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Different forms of biomaterials, including microspheres, sponges, hydrogels, and nanofibers, have been broadly
used in cartilage regeneration; however, effects of internal structures of the biomaterials on cells and chon-
drogenesis remain largely unexplored. We hypothesized that different internal structures of sponges and hy-
drogels led to phenotypic disparity of the cells and may lead to disparate chondrogenesis. In the current study,
the chondrocytes in sponges and hydrogels of chitosan were compared with regard to cell distribution, mor-
phology, gene expression, and production of extracellular matrix. The chondrocytes clustered or attached to the
materials with spindle morphologies in the sponges, while they distributed evenly with spherical morphologies
in the hydrogels. The chondrocytes proliferated faster with elevated gene expression of collagen type I and
down-regulated gene expression of aggracan in sponges, when compared with those in the hydrogels. However,
there was no significant difference of the expression of collagen type II between these two scaffolds. Excretion of
both glycosaminoglycan (GAG) and collagen type II increased with time in vitro, but there was no significant
difference between the sponges and the hydrogels. There was no significant difference in secretion of GAG and
collagen type II in the two scaffolds, while the levels of collagen type I and collagen type X were much higher in
sponges compared with those in hydrogels during an in vivo study. Though the chondrocytes displayed different
phenotypes in the sponges and hydrogels, they led to comparable chondrogenesis. An optimized design of the
biomaterials could further improve chondrogenesis through enhancing functionalities of the chondrocytes.

Introduction

The incidence of cartilage injuries and cartilage de-
generation increases as more people get involved in

sports and as the aging population increases. With the lack of
regenerative capacity of cartilage, intervention strategy in the
form of surgical implantation or cell therapy needs to be
employed to maintain and restore the mobility of patients.1,2

Cartilage tissue engineering has achieved fairly good prog-
ress by using cells, scaffold/biomaterial, and growth factors
in different forms.3,4 Ideally, a biomaterial scaffold used for
tissue engineering should have multiple roles, which include
(1) providing structural support and guiding anisotropic-
layered structures for de novo cartilage; (2) serving as a car-
rying vehicle for cells and/or growth factors; (3) guiding cell
distribution and aggregation while providing microenvi-
ronments for cells; (4) transducing proper mechanical signals

to individual cells; (5) facilitating nutrition exchange; and (6)
guiding neo-tissue formation with simultaneous degrada-
tion, during regeneration and functionality of cartilage. In
this regard, a variety of biomaterials have been designed and
fabricated. Based on their internal structures, biomaterials
can be classified into four categories: porous sponges,5 hy-
drogels,6 meshes/nanofibers, and microspheres,7 with each
structure having unique physical, chemical, and biological
properties.

Sponges and hydrogels are the two most broadly used
forms of biomaterials, constituting *35% and 45% of bio-
materials used in tissue engineering (based on search of
biomaterials used in cartilage regeneration with keywords
‘‘sponge,’’ ‘‘hydrogel,’’ ‘‘microsphere,’’ or ‘‘nanofibers’’ in
journal of ‘‘biomaterials’’ and ‘‘tissue engineering’’ from 2000
to 2011). Many biomaterials, including natural or synthetic
polymers or their combinations, are fabricated into sponges
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or hydrogels and have shown impressive and unique prop-
erties in cartilage regeneration. For example, poly(lactic-co-
glycolic acid) sponges modified with hyaluronic acid pro-
moted chondrocyte functions with regard to adhesion, pro-
liferation, glycosaminoglycan (GAG), and collagen II
accumulation.8 The hybrid sponges of collagen and chitosan,
providing an extracellular matrix (ECM)-like environment to
cartilage, enhanced cell attachment and subsequent cartilage
formation.9,10 Hydrogels, including polyethylene glycol
(PEG), gelatin, alginate, and chitosan, also facilitated carti-
lage formation in vitro. PEG hydrogels with either hydro-
lysable units11 or bioactive peptides12 improved proliferation
and ECM production for cartilage tissue growth. Chitosan-
glycerophosphate (GP)/blood hydrogel implants were used
to recruit cells13 and were also applied as an injectable cell
delivery vehicle.14 Filling hydrogels into sponges has also
been reported as a very efficient scaffold for the maintenance
of chondrocyte phenotype and sustained mechanical support
for the cartilage regeneration.15 However, the mechanisms
involved remain largely unexplored, as there is a lack of
direct comparison of hydrogels and sponges for cartilage
regeneration.

