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Abstract

Tissue engineering (TE) is an emerging field for the regeneration of damaged tissues. The

combination of hydrogels with stem cells and growth factors (GFs) has become a promising

approach to promote cartilage regeneration. In this study, carrageenan-based hydrogels were

used to encapsulate both cells and transforming growth factor-b1 (TGF-b1). The ATDC5 cell

line was encapsulated to determine the cytotoxicity and the influence of polymer concentration

on cell viability and proliferation. Human adipose-derived stem cells (hASCs) were encapsulated

with TGF-b1 in the hydrogel networks to enhance the chondrogenic differentiation of hASCs.

Specific cartilage extracellular matrix molecules expression by hASCs were observed after

14 days of cultures of the constructs under different conditions. The k-carrageenan was found

to be a suitable biomaterial for cell and GF encapsulation. The incorporation of TGF-b1 within the

carrageenan-based hydrogel enhanced the cartilage differentiation of hASCs. These findings

indicate that this new system for cartilage TE is very promising for injectable

thermoresponsive formulation applications.
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Introduction

Tissue engineering (TE) is an emerging multidisciplinary field that may revolutionize the ways
to improve the health and quality of life worldwide by restoring, maintaining, or enhancing
tissue and organ functions.1,2 Cartilage is an avascular, aneural, and alymphatic tissue
composed of a unique type of cell, chondrocyte, which is embedded within a dense
extracellular matrix (ECM).3 The matrix is composed of collagens and proteoglycans, which
provide the architectural structure and biochemical strength to the tissue.4 Joint diseases,
osteoarthritis, direct or indirect trauma from sports injuries, and premature or
osteochondral cartilage degeneration are targets among cartilage TE repair.5–7

A typical cartilage TE approach combines cells, biomaterials, and signaling factors.4,8–11

Cartilage regeneration using autologous chondrocytes has been indicated.12,13 However,
posterior in vitro cultures for cell expansion are required, which is typically associated
with cell de-differentiation, leading to the downregulation of cartilage-specific genes.14

Alternative cell sources, namely adult mesenchymal stem cells (MSCs), including adipose-
derived stem cells (ASCs), have been reported.15,16

Adipose tissue is easy to access in individuals, and contains a large proportion of MSCs.17

The easy access to ASCs by liposaspiration is one of the greatest advantages of this stem cell
source. Furthermore, the ASCs can undergo differentiation into different lineages, including
the chondrogenic cells.18 Under specific conditions, which include culturing ASCs in an
environment supplemented with transforming growth factor-b (TGF-b), dexamethasone,
and ascorbate, stem cells undergo chondrogenic differentiation.18–22

TGF-b1 is known to be responsible for initial cell–cell interactions and for the stimulation
of cells to grow and differentiate.23–26 TGF-b is responsible for the control of chondrocyte
proliferation and differentiation. Furthermore, it is able to induce chondrogenic
differentiation of MSCs in vitro.23–25,27 TGF-b1 is also important for the production of
proteoglycans and other components of cartilage matrix.27,28 Studies have been focused
on the delivery of this growth factor (GF) in hydrogels and evaluated their influence in
neocartilage tissue development.28–30

An important parameter in cartilage TE is the choice of the appropriate three-
dimensional (3D) support. Biocompatibility, porosity, pore size, surface and mechanical
properties, and biodegradability are essential parameters that should be specifically
designed in order to achieve successful tissue regeneration.31 Hydrogels are particularly
suitable for cartilage TE as they resemble the 3D aqueous-rich environment of that
tissue.32,33 Hydrogels with appropriate mechanical properties, capable of entrapping cells
and allowing the diffusion of nutrients through the mesh, can be used as a construct for
cartilage TE. Moreover, stimuli-responsive (pH and temperature) hydrogels represent a
promising approach as they can be injected by a minimal invasive procedure which is
advantageous over other more complex treatments involving open body surgeries.32,34

Although the use of synthetic polymers to design hydrogels may seem promising, the
choice of natural biomaterials assumes greater relevance in the objective of mimicking the
nature due to their high biocompatibility.35 Polysaccharides are the most versatile natural
polymers due to the wide range of chemical, physical, and functional properties they convene
in living organisms.36–39

Carrageenan, a sulfated polysaccharide that is extracted from red marine algae, is gaining
interest for biomedical applications due to its facile gellation. It is comprised of
repeating disaccharide units of 4-linked b-D-galactopyranose (G-unit) and 4-linked
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a-D-galactopyranose (D-unit) or 4-linked 3,6-anhydrogalactose (DA-unit), with a variable
portion of sulfate groups.39–41 According to the position and number of sulfate groups in the
1,3- and 1,4-linked galactose residues, carrageenans are divided into three families: k, i, and
�, corresponding to one, two, and three sulphate groups per disaccharide.40 In aqueous
solutions and in the presence of cations, both k- and i-carrageenans easily form, on
cooling, thermoreversible gels.

