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ABSTRACT

In order to contribute to the development of minimally invasive surgery techniques for autologous chondrocyte implan-
tation, a novel self-assembling biomaterial consisting of thermoresponsive poly(N-isopropylacrylamide)-grafted hyalu-
ronan (PNIPAAm-g-HA) has been synthesized as an injectable scaffold for cartilage tissue engineering. The aim of this
study was to investigate the efficacy and cytocompatibility of PNIPAAm-g-HA to normal chondrocytes by using re-
verse transcription-polymerase chain reaction (RT-PCR) analysis and histochemical staining in preliminary in vitro and
in vivo experiments. Hematoxylin and eosin staining showed homogeneous distribution of cells in the PNIPAAm-g-HA
hydrogel in 3-dimensional in vitro cultivation. Alcian blue staining also indicated that abundant extracellular matrix
formation, including acidic glycosaminoglycans, occurred in tissue-engineered cartilage over time in vitro. Cartilage-
related gene expression patterns, which were tested in rabbit normal chondrocytes embedded in the hydrogel, were al-
most maintained for 4 weeks. Transforming growth factor-f1 (TGF-£1) stimulation enhanced the expression of
SRY-related HMG box-containing gene 9 (Sox9) and type X collagen genes suggesting promotion of chondrogenic
differentiation. Histochemical evaluation showed neocartilage formation following subcutaneous implantation of the
chondrocyte-gel mixture in nude mice. Furthermore, TGF-£1 stimulation promoted production and maturation of the
extracellular matrix of the in situ tissue engineered hyaline cartilage. These data suggested that PNIPAAm-g-HA could
be a promising biomaterial, i.e., a self-assembling and injectable scaffold for cartilage tissue engineering.
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1. Introduction fibers, have been used for 3-dimensional scaffolds to
support and maintain the geometric shape of the con-
structs and to maintain the chondrocyte phenotype [3,4,
6-10]. Transplanted tissue-engineered cartilages are gen-
erally covered by a sutured periosteal flap to fix them at
the defect site in conventional ACI procedures. To im-
prove the issues of conventional ACI, advanced cartilage

tissue engineering and regenerative medicine techniques

Articular cartilage is a specialized connective tissue,
known as hyaline cartilage, consisting of chondrocytes
and abundant extracellular matrix. It is mainly composed
of type II collagen, hyaluronan, and proteoglycans, in-
cluding sulfated-polysaccharides, and these components
contribute to the specific biorheological characteristics.

However, absence of blood, a lymphatic vascular system,
and a nervous system cause poor repair and regeneration
capability of partially injured cartilage. In the past 20
years, autologous chondrocyte implantation (ACI) tech-
niques using cultivated chondrocytes (cell suspensions or
tissue-engineered constructs) have been developed, pro-
gressed, and achieved clinical application, and are ex-
pected to be promising methods to repair and regenerate
damaged cartilage [1-5]. In order to prepare tissue-engi-
neered cartilage as implants in vitro, various bioabsorb-
able materials, which were formed as gels, porous, or
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have been newly proposed to introduce the concept of
minimally invasive surgery using a microscope without
taking parts of the periosteum from the proximal tibia
and attempted combination with functional biomaterials,
including self-assembling materials, in vitro or in vivo
animal models [11-14]. In particular, utilization of poly
(N-isopropylacrylamide) (PNIPAAm)-conjugated copoly-
mers as self-assembling biomaterials is thought to be an
attractive strategy in terms of easily occurring thermore-
sponsive in situ gelation, which allows encapsulation of
cells of various shapes. In addition, PNIPAAm could

JBNB



Biological Evaluation of Tissue-Engineered Cartilage Using Thermoresponsive

Poly(N-isopropylacrylamide)-Grafted Hyaluronan

serve as reversible cell-attachment/detachment matrix for
cell-sheet engineering [15,16] in tissue engineering ap-
plications. Several authors reported the biocompatibility
and efficacy of these copolymers for meniscus and carti-
lage tissue engineering [17,18].