Sponges are porous structures whose properties are de-
termined by interconnectivity, pore size, and porosity, which
impact cell penetration and migration, matrix deposition and
distribution, and nutrient and waste exchange.16 A hydrogel
is a network of polymer chains that are hydrophilic, swollen
polymer matrices with a cross-linked structure and which
retains a large amount of water.17 Sponges are defined by
morphology, while hydrogels are defined by hydrophobic-
ity. In this current study, we adopt a well-accepted consen-
sus that hydrogels are made of hydrophilic materials with
water contact angles less than 60�, while sponges are porous
structures made of materials with a water contact angle of
80� or above.18–20

As a polysaccharide similar to GAGs, chitosan has been
widely used in cartilage regeneration. It can be fabricated
into sponges by being lyophilizied and cross-linked with
NaOH/ethonal21 or into hydrogels by adding b-sodium
glycerophosphate.14,22 In this study, we investigated the ef-
fects of the physical properties of the chitosan sponges and
hydrogels on the phenotypes of chondrocytes and the in-
fluence on cartilage generation, while maintaining similar
material chemical properties. Functionalities of the cells in
sponges and hydrogels were evaluated with regard to dis-
tribution, aggregation and morphology of the cells, as well as
gene expression and ECM production.

Materials and Methods

Fabrication of sponges and hydrogels of chitosan

Three percent of chitosan [poly(b-(1-4-2-amino-2-deoxy-D-
glucopyranase)] (Degree of deacetylation 80%–95%; viscosity
50–800 mPa.s; pH3.5,69047460, Guoyao Chemical Reagents
Limited) solution was made by dissolving chitosan powder
in 2M acetic acid. The solution was frozen at - 80�C and
lyophilized, before being rehydrated and hardened with
NaOH/ethanol mixture and lyophilized again. The sponges
were sterilized with 75% ethanol and rinsed with PBS until
use in cell culture. The chitosan hydrogels were made by
mixing filter-sterilized b-sodium GP (Sigma, molecular
weight 216.04) with 3% chitosan and 10% GP. The acquired

chitosan-GP solution was incubated at 37�C for 15–30 min to
form a hydrogel.

Characterization of the sponges
and hydrogels of chitosan

The freeze-dried scaffolds were immersed in PBS at 37�C
for 2 h until equilibrium, before swelling ratio was measured.
The swelling ratio was calculated as ER(ER = (Ws - Wd)/Wd,
where Ws and Wd represent the weight of the swollen and
dried scaffolds, respectively).23 Porosity was estimated by
immersing the scaffolds in absolute alcohol for 2 h. Porosity
was calculated as follows: Porosity = (Ws - Wd)/r/V, where
r was the density of alcohol and V was the volume of the
scaffolds; Ws and Wd represent the weight of the swelling
and dried scaffolds, respectively.22 The morphologies of the
sponges and fresh fabricated hydrogels were observed by
environmental scanning electron microscopy (AMRAY-
1910FE).

Mechanical properties

The compression test was performed on an Instron 5843
mechanical test (Instron Corporation). After preloading
thrice to 10% of the strain, the freshly fabricated hydrogels
and sponges were loaded at a constant speed of 0.1 mm/min
to 20% of the strain. The Young’s modulus was calculated
using E =s/e and e = 1 - L/L0, where L, L0 represent the
thickness before and after compression, separately. s and e
were the stress and strain of the scaffold, respectively. Ex-
periments were carried out in triplicate.

Bromophenol blue and bovine serum albumin diffusion

Three percentage of bromophenol blue (B-0126, Sigma)
solution was added dropwise to the surface of the sponges
and freshly fabricated hydrogels, respectively. The diffusion
of bromophenol blue was photographed at 0, 0.5, 1, and 2 h.
Release of bovine serum albumin (BSA, A-7030, Sigma) from
sponges and hydrogels was detected with Coomassie bril-
liant blue G250 (Amresco) at 37�C. To prepare the BSA-loa-
ded scaffolds, the BSA was mixed with chitosan-GP solution
to yield BSA-loaded hydrogels; the same amount of BSA was
dissolved in water, absorbed by dry sponges, and lyophi-
lized to produce BSA-loaded sponges. Briefly, 100 mL of the
incubated solution were taken out for measurement at
15 min, 30 min, 1, 2, 3, 3.5, 4, and 5 h. One hundred microliter
of PBS was added to the incubated solution after taking out
100mL solution. The experiment was performed in triplicate.

