytotoxic
effects, depending on their MW and concentration of
polymer.2>#4-46 The cytotoxicity related to the MW has
been associated with hydrogels with shorter polymer chains,
in particular, those that can penetrate the cell membrane,
altering cell activity. In addition, in the case of polymers
with higher MW, cytotoxic effects are thought to be related
to the reduction of the diffusion of nutrients and oxygen to
the cells, leading to cell death.*® CHs and MSCs were ana-
lyzed in the presence of PNVCL-L and PNVCL-H at a range
of polymer concentrations in basal media (0.001-1 mg/mL).
Cells were seeded in a 96-well plate and, subsequently, in-
cubated for 24 h with polymer suspension, as represented in
Figure 3a. CH and MSC viability was then assessed using the
AB assay (Fig 3b, c, respectively). Comparing the fluores-
cence readouts of cells incubated in the presence of polymer
with cells in basal media enabled an estimate of viability. A
high cell viability of 100% was observed for PNVCL-L and
PNVCL-H for all concentrations investigated, without sig-
nificant differences between groups, with the exception of
PNVCL-H at 1 mg/mL for CHs and 0.01 and 1 mg/mL for
MSCs, as well as PNVCL-L at 1 mg/mL for MSCs. Each of
these conditions showed a significant increase in the cell vi-
ability, which may be related to cell proliferation or also to a
higher metabolic activity of cells in the presence of poly-
mer.*” By observing no differences between the cell activity
and the presence of PNVCL-H or PNVCL-L in several cases,
however, we determined that the previously suggested effects
of low versus high MW on cell viability were not observed
with these polymers and that cell viability was maintained in
the presence of either polymer.
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Three-dimensional cell viability and in vitro studies

To investigate cell behavior in 3D scaffolds composed
of these materials, CHs and MSCs were encapsulated in
PNVCL-L (20% w/v) and PNVCL-H (10% w/v) by re-
suspending cell pellets in the hydrogel suspensions as shown
in Figure 4a. These suspensions were injected into molds
using three different hypodermic needle gauges and incu-
bated at 37°C. Cell viability was determined using a Live—
Dead Cell Staining Kit after O (after injection into molds)
and 3 days of culture in chondrogenic media (Fig. 4b). The
encapsulation of cells in thermosensitive polymers is dic-
tated according to the temperature. At physiological condi-
tions above the LCST, polymer hydrophobic interactions
stabilize the gel and the resulting cell distribution.*® How-
ever, if the system is brought to temperatures below LCST,
PNVCL polymer chains will swell with predominant hydro-
philic interactions, which may disrupt cell distributions at
early times before matrix is produced.

For PNVCL-L, CH viability remained >80% up to day 3,
without significant differences among the days and needle
gauge used. Only a slight reduction was observed for the
cell viability at day O and with 27G needle use, most likely

due to the mechanical shear on cells during the injection
through a smaller needle.*! In contrast, CH-laden PNVCL-H
hydrogels had viability >90% at day 0 and ~75% at day 3.
This reduction may be associated with the tendency of
thermosensitive polymers with higher MW to form a denser
hydrogel, which can reduce the diffusion of nutrients and
oxygen.*®* In addition, no significant differences in via-
bility were observed for different needle sizes. In this way,
regardless of the MW and mechanical properties of
PNVCL-L and PNVCL-H, these hydrogels effectively de-
livered encapsulated viable cells independent of the needle
size used.