Hyaluronan (HA) is a major glycosaminoglycan con-
sisting of repeated units of D-glucuronic acid and N-
acetyl-D-glucosamine. HA is synthesized by endogenous
HA synthases (HASs) that are localized on cellular
plasma membranes in cartilage and other soft-connective
tissues in mammals. HA affects the physicochemical
properties of extracellular matrix as well as biological
functions, including cell adhesion, migration, prolifera-
tion, and even bioactive signaling. Each induced bioac-
tivity is thought to differ with regard to the molecular
size of HA and its target cells. For example, interleukin
la (IL1a)-induced expression of a disintegrin and metal-
loproteinase with thrombospondin motifs-4 (ADAMTS4)
causes aggrecan degradation, which was significantly
reduced by treatment of cultivated chondrocytes with
high-molecular-weight HA (high-MW HA) [19]. This
biological function of HA was thought to result from
binding to several HA receptors such as CD44 and intra-
cellular cell adhesion molecule 1 (ICAM1) on the cell
surface. Because some intracellular signaling pathway
changes due to HA via CD44 activation have been inves-
tigated [19-21], biomaterials composed of HA deriva-
tives are expected to be bioactive scaffolds for cartilage
tissue engineering.

In the present study, we developed PNIPAAm-grafted
HA (PNIPAAm-g-HA) (Figure 1) as an injectable scaf-
fold for cartilage tissue engineering. We investigated the
biological efficacy of PNIPAAm-g-HA hydrogels on
neocartilage formation in preliminary in vitro and in vivo
experiments.

2. Materials and Methods
2.1. Chemicals
N-isopropylacrylamide (NIPAAm), 2-aminoethanethiol
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hydrochloride (AET-HCI), and 2,2’-azobis(isobutyro-
nitrile) (AIBN) were purchased from Tokyo Kasei Ko-
gyo Co., Ltd. (Tokyo, Japan) and used as received.
1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro-
chloride (EDAC) was purchased from DOJINDO Labora-
tories (Kumamoto, Japan). Other high purity-grade re-
agents for chemical synthesis were purchased from Wako
Pure Chemical Industries, Ltd. (Osaka, Japan).

2.2. Preparation of PNIPAAm-g-HA

Amino-terminated PNIPAAm (PNIPAAm-NH,) was pre-
pared by radical polymerization using AIBN as an initia-
tor. NIPAAm monomer (1.0 x 10 mol), AIBN (1.0 x
10° mol), and AET-HCI (1.0 x 10~* mol) were dissolved
in degassed dimethylformamide (DMF) under argon at-
mosphere, and the polymerization was conducted for 6 h
at 70°C. The product was precipitated in excess diethyl
ether and dried under reduced pressure. Then, the pre-
cipitate was dissolved in ultrapure water, dialyzed using
spectra/Por 7(molecular weight cutoff [MWCO], 8000)
for 48 h against excess ultrapure water, and then lyophi-
lized. Graft-polymerizations of PNIPAAm-NH, (weight-
average molecular weight [Mw], approximately 3.2 x 10*
Da) to HA were carried out using water-soluble car-
bodiimide in phosphate buffer. Hyaluronic acid sodium
salt (100 mg, Mw, approximately 7.7 x 10° Da) and PNI-
PAAm-NH, (500 mg) were dissolved in 0.05 M phos-
phate buffered saline (PBS, pH 6.0) and EDAC was then
added to the solution. The reaction was conducted at
24°C with stirring for 24 h. To remove impurity and non-
reacted PNIPAAm-NH,, the reaction mixture was dia-
lyzed using spectra/Por 7 (MWCO, 25,000) for 48 h
against excess ultrapure water, and then lyophilized. The
synthesized PNIPAAm-g-HA was rinsed with excess
acetone and precipitates were lyophilized, dried, and
stored at room temperature in a desiccator.

2.3. Fourier-Transform Infrared Analysis

Each sample was mixed with potassium bromide powder
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Figure 1. The chemical structure of poly(/V-isopropylacrylamide)-grafted hyaluronan (PNIPAAm-g-HA).
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and compressed into pellets for Fourier-transform infra-
red (FT-IR) analysis. FT-IR spectra of samples were re-
corded using a model FT/IR 620 spectrometer (JASCO,
Tokyo, Japan). For each spectrum obtained, a total of 68
scans were accumulated at 1 cm ' resolution of a range
between 700 and 4000 cm .