Culture of primary chondrocytes

Chondrocytes were harvested from knee joints of pigs
(Yorkshire, 10–12 months). Articular cartilage was excised
and digested with 0.15% collagenase II (Sigma) for 12 h with
intermittent rotation. The acquired chondrocytes were cul-
tured on tissue culture polystyrene with Dulbecco’s modified
Eagle medium (DMEM), (12800017, Gibco) containing 10%
fetal bovine serum, 100 IU/mL penicillin, and 100mg/mL
streptomycin at 37�C in 5% CO2. Medium was changed at 3
days’ interval until 80% confluence was reached.

Two hundred thousand chondrocytes of passage 2 were
seeded onto the sponge (5 · 5 · 2 mm), while 1 · 106 cells
were seeded into 250mL of hydrogels to keep the same cell
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density (4 · 106 cells/mL) in the two scaffold systems. The
chitosan-GP solution mixed with cells was incubated at 37�C
for 30 min to gel, before 1 mL of medium was added. Med-
ium was changed at 2 h. All the results from hydrogels were
divided by five to compare with sponges. One milliliter of
medium was added to cell-seeded sponges after 2 h incuba-
tion. All the scaffolds were cultured in 24-well plates, and
culture medium was changed at 3 days’ interval.

Cytotoxicity, proliferation, viability, and morphology
of the chondrocytes

The cytotoxicity of the sponges and hydrogels was eval-
uated with 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide (MTT, M 2128, Sigma). Briefly, five
thousand of chondrocytes were seeded in 96-well plates;
then, 100 uL of culture medium was added. After 6 h, the
sterilized latex rubber, hydrogels (50) mL, and sponges
(5 · 5 · 2 mm) were added to the plate. The latex rubber was
used as a positive control. The medium was changed every
day. Absorbance was detected with a plate reader at 570 nm
at 1 and 3 days. Four replicates were done.

Proliferation of the chondrocytes in the sponges and hy-
drogels was also evaluated with MTT (M 2128, Sigma). Five
thousand of chondrocytes were seeded onto the sponges
(5 · 5 · 2 mm) or mixed with 50 mL of hydrogel before 100 mL
of culture medium was added. Medium was changed every
day. Absorbance was detected with a plate reader at 570 nm
at 1, 4, and 7 days. Four replicates were done.

For live–dead assay, the cells in scaffolds and hydrogels
were stained with 2mg/mL Fluorescein Diacetate (F7378,
Sigma) at 37�C for 15 min and 5mg/mL of Propidium Iodide
(PI, P4170, Sigma) for 5 min, before being evaluated with
confocal laser scanning microscopy (CLSM, LSM510, Zeiss)
at an excitation wavelength of 488 nm and an emission
wavelength from 550 to 670 nm. For F-actin staining, the
samples were fixed with 4% paraformaldehyde; permeated
in 0.1% Triton X-100; and incubated with rhodamine-
phalloidin (PHDR1, cytoskeleton). Nuclei were counter
stained with 4¢, 6-diamidino-2-phenylindole (Sigma).

Quantization of GAG

The cell-laden scaffolds were digested with 50 mg/mL
protein K (H10091, Merck) over night before the GAG
content of the digested solution was quantitated with the
1,9-dimethylmethylene blue (DMMB, 341088, Sigma) colori-
metric method, and the absorbance was measured at
630 nm.24 Three replicates were done.

Real-time PCR

The cells were lysed with Trizol (15596-026, Invitrogen)
before the total RNA was extracted according to the trizol’s
instructions. RNA concentration was determined using the
Nano-Drop (Nano-Drop Technologies). The cDNA was
synthesized by using iScriptTMcDNA synthesis kit (Bio-Rad)
following the manufacturer’s instructions. Real-time PCR
was carried out with the Power SYBR Green PCR Master Mix
(Applied Biosystem) on an Applied Biosystems 7500 Real-
Time PCR System (Applied Biosystem) at 95�C for 15 m, 40
cycles of 15 s denaturation at 94�C, followed by 30 s anneal-
ing at 55�C, and 30 s elongation at 72�C. The target genes

were normalized by the reference gene glyceraldehydes-3-
phosphate dehydrogenase. The primers used for amplifica-
tion were listed in Table 1. Triplicates were carried out.