The objective of this study was to design of a new carrageenan-based thermoreversible
hydrogel for use in cartilage TE applications. Further, the effect of the TGF-b1 in the
hydrogel network was studied with respect to the proliferation and chondrogenic
differentiation of encapsulated human (hASCs).

Materials and methods

Hydrogel preparation

k-Carrageenan hydrogels were formed by ionic crosslinking monovalent cations, such as Kþ.
k-Carrageenan (Sigma–Aldrich) solutions with 2% and 2.5% (w/v) in distilled water. The
dispersion was heated in a water bath at 60�C with stirring until a homogeneous solution
formed. The solutions were sterilized in an autoclave (121�C for 30min). The polymer
solution was then poured into a Petri dish and allowed to gel. To croslinked the structure,
5% (w/v) potassium chloride (KCl) solution in phosphate-buffered saline (PBS) was added
in a volume ratio of 4/1 (KCl solution/polymer solution), and allowed to react for 30min.
The hydrogel obtained was washed several times with PBS, and discs of ~5 � 2mm2 were
produced with a punch.

CryoSEM

The internal morphology of the hydrogels was evaluated by CryoSEM. Samples were cooled
rapidly down to �210�C, followed by surface sublimation and coated with gold–palladium
to avoid deposition of electron flux. Images were obtained in a microscope (SEM; JEOL
JSM 6301F/Oxford INCA Energy 350/Gatan Alto 2500 from CEMUP laboratories (REEQ/
1062/CTM/2005 e REDE/1512/RME/2005)).

Cell culturing and expansion

Two different types of cells, mouse embryonal carcinoma-derived clonal cell line ATDC5
(ECACC, UK) and human adipose-derived stem cells (hASCs), were used. Over the course
of the cell culture period, samples were monitored with an inverted microscope (Axiovert 40
PG-HITEC, Zeiss).

Culture of ATDC5 cells

ATDC5 cells were defrosted at passage 8 and cultured for 2weeks to obtain a sufficient cell
number for the experiment. Cells were cultured in Dulbecco’s modified eagle medium
nutrient mixture F-12 (DMEM F-12) supplemented with 10% fetal bovine serum (FBS,
Invitrogen Corporation, USA), sodium bicarbonate (NaHCO3), and L-glutamine at 37�C,
5% CO2 incubator. Medium was changed every 2 days.
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Isolation and culture of hASCs

Human subcutaneous adipose tissue samples were obtained from lipoaspiration procedures
performed on females, 35–50 years of age, under a protocol previously established with the
Department of Plastic Surgery of Hospital da Prelada in Porto, Portugal. All the donations
were provided with informed consent from the patients. All samples were processed within
24 h after the lipoaspiration procedure. Human ASCs were enzymatically isolated from
subcutaneous adipose tissue as previously described.19,20,42,43 The lipoaspirate samples
were first washed with a solution of PBS and 10% Antibiotic/Antimycotic (Gibco, UK).
Liposuction tissue was digested with 0.2% collagenase Type II solution (Sigma) for 11/2 h at
37�C with intermittent shaking. The digested tissue was filtered using a 100-mm filter mesh.
The floating adipocytes were separated from the precipitation stromal fraction by
centrifugation at 1250 rpm for 10min. The cell pellet was suspended in lysis buffer for
10min to disrupt the erythrocytes. After a centrifugation at 800 rpm for 10min, cells were
again suspended and placed in culture flasks with minimum essential a-medium (Invitrogen
Corporation) supplemented with sodium bicarbonate, antibiotic/antimicotic (with 10,000
units of penicillin, 10mg of streptomycin, and 25 mg of amphotericin B per mL (Sigma),
and 10% of FBS. The cells were cultured until sufficient number of cells were obtained at
37�C in a 5%CO2 incubator and changing the medium every 2 days.