2.4. Low Ceritical Solution Temperature
Measurements

The optical transmittance of each polymer in deionized
water was measured at 500 nm at temperatures from 25°C
to 45°C with a V-630BIO spectrophotometer (JASCO) to
estimate the phase transition temperature of the speci-
mens. The low critical solution temperature (LCST) of
the polymer solution was determined from the tempera-
ture at which the solution turbidity was half of the dif-
ference between the maximum and the minimum value,
as previously reported [17].

2.5. Isolation and Cell Culture of Chondrocytes

All animal experiments in this study were approved by
the Animal Care Committee at Tokyo Denki University.
Rabbit normal chondrocytes were isolated from costal
cartilages by enzyme digestion. Briefly, after anesthesia
with nembutal, hyaline cartilages were separated from
the ribs of 6- to 7-week-old male New Zealand white
rabbits, cut into 1- to 2-mm-thick pieces, and incubated
in PBS containing 0.1% trypsin at 37°C for 1 h with gen-
tle agitation. Then, cartilage pieces were rinsed 3 times
with Ca®*- and Mg”*-free PBS and digested at 37°C for 6
h in DMEM/F12 containing 2.5% collagenase or colla-
genase/dispase with gentle agitation. Digested cells were
passed through a 100 um-mesh cell strainer, collected by
centrifugation, and suspended in fresh DMEM/F12 me-
dium containing 10% fetal bovine serum (FBS), ITS (10
pg/mL insulin, 6.7 ng/mL transferring, 5.5 pg/mL sele-
nium), 100 U/mL penicillin G, and 100 pg/mL strepto-
mycin. After primary culture, cells were used for in vitro
and in vivo experiments.

2.6. Three-Dimensional Culture

Chondrocytes were mixed with 1 wt% PNIPAAm-g-HA
(5.0 x 10° cells/mL in 100 pL of hydrogel) and preincu-
bated without culture medium at 37°C for a few minutes
in centrifugal microtubes to embed the cells into PNI-
PAAm-g-HA hydrogels. Then, warmed culture medium
was added to the tubes. The cells embedded in hydrogels
were cultivated in the absence or presence of 10 ng/mL
transforming growth factor-f1 (TGF-£1) by continuous
exposure for 2 and 4 weeks at 37°C with 5% CO,. With
regard to chondrocyte differentiation in 3-dimensional
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cultures, the pellets of cell aggregates (5.0 x 10° cells)
obtained by centrifugation were also cultivated for the
same periods. Three different experiments were carried
out to confirm reproducibility of results.

2.7. Nude Mouse Implantation

PNIPAAm-g-HA hydrogel (1.5 mg gel in 150 pL saline)
mixed with chondrocytes (5.0 x 10’ cells) in the presence
or absence of 10 ng/mL TGF-f1 were transplanted by
subcutaneous injection into the backs of 4-week-old male
BALB/cA Jcl-nu/nu nude mice, which were purchased
from Clea (Tokyo, Japan). At 2 weeks after implantation,
the mice were killed (n = 3 for each period) using an
overdose injection of nembutal, and the skin, including
the implanted site (15 x 15 mm area), was removed for
histological evaluation.

2.8. Reverse Transcription-Polymerase Chain
Reaction

Total RNA was extracted from cells using ISOGEN RNA
isolation kit (Nippon Gene, Tokyo, Japan) with DNase I
treatment according to the manufacturer’s instruction.
Five hundred nanogram of each RNA sample was re-
verse-transcribed into ¢cDNA using SuperScript II first-
strand synthesis system for RT-PCR (Invitrogen). To
analyze the expression of specific genes, equal amounts
of first strand cDNA were amplified by PCR using Ex
Taq polymerase (Takara, Japan) and specific forward and
reverse primers for each gene (Table 1). The PCR condi-
tions were 1 min at 94°C, 30 s at 55°C, and 1 min at 72°C
for 28 to 34 cycles. The products amplified by PCR were
subjected to electrophoresis in a 2.0% agarose gel, and
digital photographs of ethidium bromide stained gels
were taken by ImageQuant LAS4000 image analyzer
(GE Healthcare).

Table 1. Primers used in PCR amplification reactions.