Figure 4c and d shows live/dead stained images of CHs
and MSCs encapsulated in the hydrogels, respectively, after
injection with a 21G needle. Viable CHs were homo-
genously distributed in the 3D system, while MSC-laden
PNVCL-L gels exhibited some cell agglomerations, making
them difficult to quantify. These differences in cell distri-
bution in the PNVCL-L matrix suggest the influence of the
cell-scaffold interaction on morphology.” Differences in
contractile behavior of cell types also influence their inter-
action with external mechanical forces imposed by poly-
meric substrates with specific stiffnesses.>!->2
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Color images available online at www.liebertpub.com/tea

At day 3, the number of cells was reduced compared to
day O for both systems of encapsulated hydrogels. This
could be an unavoidable consequence of media changes,
where hydrogels were temporarily exposed to room tem-
perature conditions. Given their reversible sol—gel transition
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with temperature, this could possibly lead to the release of
cells from the materials. This reduction in cell number after
3 days of cell culture was less pronounced for the PNVCL-
H, where a higher MW resulted in greater entanglements of
polymer chains, forming a dense hydrogel that could better
retain the encapsulated cells.>® In this context, encapsulated
PNVCL-H hydrogels showed a better cell retention during
in vitro studies than PNVCL-L.

Scaffolds intended for cartilage repait/regeneration should
maintain the phenotype of CHs and enable cellular function
in 3D.'%>* CH-laden hydrogels in chondrogenic media were
cultured in vitro for 4 and 8 weeks, and the GAG and col-
lagen contents per construct at each timepoint were ana-
lyzed by DMMB and OHP assays, respectively, as shown in
Figure 5. MSC cultures were not investigated further at this
point, due to the aggregation observed. Similar GAG con-
tent was observed for both hydrogels after 4 and 8 weeks
with only minor differences, with up to 21 pg GAG per
sample as depicted in Figure 5a. PNVCL-H had a higher
amount of GAG than PNVCL-L after 4 weeks, and similar
contents were observed after 8 weeks for both hydrogels.
Increasing the culture time led to higher amounts of GAG
content in PNVCL-L constructs and reduced content in
PNVCL-H gels. The similar amounts of GAG produced and
retained in both materials at specific timepoints may be
related to the release of cells to the media that was peri-
odically replaced, as described above.

In contrast, the collagen content produced by CHs was de-
pendent on the encapsulated matrix. As shown in Figure 5b,
CH-laden PNVCL-L gels yielded up to 3.5-fold more col-
lagen per construct than PNVCL-H gels after both 4 and 8
weeks. Although a slight increase of collagen for PNVCL-L
was observed at 8 weeks compared to 4 weeks, no statisti-
cal difference was observed between timepoints for both
hydrogels. These results suggest that PNVCL hydrogels
with different MWs support cartilage matrix production and
maintain the phenotype of CHs in 3D culture in vitro. The
ability of PNVCL-L to support more collagen production
than PNVCL-H may be related to differences in their me-
chanical properties. Soft hydrogels have been shown to
improve matrix production by CHs, induced by better nu-
trient diffusion, distribution of newly synthesized cartilage
matrix, and differences in cell—cell interactions and distri-
bution.”>

Biochemical and histological analyses of hydrogels
subcutaneously injected into nude rats

To investigate the stability of thermosensitive PNVCL
and its ability to support neocartilage formation in vivo, CH-
laden hydrogels were subcutaneously injected into nude rats.
At subsequent time intervals, implants were removed from
the subcutaneous space and analyzed as shown in Figure 6.
Implants were stable throughout the 8-week study and re-
mained localized at the injection site, with some formation
of a fibrous capsule. Figure 6a also showed that implants of
PNVCL-L were more spread and flatter than PNVCL-H
implants, which presented a more compact shape, likely due
to variations in material viscosity.

As shown in Figure 6b, no significant differences in GAG
content per construct were observed for PNVCL-L and
PNVCL-H at 4 and 8 weeks. Although similar behavior was
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(20% w/v) and PNVCL-H (10% w/v) injected with three needles of size (18G, 21G, and 27G) (b). Live/dead imaging (live
cells-green; dead cells-red) of CH-laden (c) and MSC-laden (d) hydrogels injected with a needle of 21G, at days 0 and 3
(scale bars, 100 um). **Indicates significance (p<0.01) between groups 21G and 27G for PNVCL-L. *Indicates signifi-
cance (p<0.01) versus the cell viability of PNVCL-H at day O for each gauge size. 3D, three-dimensional. Color images