Cell and GF encapsulation

To study the ability of the carrageenan hydrogels for cell encapsulation, ATDC5 cells were
used as models to evaluate the efficiency of the system. Three different formulations were
prepared: I – carrageenan-only hydrogels (2% and 2.5% (w/v)), II – carrageenan hydrogels
(2% and 2.5% (w/v) encapsulating ATDC5 cells, and III – carrageenan hydrogels (2% and
2.5% (w/v), encapsulating ATDC5 cells and TGF-b1. The encapsulation of cells was
performed by quick addition of the cell suspension in PBS to the polymer solution at a
ratio of 1/20 (v/v) at 40�C. The solution was mixed every few seconds to disperse the cells
and then 5mL of the mixture poured into each Petri dish. GF (100 mg/mL) was dissolved in
PBS and mixed with the carrageenan/cell suspension prior to the sol–gel transition to include
TGF-b1 in the hydrogel network. ATDC5–carrageenan constructs were prepared with a cell
density of 5 � 106/mL of final solution, and cultured for 1week.

The formulation chosen for the differentiation study was the 2% (w/v) k-carrageenan
hydrogels crosslinked in 5% (w/v) KCl for 30min. The ASCs were incorporated into the
hydrogels following the procedure described above for the ATDC5 cell line. Human ASCs
were encapsulated in the carrageenan hydrogels with a final density of 2/mL of final solution
and cultured for 14 days. Three different formulations A, B, and C were prepared as follows:
(A) k-carrageenan hydrogels encapsulating hASCs and TGF-b1 cultured in chondrogenic
medium; (B) carrageenan hydrogels encapsulating hASCs cultured in chondrogenic medium;
and (C) k-carrageenan hydrogels encapsulating hASCs and TGF-b1 cultured in basal
medium. The final TGF-b1 amount in each disc was 10 ng.

Culture conditions

ATDC5 constructs were cultured in vitro in 48-well plates with 500 mL of culture medium per
sample of DMEM-F12 supplemented with 10% FBS, NaHCO3, and L-glutamine. Medium
was changed every 2 days, and specific discs were collected for analysis at days 1 and 7 for
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3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
(MTS) assay (n¼ 3), deoxyribonucleic acid (DNA) assay (n¼ 3), histology, and
immunohistochemistry (n¼ 3).

Human ASCs–carrageenan constructs were cultured under two different conditions (all
reagents were obtained from Sigma, USA). Formulations A and B were cultured in
chondrogenic medium low-glucose DMEM supplemented with sodium bicarbonate,
antibiotic/antimicotic, ITS(+) (insulin–transferrin–selenium), ascorbic acid, sodium
pyruvate, L-proline, dexamethasone, and growth factor TGF-b1 (Sigma–Aldrich,
Portugal). Discs from formulation C were cultured in DMEM supplemented with
sodium bicarbonate, antibiotic/antimicotic (with 10,000 units of penicillin, 10mg of
streptomycin, and 25 mg of amphotericin B per mL), and 10% of FBS. The medium was
changed every 2 days (500 mL), specific discs were collected for analysis at days 1, 7, and 14
for the MTS assay (n¼ 3), DNA assay (n¼ 3), and histology and immunohistochemistry
(n¼ 3).

Live/dead assay. Viability live/dead analysis was performed with Calcein AM/Propidium
iodide (PI) solution. Calcein AM (Invitrogen Corporation, USA) was diluted in serum-free
basal medium, and PI working solution (Invitrogen Corporation, USA) prepared with
RNAse A (USB corporation, USA) in PBS. Samples were collected after the
encapsulation process, and 100 mL of each working solution was added to samples and
incubated for 10min at 37�C and protected from light. The cells were assayed with a
fluorescence microscope (Stemi 1000 PG-HITEC Zeiss) with green and red filters.

Cell viability (MTS assay). The viability of the encapsulated cells within the hydrogel was
evaluated using the MTS assay at specific times. At each time point, the culture medium
from the samples was removed and replaced with 0.5mL fresh serum-free medium
supplemented with MTS stock solution in 5:1 (v/v) ratio. After incubating at 37�C, in a
5% CO2 incubator, the medium was collected and analyzed with a Microplate Reader
(Synergie HT Izasa) at 490 nm.

DNA quantification. DNA content in the scaffold was determined using the fluorescent
picoGreen dsDNA (ds, double stranded) quantification assay (Invitrogen Corporation,
USA). Samples collected at each time point were washed in PBS, 1mL of ultra-pure
water was added, and samples stored at �80�C until testing. Before testing, samples
were sonicated for disrupting cell membranes in a water bath for 15min. The samples
were then analyzed with a microplate reader in a fluorescent mode at 485–528 nm
(Synergie HT Izasa).