Gene Sequence (5’ —37) SI:;(e)d(E;t)

Sox9 (F) GAGCGAAGAGGACAAGTTC 333
(R) TACTTGTAGTCCGGGTGGT

Aggrecan (F) GGTGTTGTGTTCCACTATCG 281
(R) ACACGTCATAGGTCTCGTTG

Col-2al (F) GACATTGGAGGGGCACCCATG 366
(R) GACACGGAGTAGCACCATCG

Col-10a  (F) TCATGCCCGATGACTTTACA 397
(R)  AGCCACACCTGGTCATTTTC

CD44 (F) CCACGTGGAGAAAAATGGTC 157
(R) CACGTGCCCTTCTATGAACC

f-actin (F) TGCTTCTAGGCGGACTGTTA 314
(R) CGTCACATGGCATCTCACGA
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2.9. Histochemistry

For cytochemical and histological analyses, specimens
were fixed in 4% paraformaldehyde solution and dehy-
drated in 70% to 100% ethanol and xylene. Specimens
were then embedded in paraffin and cut into 5-pm-thick
sections using a microtome. After dewaxing according to
standard procedures, sections (i.e., nucleus and cyto-

plasm) were stained with hematoxylin and eosin (H & E).

Sections were also stained with alcian blue or toluidine
blue solution to detect acidic polysaccharides and ob-
served by using a DX51 microscope equipped with a
DP52 digital camera system (Olympus, Japan).

3. Results

3.1. Characterization of PNIPAAm-g-HA

The structure of PNIPAAm-g-HA was characterized by
FT-IR (Figure 2). PNIPAAm-g-HA had characteristic
absorbance at around 2974, 1647, and 1543 cm™' attrib-
utable to -CHj stretching, amide I, and amide 11 bands of
PNIPAAm-NH,, respectively, whereas original HA had
amide I and II bands at around 1618 and 1560 cm ', re-
spectively, as previously reported [22]. The specific band
at around 1410 cm' corresponding to COO™ symmetric
stretching was also relatively reduced in PNIPAAm-g-
HA compared with HA, which indicates coupling of the
PNIPAAm polymer to HA.

The transmittance-temperature curve of the 0.5 wt% of
PNIPAAm-g-HA aqueous solution is shown in Figure 3.
LCST of PNIPAAm-g-HA was determined at around
32.0°C, and was almost the same as that of the PNI-
PAAm-NH, polymer alone (31.2°C). PNIPAAm-g-HA
had self-assembling potency at physiological tempera-
ture.

(2)

(b)

Intensity

(c)

4000 3200 2400 1600 800
Wavenumber (cm™)
Figure 2. FT-IR spectra of (a) amino-terminated poly(/V-

isopropylacrylamide) (PNIPAAm-NH,); (b) hyaluronan (HA);
and (c) PNIPAAm-g-HA.
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3.2. Extracellular Matrix Formation of the
Engineered Cartilage

The histomorphologies of in vitro tissue-engineered car-
tilage composed of chondrocytes embedded in PNI-
PAAm-g-HA hydrogel for 2 and 4 weeks are shown in
Figure 4. H & E staining revealed homogeneous distri-
bution of chondrocytes in the tissue-engineered cartilage.
Alcian blue staining also revealed production of abun-
dant extracellular matrix, including acidic glycosami-
noglycans and lacuna structure, around the cells in the
hydrogel. Furthermore, extracellular matrix and engi-
neered cartilage were hypertrophied during the culture
periods.

100
90 A
80 1
70 4
60
50 A
40 A
30 A
20
10 1

0

Transmittance (%)

27 28 29 30 31 32 33 34 35 36 37
Temperature (*C)

Figure 3. Thermoresponsive character of aqueous of (e)
PNIPAAmM-NH,, (A) hyaluronan, and (m) PNIPAAm-g-HA
by transmittance measurement at 500 nm. Data are ex-
pressed as the means value of independent three measure-
ments.

Figure 4. H & E staining (a, ¢) and alcian blue staining (b, d)
of PNIPAAm-g-HA hydrogel encapsulating normal chon-
drocytes in vitro at day 14 (a, b) and day 28 (c, d). Scale bar:
100 pm.
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3.3. Gene Expressions of the Engineered
Cartilage

RT-PCR analysis using specific primers for cartilage-
related genes, including SRY-related HMG box-con-
taining gene 9 (Sox9), aggrecan, and type II and X col-
lagen was conducted to characterize the phenotype of
chondrocytes embedded in the gel in the presence and
absence of TGF-f1 (Figure 5). The expressions of theses
chondrocyte-specific genes were detected and the ex-
pression levels were maintained in the cells embedded in
PHIPAAm-g-HA gel for 4 weeks. The expression of the
HA receptor CD44 was also detected in the engineered
cartilage. In addition, TGF-f1-loaded hydrogel enhanced
Sox9 gene expression at day 14, and up-regulated type X
collagen gene expression for 28 days, whereas no re-
markable difference was observed in the expression of
aggrecan and type Il collagen.