In vivo studies

The in vivo animal experiment was approved by the In-
stitutional Animal Care and Usage committee of the Peking
University. Male athymic mice (6–7 weeks, SPF, Vital River)
were used for the in vivo study. Ketamine (2.5 mg/mL,
50 mg/kg) was given by an intramuscular injection before
three mid-sagittal skin incisions (5 mm) on the back of the
mice were made. The cell-scaffold constructs, which had
undergone 7 days in vitro culture, were implanted into the
subcutaneous cavities. The incisions were treated with pen-
icillin powder and then sutured. The constructs were har-
vested after implantation for 2 and 4 weeks.

Histology and immunohistochemistry

The harvested samples were fixed in 4% paraformalde-
hyde buffer (pH7.4) before being dehydrated, embedded in
paraffin, and sectioned at 5 mm. For alcian blue staining, the
sectioned samples were stained with 0.5% of alcian blue
(Sigma-Aldrich) in 0.1 M HCl for 30 min and counter stained
with fast red (Sigma-Aldrich). For immunohistochemistry,
the sections were incubated with hydrogen peroxide and
pepsin for 20 min, respectively, before being incubated
with monoclonal antibodies of collagen type II (Clone 6B3;
Chemicon, Inc.), collagen type I (Sigma C2456), and collagen
type X (Clone · 53, Quartett). After the incubation of bioti-
nylated goat anti-mouse (Lab Vision Corporation) for 30 min,
the slides were stained with a sequential incubation of
streptavidin peroxidase, while 3, 3¢-Diaminobenzidine was
used as a chromogenic agent. The slides were covered and
examined with a microscope (DM6000M, Leica). Both GAG
and collagen II content were measured and compared with
regard to mean optical density. The secreted GAG and col-
lagen II of chondrocytes were evaluated with IPP software.

Statistical analysis

Student’s t-test was applied to analyze the difference between
each group, and all data were expressed as mean– standard
deviation with the significance level set at p < 0.05.

Results

Characterization of sponges and hydrogels

The interior morphology of the sponges was a highly
porous structure with interconnecting pores with a porosity
of 53.2% – 2.74% (Fig. 1a),while the hydrogels were also a
porous structure but the pore size was much smaller and less
interconnected (Fig. 1b). Swelling ratios of the dry hydrogels
were 5.8 – 0.703 at 37�C. The Young’s modulus of the spon-
ges (195.3 kPa) was significantly higher than that of hydro-
gels (2.0 kPa) ( p < 0.01).

Diffusion of bromophenol blue and BSA

Bromophenol blue diffused more quickly in sponges than in
hydrogels (Fig. 2A). The dye distributed evenly throughout the
entire sponges after 1 h, while dye distribution in the hydrogels
remained partial after 2 h, with the edge of the hydrogel devoid
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of dye. However, there was no significant difference between
the release of BSA from the hydrogels and the sponges; it took
1 h for both of them to reach a peak concentration (Fig. 2B), and
the release remained comparable with prolonged incubation.

Morphology and distribution of the chondrocytes

One day after seeding, the chondrocytes in sponges were
elongated with aligned F-actin in the cytoplasm (Fig. 3a);
whereas the chondrocytes in hydrogels had a round mor-
phology with no obvious actin staining (Fig. 3b). The chon-
drocytes in the sponges remained elongated with increased
aligned F-actins at day 7 (Fig. 3c), while the actin fibers of the
chondrocytes were nearly not visible in the hydrogels at day

7 (Fig. 3d). More clusters of the chondrocytes (usually < 10)
were found in sponges at day 7 compared with those at day
1. Comparatively, the chondrocytes in the hydrogels scat-
tered homogeneously at both day 1 and 7.

Cytotoxicity, proliferation, and viability

Both hydrogels and sponges were biocompatible (Fig. 4).
The chondrocytes in sponges had a higher proliferation (Fig.
5). The cells proliferated significantly faster with time in the
sponges ( p < 0.01), with a 1.6-fold increase at day 4 and al-
most a 1.8-fold at day 7, compared with day 1. However, the
number of the chondrocytes did not change much in the
hydrogels. The chondrocytes aggregated to form small

FIG. 1. Environmental
scanning electron micro-
graphs. (a) chitosan sponges,
(b) chitosan hydrogels.