Histological analysis. The samples at each time point were washed in PBS and fixed with
10% formalin for about 1 h at 4�C. After fixation, the samples were rinsed in PBS and
dehydrated by serial immersion in a series of increasing concentration of ethanol solutions
(70%, 90%, 95%, and 100%) and xylene performed with a spin tissue processor (Microm
ST120, INOPAT). Specimens were then embedded in paraffin and cut into 3-mm sections
using a Microtome (Microm HM355S, INOPAT). Prior to staining, sections were dewaxed
at 70�C for 15min and rehydrated in a series of ethanol/water solutions. The toluidine blue
and Alcian blue-stained samples were analyzed with a stereo microscope (Stemi 1000
PG-HITEC Zeiss) and the images collected in digital cameras.
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Immunohistochemical analysis. Samples pre-fixed with 10% formalin for about 1 h at 4�C
were cut into 3-mm section, and slides were deparaffinized and dehydrated in an automatic
stainer (Microm HMS740, INOPAT). Slides were then rinsed in a PBS buffer for 5min, and
then immersed for 30min into a hydrogen peroxide solution to inactivate endogenous
peroxidase. The slides were washed again with PBS for 5min and incubated with 5%
powdered milk for 10min at room temperature to avoid unspecific reactions. The first
antibody used was Anti-type II collagen UNLB (goat) (SantaCruz, USA) for 1 h at room
temperature. After the slides were rinsed in PBS for 5min, the secondary antibody,
polyclonal swine anti-goat, mouse, rabbit imunoglobu-biotinylated (Dako, Denmark), was
incubated for 30min at room temperature. After one more washing, the samples were
incubated for 30min with Vectastain R.T.U. Elite ABC Reagent. The final substrate
reagent was added at room temperature for 10min to develop staining, slides washed in
tap water for 5min and mounted. Positive control consisted of sections of HAC tissue, and
negative controls consisted of sections incubated with PBS instead of the primary antibody.

Statistical analysis

All the experiments were performed with at least three replicates. Results are expressed as the
mean � SD. Differences between the experimental results were analyzed according to a
Student’s t-test, with the limit for statistical significance being defined as p< 0.01.

Results

Different carrageenan hydrogels were successfully prepared based on two different polymer
concentrations, 2% and 2.5% (w/v) in distilled water. CryoSEM of the internal morphology
of the hydrogels is shown in Figure 1. The samples prepared with 2.5% (w/v) polymer had
denser networks (Figure 1(b)), compared to 2% carrageenan hydrogels, which had a lesser

Figure 1. CryoSEM images of the surface fracture from carrageenan hydrogels prepared with different

polymer concentrations: (a) 2% (w/v) k-carrageenan hydrogel crosslinked with 5% (w/v) KCl for 30 min and

(b) 2.5% (w/v) k-carrageenan hydrogel crosslinked with 5% (w/v) KCl for 30 min. Formulation B presents a

general denser crosslinked morphology.
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crosslinked morphology (Figure 1(a)); thus, the water-uptake capability was greater as
confirmed by water uptake measurements.

Viability and proliferation of ATDC5 cells

To assess the carrageenan hydrogels as a cell encapsulation system, the chondrocyte line
ATDC5 was used. Cell viability and proliferation were evaluated by the polymer
concentration (2% and 2.5% (w/v), crosslinking time (30 and 60min), and TGF-b1
incorporation (0 and 100 ng/mL) within the hydrogel. The encapsulation process was
achieved in all formulations and the hydrogels remained stable during the 7-day culture
period.

Increase in polymer concentration and crosslinking degree did not show any negative
effects on the cell viability immediately after the encapsulation step, proven by the live/dead
assay (Figure 2). Moreover, the incorporation of TGF-b1 also did not affect the ratio of live/
dead cells as all the hydrogels showed uniform distributions of viable cells after the
encapsulation process (Figure 2), and similar results were obtained for the different
formulations. At higher magnification (Figure 2(d)), the spherical cellular morphology
typical from an encapsulation in a hydrogel network was clearly observed.

The cell viability and proliferation were followed for 1week of culture. At days 1 and 7,
constructs (n¼ 3) of each formulation were collected for MTS and DNA analyses. The
encapsulated cells were viable for 1week inside the gel. The cells maintained their viability

Figure 2. Live/dead assay, at day 0, for ATDC5 encapsulated in k-carrageenan hydrogels with different

polymer concentrations. Cells entrapped in the hydrogels display spherical morphology in all formulations.