available online at www.liebertpub.com/tea

observed during in vitro studies, a much greater production
of GAG (up to 1245 pg per sample) was attained in vivo,
especially in the case of PNVCL-L injections, which gen-
erally accumulated greater GAG than PNVCL-H implants.
In addition, a time-dependent increase of GAG content per
construct was observed with both PNVCL-L and PNVCL-H
implants, exhibiting an increase of 1.5 and 1.9-fold, respec-
tively, after 8 weeks compared to 4 weeks. Better results
in vivo than in vitro can be attributed to the lack of destabi-
lization of the system due to fluctuations in temperature
during handling for in vitro culture, which can interfere in the
retention of cells and synthesized cartilage components in the

hydrogels. Finally, Figure 6¢ shows the collagen content in
constructs after 4 and 8 weeks, which followed the same
trends as were observed in the in vitro analyses, including the
ratio of collagen produced by PNVCL-L and PNVCL-H be-
tween the two timepoints. Overall, taking into account the
injected volume of hydrogel used for each condition studied,
significant increases of these cartilage components were ob-
served in CH-hydrogels that were subcutaneously injected
compared to those cultured in vitro.

To evaluate the distribution of synthesized GAGs and
collagen types I and II, implant sections were stained for
these cartilage components and imaged. The intensity of
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staining was quantified using ImageJ. Figure 7a and d shows
a time-dependent increase in Alcian blue staining compared
to the control group (acellular gels after 4 weeks of im-
plantation). PNVCL-L constructs exhibited more evenly
distributed Alcian blue staining than PNVCL-H, although no
statistical differences were observed between their staining
intensities. Articular cartilage is comprised mainly of type 11
collagen and, in small or negligible amounts, type I colla-
gen>®; immunohistochemical staining against type I and 11
collagen was used in this study to identify the majority
component that accumulated in the CH-laden hydrogels. In-
creases in Col II staining over time can be observed evenly
distributed in both PNVCL-L and PNVCL-H constructs in
Figure 7b and e compared to control groups. In contrast,
Figure 7c and f shows comparable Col I staining among the
control groups and all implants after 4 and 8 weeks. A slightly

higher intensity was observed at 8 weeks in PNVCL-L gels,
which could be attributed to the diffusion of Col I from the
fibrous capsule that formed around the implant. When com-
paring the histology data with biochemical analysis, it is
possible to note that although CH-laden PNVCL-H showed
similar collagen content after 4 and 8 weeks, an intense and
time-dependent increase of Col II staining was observed.
Despite some studies with injectable hydrogels for carti-
lage tissue engineering having shown neocartilage forma-
tion,>>">? some characteristics such as long gelation times,
sample instability, and poor matrix production can be not-
ed.!132:60-63 In this study, in the case of the thermosensitive
polymer PNVCL, hydrogels were produced by simple
methods with distinct mechanical properties and fast response
to temperature stimuli. They could also encapsulate viable
CHs and support neocartilage formation after in vitro culture
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and after in vivo subcutaneous injections in nude rats for
8 weeks.

Conclusions

In the present study, thermosensitive injectable hydrogels
of PNVCL with tunable mechanical properties and fast re-
sponse to temperature stimuli showed great potential for
application to cartilage repair. PNVCL hydrogels with dif-
ferent MWs supported viable cell encapsulation of CHs and
MSCs, as well as cartilage matrix production, maintaining
the phenotype of CHs during 3D culture in vitro. Further-
more, subcutaneous injections in nude rats resulted in stable

CH-laden hydrogel implants that produced cartilage ECM
components in much greater amounts than with in vitro
studies. Cell-laden PNVCL-L constructs with lower me-
chanical properties also showed increased ECM accumula-
tion compared to those with PNVCL-H, possibly due to
superior nutrient diffusion and more favorable mechanics
for CH function. Therefore, PNVCL hydrogels show
promise as scaffolds for cartilage tissue engineering.
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