3.4. Neocartilage Formation in Subcutis of Nude
Mice

In order to investigate the formation of hyaline cartilage
derived from transplanted rabbit chondrocytes with PNI-
PAAm-g-HA into subcutis of nude mice, histochemical
evaluation was carried out (Figure 6). H & E staining
revealed homogeneous distribution of transplanted cells
in the subcutis. Formation of chondrogenic extracellular
matrix, including abundant acidic glycosaminoglycans,
was investigated by alcian blue and toluidine blue stain-
ing. Round sharp cells and lacuna structure within the
extracellular matrix were also observed in the neocarti-
lage. On the other hand, no remarkable neutrophil and
macrophage migration indicating continuous inflamma-
tion were observed around the neocartilage tissue in the
subcutis 2 weeks after transplantation. Moreover, the
addition of TGF-f1 to PNIPAAm-g-HA hydrogel en-
capsulating chondrocytes resulted in hypertrophy and
maturation of the chondrogenic extracellular matrix and
tissue.

4. Discussion

Various biomaterials have been utilized as scaffolds for
conventional cartilage tissue engineering [3,4,6-10]. With
the introduction of microscopic surgical techniques for
minimal invasion, the development of novel injectable
scaffolds is still expected for advanced cartilage tissue
engineering systems. Several injectable biomaterials for

cartilage tissue engineering have also been studied [8-13].

However, there is no standard material for injectable
biomaterial to be utilized in ACI in microscopic surgery.
The purpose of this study was to evaluate the biological
efficacy of PNIPAAm-g-HA developed as a novel scaf-
fold for in situ cartilage tissue engineering, through pre

Copyright © 2012 SciRes.
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Figure 5. Expression of Cartilage-related genes in rabbit
normal chondrocytes embedded in PNIPAAm-g-HA hydro-
gel in the presence or absence of TGF-£1 in 3-D culture.

liminary in vitro and in vivo studies. PNIPAAm-g-HA
was designed to have both characteristics of biological
activity derived from high-MW HA [19-21,23,24] and in
situ self-assembling potency dependent on the hydropho-
bic interaction with each grafted-thermoresponsive PNI-
PAAm chain at physiological temperature [25]. The LCST
of PNIPAAm-g-HA was almost equal to that of the typi-
cal PNIPAAm polymer (Figure 3), and in situ gelation
potency of transplanted PNIPAAm-g-HA via intraarticu-
lar injection was expected. We also confirmed the effect
of grafted-PNIPAAm chains on lower loss modulus (G”)
of the HA derivative at room temperature without loss of
storage modulus (G’) at physiological temperature com-
pared to original HA (data not shown).

A previous study by Matsuda and coworkers had re-
ported that PNIPAAm-grafted HA, which was synthe-
sized by a different method than ours, was proposed to be
applied as tissue adhesion prevention material because of
its non-cell-adhesive property, which was based on its
behavior on bovine endothelial cells [26]. In our present
study, we investigated the potency of PNIPAAm-g-HA
as an injectable scaffold for cartilage tissue engineering.
Chondrocytes have several HA receptors such as CD44
in plasma membrane. These receptors might contribute to
the initial adhesion of cells onto PNIPAAm-g-HA mole-
cules and favorable biological signal transduction in
chondrocytes. The gene expression analysis of a previous
study showed that Sox9 and aggrecan genes were up-
regulated in chondrocytes embedded in the PNIPAAm-
g-HA gel compared with those in cell aggregates, where-
as type X collagen expression in the gel was lower than
that in the aggregate (data not shown). These findings in-
dicated that the PNIPAAm-g-HA gel was more effective
for prevention of hypertrophic maturation of early staged
hyaline cartilage. High-MW HA in extracellular matrix
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may be relevant for proteoglycan synthesis in cartilage.
For example, since it is known that HA enhances chon-
droitin sulfate synthesis in chondrocytes cultivated in
collagen gels [27], aggrecan, which is a major proteo-
glycan interacts with chondroitin sulfate in cartilage and
binds to HA via a link-protein. In addition, appropriate
interpenetrative-microenvironment surrounding cells in
the PNIPAAm-g-HA hydrogel might improve the per-
meability of bioactive molecules and secreted-extra-cel-
lular matrix accumulation resulting in chondrogenic phe-
notype induction.