Figures (a) and (b) refer to 2% (w/v) k-carrageenan, while (c) and (d) show cell viability for 2.5% (w/v)

polymer. TGF-b1 was included in (b) and (d). Scale bar represents 100 mm.
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for 1week, without a significant decrease, in the hydrogels with 2% (w/v) k-carrageenan.
However, in the 2.5% (w/v) carrageenan hydrogels, the viability decreased significantly with
time. It was noted that in most of the constructs with the presence of GF, the cell viability
levels are significantly higher than in those without TGF-b1 (p< 0.01) (Figure 3). The
presence of TGF-b1 in the hydrogel network seems to stimulate the proliferation of
ATDC5 cells.

Viability and proliferation of hASCs

At day 0, when hASCs were encapsulated, the live/dead assay confirmed the entrapment of
viable cells into the hydrogels (Figure 4), as the three tested formulations had higher ratio of
green/red cells. The images are representative of the whole 3D cell distribution. In all three
formulations, the cells were distributed homogeneously within the hydrogels with no dead
cells and no significant differences between the three formulations.

The viability of the cells inside the hydrogel was assessed by the MTS assay from 1 to
14 days of culture (Figure 5). The human ASCs cultured in chondrogenic medium had
significant higher viability at day 1 compared to constructs cultured in DMEM basal
media. After the first day of culture, constructs entrapping TGF-b1 and cultured in
chondrogenic medium had significant higher cell viability than the two other

Figure 3. Evaluation of viability (a and b) and proliferation (c and d) of ATDC5 cells encapsulated

in k-carrageenan gels. The symbol * shows significant difference of samples where TGF-b1 is included

comparing for the ones where the GF is absent; the symbol (#) shows difference of samples collected in day

7 from the ones collected in day 1 (p< 0.01).
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formulations. These culture conditions provided higher viability at day 7, but after 2weeks,
all three formulations were similar with no significant differences. The presence of TGF-b1 in
the carrageenan hydrogel enhanced the hASCs viability throughout the culture period
compared to cell-encapsulated hydrogels.

The constructs collected at the first day had higher numbers of cells compared to the other
time points of culture. Both samples cultured in chondrogenic medium showed similar
behavior, with a significant decrease in cells after 7 days followed by an increase past
14 days. With constructs cultured in DMEM, decrease was observed at each time point.
The hydrogel entrapping both hASCs and TGF-b1 displayed a better proliferation results,
while the formulation cultured in basal media was a more hostile environment for hASC
culture.

Histology and immunohistochemistry

The organization and distribution of hASCs inside the hydrogel, as well as the
accumulation of cartilage-specific macromolecules was examined by histological and

Figure 4. Viability of hASCs encapsulated in the k-carrageenan hydrogels. Dead cells are presented with

red fluorescence, while green one is indicative of live cells (first two columns, respectively). In third column,

it is possible to observe the ratio between live and dead cells homogenously distributed in the hydrogel.

There are no visible differences in hydrogels with TGF-b1 entrapping (formulations A and C) relating to its

absence (formulation B). Scale bar represents 200 mm.
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immunohistochemical methods. Histological stainings revealed that the cells adopted a
rounded morphology and were well distributed inside the hydrogel. Samples collected
after 14 days in culture showed a signs of sulfated glycosaminoglycans deposition on the
pericellular regions and nearby (Figure 6).44 Constructs cultured in chondrogenic medium
showed a strong presence of cartilage-specific molecules and the cells that were encapsulated
together with TGF-b1 appear inside a well-defined vacuole. Alcian staining proved the
existence of proteoglycans in the constructs, more evidenced in formulation A. Cells
appear surrounded by a blue ring correspondent to glycan molecules.

Immunohistochemical labeling against collagen type II showed the formation of a matrix
composed of the two types of collagen studied. A strong evidence of collagen type II was
seen in constructs from formulation A in the pericellular matrix of hASCs (Figure 7).

Discussion

The ability of k-carrageenan hydrogels to support the chondrogenic differentiation of hASCs
was assessed. Stem cells were efficiently isolated from adipose tissue by the previously
mentioned procedure.42,45 To emulate chondrogenesis in vivo, high cell density is required
in a 3-D environment that favors cell condensation and cell–cell interactions, analogous to
that which occurs in the formation of native cartilage.22,46

The encapsulation of hASCs inside the hydrogels was successful as only a insignificant
number of dead cells were observed with live/dead assay. This fact indicated that the cells did
not suffer a pronounced thermal shock in contact with the heated carrageenan solution. In
both culture conditions (chondrogenic and basal media), the DNA content decreased with
time. This finding is consistent with previous studies of hASCs grown within gel matrices,
and it may be due to a combination of cell death or migration from the matrix.19,27,47

Differences observed in cell viability (Figure 5), suggested a higher encapsulation success