FIG. 2. The diffusion of
bromophenol blue and re-
lease of bovine serum albu-
min (BSA). (a) The diffusion
dynamics in the scaffolds in
sponges (left) and hydrogels
(right) Top views (a, b, c, d)
and side views (e, f, g, h). (b)
Quantitative BSA release
from the sponges and hy-
drogels (n = 3). Color images
available online at www
.liebertpub.com/tea
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clusters in sponges, but distributed homogeneously in hy-
drogels at day 1 (Fig. 6a, b). Though the cell density in the
two scaffolds (sponges and hydrogels) was kept identical at
the time of seeding (Fig. 6a, b), the cell number increased
dramatically and more cell clusters were observed at day 21
in the sponges (Fig. 6a, c); while the number of viable cells in
the hydrogels remained nearly unchanged when compared
with day 1 (Fig. 6b, d).

In vitro histological and immunohistochemical studies

The staining of both GAG and collagen type II was strong
along the walls of the pores of the sponges, while it was
homogeneous in hydrogels (Fig. 7). Except for the difference
in distribution, there was no difference with regard to the
staining density of GAG and collagen type II between
sponges and hydrogels on both day 14 and day 28 (Sup-
plementary Fig. S4; Supplementary Data are available online
at www.liebertpub.com/tea). An analysis of GAG content by
DMMB assays showed an increase in GAG in both hydrogels

and sponges with time, but there was no significant differ-
ence between GAG content secreted by chondrocytes seeded
on sponges and hydrogels on both day 14 and day 28 (Fig. 8).

Immunohistochemical staining for collagen I was strong and
uneven in sponges, whereas it was homogenous and weak in
hydrogels after 28 days. As for collagen X staining, there was
nearly no staining in both sponges and hydrogels (Fig. 9).

Quantitative real-time PCR

Expression of collagen type I increased significantly with
time in sponges ( p = 0.03), while it decreased with time in
hydrogels. Though expression of collagen type I in the
sponges and hydrogels was comparable at day 14, collagen
type I expression was significantly lower in the hydrogels
than in the sponges after 28 days ( p = 0.01) (Fig. 10A).

Expression of collagen type II in both the sponges and the
hydrogels increased with time; however, time-dependent
increase was only significant for hydrogel samples ( p = 0.01)
(Fig. 10B).Expression of collagen type II in sponges was
higher than in hydrogels on day 14 and day 28, but due to
high standard deviation among samples in sponges, the
differences were not significant.

FIG. 3. Actin staining of the chondrocytes in
the sponges (a, c) and hydrogels (b, d). Actin
was stained red, while the cell nucleus was
blue. Arrow: stretched cell cytoskeletal and
cell aggregation; Arrowhead: a round mor-
phology and even distribution. Color images
available online at www.liebertpub.com/tea

FIG. 4. 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetra-
zolium bromide (MTT) test for cytotoxicity. Data were nor-
malized as the percentage of Tissue Culture Plate Surface
(TCPS). *p < 0.05 compared with the latex rubber group (n = 4).

FIG. 5. Proliferation of the chondrocytes in the sponges and
hydrogels. *p < 0.05 compared with sponges (n = 4).
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Expression of aggrecan remained stable in sponges, while
it increased significantly with time in hydrogels ( p = 0.006).
Though expression of aggrecan showed no significant dif-
ference at 14 days, it was significantly higher in the hydro-
gels than in the sponges at 28 days ( p = 0.01) (Fig. 10C).

In vivo histology

Excretion of both GAG and collagen II increased with
time, as indicated by Alcian Blue and collagen II staining.
Staining of both GAG and collagen II was inhomogeneous in
sponges with localized intense staining, while the staining
was homogeneous in hydrogels. No significant difference of
either GAG or collagen II was found between the sponges
and hydrogels (Fig. 11).

There was neither collagen I nor collagen X staining after 2
weeks, while only weak homogenous staining was found after
4 weeks in hydrogels. On the other hand, the staining for col-
lagen I and collagen X was positive after 2 weeks in sponges,
while the staining for collagen I and collagen X became strong
in the sponges at week 4. This staining was much stronger than
that in the hydrogels (Fig. 12).