Effects of TGF-f1 activity on the expression of carti-
lage-related genes and extracellular matrix formation in
chondrocytes embedded in PNIPAAm-g-HA have been
investigated in vitro (Figure 5) and in vivo (Figure 6),
respectively. TGF-f regulates the expression of various
genes by activation of intracellular Smad signaling path-
ways via type I/Il TGF-f receptors, which have ser-
ine/threonine kinase activities [28-32]. Several transcrip-
tional activation mechanisms for target genes by Smads
binding onto DNA that are relevant to TGF-f stimulation
have been reported [33-35]. The mitogen-activated pro-
tein kinase (MAPK) signaling pathway via TGF-fS-acti-
vated kinase 1 (TAK1) possibly resuls in transcription
factor 2 (ATF-2) activation [36,37]. In general, it is
thought that TGF-f/Smads signaling resulting in Sox9
activation enhances primary chondrogenic differentiation
of mesenchymal stem cells [34] and represses chondro-
cyte hypertrophic differentiation [38,39]. However, in the
present study, transient Sox9 gene expression (for 14

@

days) as well as continuous type X collagen gene expres-
sion (for 28 days) was observed in continuously TGF-f1-
stimulated cells embedded in the gel. These findings in-
dicated that TGF-f1 promoted multiple steps of the
chondrogenic differentiation, including both primary
differentiation and hypertrophic differentiation in the
PNIPAAm-g-HA hydrogel, which might be possible
since Sox9 could also induce type X collagen expression
via Runx2 activation to cooperate with BMP4 in chick
chondrocytes [40].

In in vivo experiments (Figure 6), thymus-deficient
nude mice were used to avoid the affect of T cell-de-
pendent cellular immunity against rabbit chondrocytes to
simulate autologous cell transplantation. The subcutane-
ously transplanted chondrocytes/PNIPAAm-g-HA mix-
ture formed hyaline-like cartilage without signs of con-
tinuing inflammation in these mice. Since high-MW HA
could contribute to moderation of inflammation of chon-
drocytes and other cells [19,25,41-45], PNIPAAm-g-HA
might be a promising scaffold with anti-inflammatory
potency. In addition, more abundant extracellular matrix
formation was induced during transplantation of a mix-
ture of chondrocytes and TGF-f1-loaded PNIPAAm-
g-HA. Thus, it was confirmed that PNIPAAm-g-HA was
an injectable bioactive scaffold that supports and induces
the potency of chondrogenic cells and growth factors.
Further studies on the effects of in sifu cartilage tissue
engineering on the repair of osteochondral defects using
the PNIPAAm-g-HA system in a rabbit knee model are
now under way.

Figure 6. Histochemical staining showing in situ chondrogenesis derived from a mixture of rabbit chondrocytes and PNI-
PAAm-g-HA in the absence (a)-(c) or presence (d)-(f) of TGF-f1 at 2 weeks after subcutaneous transplantation into nude
mice. (a) and (d) H&E staining; (b) and (e) Alcian blue staining; (c) and (f) Toluidine blue staining. Scale bar: 100 pm.

Copyright © 2012 SciRes.
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5. Conclusion

In the present study, we investigated the chondrogenic
potency of in situ engineered cartilage composed of a
mixture of chondrocytes and PNIPAAm-g-HA, which
was developed as a self-assembling and injectable bio-
material. Moreover, neocartilage formation with abun-
dant extracellular matrix was induced by transplantation
of this mixture in the presence of TGF-£1, even in the
ectopic subcutis of nude mice. Thus, although further
studies are necessary, PNIPAAm-g-HA could be a pro-
mising biomaterial for in situ cartilage tissue engineering
because it is a self-assembling and injectable biomaterial.
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