Figure 5. Evaluation of viability and proliferation of hASCs in k-carrageenan hydrogels cultured for

2 weeks. The symbol (*) represents significant differences between the formulations related to the previous

time point; (#) the significant differences related to the first day. The effects of TGF-b1 inclusion and the

culture medium were also assessed and (£) represents significant differences related to formulation A, while

(§) the significant differences to formulation B.
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Figure 6. Histological images of hASCs cultured in k-carrageenan hydrogels for 14 days. Toluidine staining

showed the spherical shape of the cells, surrounded by a vacuole. Some extracellular matrix is clearly

evidenced in formulation A, where cells were cultured in chondrogenic medium and TGF-b1 was included

inside the hydrogel. Cartilage matrix-specific molecules were stained with Alcian blue and formulation A

revealed higher accumulation, compared to B (chondrogenic medium without TGF-b1) and C (presence of

TGF-b1 cultured in DMEM medium). Scale bar represents 60 mm.
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in constructs from formulation A, in which the GF is dispersed within the matrix.
Additionally, culture conditions and the presence of TGF-b1 also influenced the cell
viability and proliferation, revealing better results when the amount of TGF-b1 is higher,
i.e., when the GF was included in the gel and the constructs were cultured in chondrogenic
medium. TGF-b1 is responsible for initial cell–cell interactions and has the ability to
stimulate, grow, and differentiate the cells.23–25 After days 1 and 7, the formulation A,
with TGF-b1 inside the hydrogel, presented an enhanced viability and proliferation,
compared to other formulations. However, this difference was not observed after 14 days
of culture, which might be explained by the partial release of the GF from the structure,
according to the GF release profile of k-carrageenan hydrogels observed in a previous
study.40 The effect of the TGF-b1 became weaker with culture time, which might justify
the similarities of the results after 2-week period. Based on viability and proliferation results,
the GF inside the carrageenan cultured in basal media is less capable of sustaining
chondrogenic differentiation of hASCs compared to constructs cultured in a chondrogenic
medium. These suggest that higher GF concentration may be needed in such hydrogels to
induce a better cellular response for hASCs without using culture medium containing the GF
and other chondrogenic stimulators.

The histological and immunohistochemical analyses confirmed the presence of cartilage-
specific matrix in the constructs. The Alcian staining was most intense in the pericellular
matrix, characteristics associated with cells found in native cartilage.19 When cultured in
chondrogenic medium and with TGF-b1 encapsulated into the hydrogel, higher expression
of collagen type II was obtained (Figure 6), confirming the influence of the GF in
chondrogenic differentiation of hASCs, and that TGF-b1 was the ability to stimulate
production of proteoglycans and other components in the cartilage matrix.27,28

Figure 7. Immunolocalization of collagen type II in hASC–carrageenan constructs after 14 days of culture

(A, B, and C). Positive and negative controls were performed with human articular cartilage (D and E).

Higher formation of collagen type II was found in constructs incorporated with TGF-b1 and cultured in

chondrogenic medium (A). Scale bar represents 60 mm.
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The chondrogenesis of adult MSCs requires an environment containing strong chondrogenic
inducer, such as, TGF-b1, dexamethasone, or ascorbic acid.23–25,28 This is the reason why
constructs cultured in basal DMEM medium displayed significantly lower expression of
cartilage-specific molecules. Constructs A and C were designed with a final concentration
of GF similar to the typically applied for the chondrogenic differentiation of progenitor cells
(10 ng/mL).27 Thus, the inclusion of TGF-b1 in the hydrogel is not enough to induce
chondrogenic differentiation by itself but strongly enhances it when acting synergistically
with chondrogenic medium.

The cell morphology inside the hydrogel was also affected by changes in culture
environment (Figure 6). The majority of the cells had a spherical morphology, necessary
for the expression of chondrocytic phenotype which is related to the synthesis of ECM
components of cartilage.48 Similar cell morphology was observed previously in 3-D
carrageenan-based cultures of chondrocytes.49 These findings confirm that carrageenan-
based hydrogels are suitable for cell encapsulation19 and k-carrageenan hydrogel networks
may mimic extracellular cartilage matrix.50 Additionally, due to the gelling properties of the
biomaterial and the transition temperature of the material close to the physiological one,
carrageenan-based hydrogels might be used in the future as an injectable system for TE,
envying a minimally invasive approach.