Discussion

The scaffolds with various internal structures provide
different micro-environments for the cells. The cells can
recognize their microenvironments, and they selectively ac-
tivate or down-regulate genes and modify their phenotypes
accordingly.25–27 The scaffold microstructure can direct

FIG. 6. The viability of the chondrocytes by
fluorescein diacetate (FDA)-PI staining. Con-
focal microscopy photographs of FDA-PI
staining image showed chondrocytes on the
surface of sponges at (a) 1 day and (c) 21 days
and in hydrogels at 1 day (b) and 21 days (d)
after cell seeding. The live cells were dyed by
FDA (green), and the dead cells were stained
by PI (red). Color images available online at
www.liebertpub.com/tea

FIG. 7. Alcian blue staining and immunohistochemical staining for collagen II in vitro. (left) Alcian blue staining of sponges (a,
c) and hydrogels (b, d). (right) Collagen II immunohistochemical staining for sponges (a, c) and hydrogels (b, d). Scale bars:
100mm. Color images available online at www.liebertpub.com/tea
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cell morphology, cytoskeletal organization, proliferation,
and matrix production through chemical, biological, physi-
cal, and mechanical factors.

In this study, chitosan fabricated in the form of sponges
and hydrogels is comprehensively investigated and com-
pared as the scaffolds for supporting cartilage formation
with chondrocytes. Both forms of the scaffold in this study
were fabricated with the same batch of chitosan, thus elim-
inating chemical composition as a possible influence for the
different results. We also minimized the variation of cell
density by seeding the same cell number per volume for both
scaffolds. The effect of GP can also be excluded, as the
chitosan-GP sponge did not alter the morphology and dis-
tribution of chondrocytes (Supplementary Fig. S2), and the
gene expression of collagen II and sox 9 was lower in hy-
drogel, but no significant difference was found between
these two groups (Supplementary Fig. S3). Cell-loading
method contributed much to the aggregations in the sponges
as cell suspension was dropped onto the surface of the

sponge and was allowed to seep through by gravitational
force, and cell distribution was constrained by the inter-
connectivity of the sponges. On the other hand, the cells
distributed as single cells homogenously throughout the
hydrogels as cells were mixed thoroughly with the material
before hydrogel formation.

At the cellular levels, the chondrocytes showed a spindle
morphology with stressed F-actin fibers in the sponges,
differing from that in the hydrogels. The cells that attached
onto the pores of the sponges were similar with what hap-
pened in a 2D microenvironment (Fig. 13). The chondrocytes
that were embedded in the chitosan hydrogels kept round
morphologies, as the cells could sense the materials all
around them. Integrin-mediated cell attachment might play a
key role in this process. Cell functions are strongly associated
with cell morphology, which is affected by the structural
format of the biomaterials. It was shown that chondrocytes
on a nano-fibrous scaffold formed a globular-shaped mor-
phology and produced more cartilage-specific ECM such
as GAG and collagen type II, when compared with a well-
spread, fibroblast-like shape of chondrocytes on a micro-
fibrous scaffold.28

In our study, the altered phenotypes are associated with
varied morphologies of the cells and varied gene expres-
sion due to the different internal structures of the scaffolds.
The strong expression of collagen type I was detected in
chondrocytes residing in the sponges, showing signs of de-
differentiation. Enhanced cell proliferation in the sponges
further hinted at de-differentiation of the chondrocytes in the
sponges, as fully differentiated chondrocytes were known to
undergo little proliferation,29 a phenomenon that is also
observed in our chondrocytes in the hydrogels. Scaffold
structure may impact nutrient diffusion, which might affect
cell proliferation, as sponges provided larger interconnected
pores while hydrogels had less porous structure with a
smaller pore size.

More chondrogenesis was seen in the outer regions of the
sponges, while the matrix accumulated homogeneously
throughout the hydrogels. The cells in both the sponges
and hydrogels produced a similar amount of GAG, despite

FIG. 8. GAG content on day 14 and day 28 after seeding in
hydrogels and sponges (*p < 0.05, n = 3). GAG, glycosami-
noglycan.

FIG. 9. Immunohistochemical staining for
collagen type I and collagen type X for
in vitro scaffold constructs at day 28. (a)
collagen type I staining of the sponges. (b)
collagen type I staining of the hydrogels. (c)
collagen type X staining of the sponges. (d)
collagen type X staining of the hydrogels.
Scale bars: 100 mm. Color images available
online at www.liebertpub.com/tea
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FIG. 10. The mRNA expression
of collagen type I (A), collagen
type II (B), and aggrecan (C)
in vitro (*p < 0.05, and **p < 0.01,
n = 3).