Conclusions

k-Carrageenan can be a suitable material for cartilage TE as it is noncytotoxic and an
efficient cell entrapment. The simultaneous entrapment of TGF-b1 and hASCs inside the
hydrogel network enhanced the in-cell viability and proliferation during the first week of
culture as well as, an increase in the expression of chondrogenic differentiation markers when
cultured in chondrogenic medium. It is possible to observe the initial steps of chondrogenic
differentiation of hASCs after just 14 days, showing that this cell source could be an
adequate option for cartilage TE.

Acknowledgements

This study was supported by the European NoE EXPERTISSUES (NMP3-CT-2004-500283),

European FP7 Project Find and Bind (NMP4-SL-2009-229292), and by the Portuguese Foundation

for Science and Technology (FCT) through the projects PTDC/FIS/68517/2006, PTDC/QUI/69263/

2006, and through V.E. Santo’s PhD grant (BD/ 39486/ 2007). They are also grateful to Hospital da

Prelada for the lipoaspirates donations, especially to Doctor Paulo Costa.

References

1. Khademhosseini A, Vacanti JP and Langer R.

Progress in tissue engineering. Sci Am 2009; 300(5):

64–71.

2. Hardingham T, Tew S and Murdoch A. Tissue

engineering: Chondrocytes and cartilage. Arthritis

Res 2002; 4(Suppl. 3): S63–S68.

3. Temenoff JS and Mikos AG. Review: Tissue

engineering for regeneration of articular cartilage.

Biomaterials 2000; 21(5): 431–440.

4. Ringe J, Kaps C, Burmester GR and Sittinger M.

Stem cells for regenerative medicine:

Advances in the engineering of tissues

and organs. Naturwissenschaften 2002; 89(8):

338–351.

5. Hunziker EB. Articular cartilage repair: Basic

science and clinical progress. A review of the

current status and prospects. Osteoarthritis

Cartilage 2002; 10(6): 432–463.

Rocha et al. 505



6. Hwang NS, Varghese S and Elisseeff J. Controlled

differentiation of stem cells. Adv Drug Deliv Rev

2008; 60(2): 199–214.

7. Mano JF and Reis RL. Osteochondral defects:

Present situation and tissue engineering

approaches. J Tissue Eng Regen Med 2007; 1(4):

261–273.

8. Gomes ME and Reis RL. Tissue engineering: Key

elements and some trends. Macromol Biosci 2004;

4(8): 737–742.

9. Chung C and Burdick JA. Engineering cartilage

tissue. Adv Drug Deliv Rev 2008; 60(2): 243–262.

10. Cancedda R, Dozin B, Giannoni P and Quarto R.

Tissue engineering and cell therapy of cartilage

and bone. Matrix Biol 2003; 22(1): 81–91.

11. Chiang HS and Jiang CC. Repair of articular

cartilage defects: Review and perspectives.

J Formos Med Assoc 2009; 108(2): 87–101.

12. Marijnissen WJ, van Osch GJV, Aigner J,

Verwoerd-Verhoef HL and Verhaar JA. Tissue-

engineered cartilage using serially passaged

articular chondrocytes. Chondrocytes in alginate,

combined in vivo with a synthetic (E210) or

biologic biodegradable carrier (DBM).

Biomaterials 2000; 21(6): 571–580.

13. Wolf F, Candrian C, Wendt D, Farhadi J,

Heberer M, Martin I, et al. Cartilage tissue

engineering using pre-aggregated human articular

chondrocytes. Eur Cells Mater 2008; 16: 92–99.

14. Benya PD and Shaffer JD. Dedifferentiated

chondrocytes reexpress the differentiated collagen

phenotype when cultured in agarose gels. Cell

1982; 30(1): 215–224.

15. Sakaguchi Y, Sekiya I, Yagishita K and

Muneta T. Comparison of human stem cells

derived from various mesenchymal tissues -

superiority of synovium as a cell source. Arthritis

Rheum 2005; 52(8): 2521–2529.

16. Martin I, Miot S, Barbero A, Jakob M and

Wendt D. Osteochondral tissue engineering.

J Biomech 2007; 40(4): 750–765.

17. Xu M, Yan Y, Liu H, Yao R and Wang X.

Controlled adipose-derived stromal cells

differentiation into adipose and endothelial cells in

a 3D structure established by cell-assembly

technique. J Bioact Compat Polym 2009; 24(1):

31–47.

18. Huang JI, Zuk PA, Jones NF, Zhu M, Lorenz HP,

Hedrick MH, et al. Chondrogenic potential of

multipotential cells from human adipose tissue.

Plastic Reconstr Surg 2004; 113(2): 585–594.