FIG. 11. Alcian blue staining and immunohistochemical staining for collagen II in vivo. The constructs were cultured for 1
week in vitro before being transplanted into mice subcutaneous cavities for another 2 weeks and 4 weeks. (A) Alcian blue
staining of sponges (a, c) and hydrogels (b, d). (B) Collagen II staining for sponges (a, c) and hydrogels (b, d). Scale bars:
100 mm. Color images available online at www.liebertpub.com/tea

FIG. 12. Immunohistochemical staining for collagen I and collagen X for in vivo scaffold constructs. The constructs were
cultured for 1 week in vitro before being transplanted into mice subcutaneous cavities for another 2 weeks and 4 weeks.(A)
Collagen I staining for sponges (a, c) and hydrogels (b, d). (B) Collagen X staining for sponges (a, c) and hydrogels (b, d).
Scale bars: 100mm. Color images available online at www.liebertpub.com/tea
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the difference in cellular morphology and proliferation sta-
tus. The cells were fully differentiated and nearly did not
proliferate in the hydrogels, while the cells proliferated
quickly and partially dedifferentiated in the sponges. The
aggregation of the chondrocytes in the porous sponges could
enhance chondrogenesis through cell–cell contact and con-
tribute to ECM accumulation.30 Cell aggregation may also
partially offset the dedifferentiation caused by chondrocyte
attachment and subsequent morphological changes through
enhanced cell–cell interactions. Notably, not all cells in the
sponge were in clusters, while some of them attached onto
the materials. This might explain the high standard deviation
in the mRNA analysis in the sponge samples.

Collagen type X, a marker for chondrocyte hypertrophy,
was low in both sponges and hydrogels, indicating no hy-
pertrophy in both scaffolds in vitro. Staining of both collagen
type I and collagen type X was enhanced in the subcutane-
ous implanted sponges, which indicated the inferior pheno-
type of the chondrocytes in the sponge than that in the

hydrogel (Fig. 12). The subcutaneous implantation could not
mimic the real cartilage environment and might give the
wrong signals for cartilage regeneration. Cell–sponge con-
structs, implanted into the subcutaneous cavities, were easily
affected by the surroundings because of the large pores and
interconnected structures and resulted in an inferior pheno-
type of chondrocytes. However, the chondrocytes embedded
in the hydrogels tended to maintain phenotypes due to the
relatively inert property caused by the smaller pores and less
interconnected structure. Thus, the cell constructs might be
implanted to repair cartilage defects instead of the subcuta-
neous cavities to further compare these two scaffolds.

A better understanding of the cellular behaviors in sponges
and hydrogels can provide insights regarding the design of
scaffolds for cartilage regeneration. The results indicated that
hydrogels could be used to maintain chondrocyte phenotypes,
while the expansion of chondrocytes can be achieved in
sponges. In future, a hybrid scaffold that incorporates features
which encourage chondrocyte proliferation with a differentia-
tion-enhancing capacity will better serve cartilage regeneration.

Conclusion

Chondrocytes showed heterogeneous morphologies, clus-
tered or attached to the materials with a spindle-like mor-
phology in the sponges, while they distributed evenly and
displayed homogeneous, spherical morphologies in the hy-
drogels. A higher proliferation accompanying an elevated
expression of collagen type I was found in sponges when
compared with good phenotype associated up-regulated
expression of aggrecan in the hydrogels. In general, the
overall performance of the chondrocytes in the sponges and
the hydrogels is comparable, as testified with equivalent
ECM depositions. It is reasonable to optimize the bioma-
terials through harnessing merits from both the sponges
and the hydrogels.

FIG. 13. The schematic il-
lustration of different behav-
iors of chondrocytes in
sponges and hydrogels.
Chondrocytes tended to
stretch out and form little
clusters in sponges (left),
while they maintained a
round morphology and were
distributed evenly within
hydrogels (right). Color ima-
ges available online at
www.liebertpub.com/tea

Table 1. Primer Sequences for Chondrogenic

Marker Genes

Target Primer sequence forward and reverse (5¢/3¢)

GAPDH ATGGTGAAGGTCGGAGTGAA;
AATGAAGGGGTCATTGATGG

Aggrecan CATCACCGAGGGTGAAGC;
CCAGGGGCAAATGTAAAGG

Type I Collagen CAGAACGGCCTCAGGTACCA;
CAGATCACGTCATCGCACAAC

Type II Collagen TGAGAGGTCTTCCTGGCAAA;
GAAGTCCCTGGAAGCCAGAT

Type X Collagen TGCTGCTGCTATTGTCCTTG;
TGAAGAACTGTGCCTTGGTG
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