19. Awad HA, Wickham MQ, Leddy HA, Gimble JM

and Guilak F. Chondrogenic differentiation of

adipose-derived adult stem cells in agarose,

alginate, and gelatin scaffolds. Biomaterials 2004;

25(16): 3211–3222.

20. Erickson GR, Gimble JM, Franklin DM,

Rice HE, Awad H and Guilak F. Chondrogenic

potential of adipose tissue-derived stromal cells in

vitro and in vivo. Biochem Biophys Res Commun

2002; 290(2): 763–769.

21. Chaubey A and Burg KJL. Extracellular matrix

components as modulators of adult stem cell

differentiation in an adipose system. J Bioact

Compat Polym 2008; 23(1): 20–37.

22. Zuk PA, Zhu M, Ashjian P, De Ugarte DA,

Huang JI, Mizuno H, et al. Human adipose tissue

is a source of multipotent stem cells. Mol Biol Cell

2002; 13(12): 4279–4295.

23. Holland TA and Mikos AG. Advances in drug

delivery for articular cartilage. J Controlled

Release 2003; 86(1): 1–14.

24. Tuli R, Tuli S, Nandi S, Huang X, Manner PA,

Hozack WJ, et al. Transforming growth factor-

beta-mediated chondrogenesis of human

mesenchymal progenitor cells involves N-cadherin

and mitogenactivated protein kinase and Wnt

signaling cross-talk. J Biol Chem 2003; 278(42):

41227–41236.

25. Ren Y, Zhou Z, Cui FZ, Wang Y, Zhao J and

Xu Q. Hyaluronic acid/polylysine hydrogel as a

transfer system for transplantation of neural stem

cells. J Bioact Compat Polym 2009; 24(1): 56–62.

26. DeLise AM, Fischer L and Tuan RS. Cellular

interactions and signaling in cartilage

development. Osteoarthritis Cartilage 2000; 8(5):

309–334.

27. Betre H, Ong SR, Guilak F, Chilkoti A, Fermor B

and Setton LA. Chondrocytic differentiation of

human adipose-derived adult stem cells in elastin-

like polypeptide. Biomaterials 2006; 27(1): 91–99.

28. Park H, Temenoff JS, Holland TA, Tabata Y and

Mikos AG. Delivery of TGF-beta 1 and

chondrocytes via injectable, biodegradable

hydrogels for cartilage tissue engineering

applications. Biomaterials 2005; 26(34):

7095–7103.

29. Elisseeff J, McIntosh W, Fu K, Blunk BT and

Langer R. Controlled-release of IGF-I and TGF-

b1 in a photopolymerizing hydrogel for cartilage

tissue engineering. J Orthop Res 2001; 19(6):

1098–1104.

30. DeFail AJ, Chu CR, Izzo N and Marra KG.

Controlled release of bioactive TGF-beta(1) from

microspheres embedded within biodegradable

hydrogels. Biomaterials 2006; 27(8): 1579–1585.

506 Journal of Bioactive and Compatible Polymers 26(5)



31. Salgado AJ, Coutinho OP and Reis RL. Bone

tissue engineering: State of the art and future

trends. Macromol Biosci 2004; 4(8): 743–765.

32. Lee KY and Mooney DJ. Hydrogels for tissue

engineering. Chem Rev 2001; 101(7): 1869–1879.

33. Li H, Zheng Q, Xiao Y, Feng J, Shi Z and Pan Z.

Rat cartilage repair using nanophase PLGA/HA

composite and mesenchymal stem cells. J Bioact

Compat Polym 2009; 24(1): 83–99.

34. Jin R, Teixeira LSM, Dijkstra PJ, Karperien M,

van Blitterswijk CA, Zhong ZY, et al. Injectable

chitosan-based hydrogels for cartilage tissue

engineering. Biomaterials 2009; 30(13): 2544–2551.

35. Mano JF, Silva GA, Azevedo HS, Malafaya PB,

Sousa RA, Silva SS, et al. Natural origin

biodegradable systems in tissue engineering and

regenerative medicine: Present status and some

moving trends. J R Soc Interface 2007; 4(17):

999–1030.

36. Nair LS and Laurencin CT. Biodegradable

polymers as biomaterials. Progress in Polymer

Science 2007; 32(8–9): 762–798.

37. Kim BS, Baez CE and Atala A. Biomaterials for

tissue engineering. World J Urol 2000; 18(1): 2–9.

38. Hubbell JA. Biomaterials in tissue engineering.

Nat Biotechnol 1995; 13(6): 565–576.

39. Malafaya PB, Silva GA and Reis RL. Natural-

origin polymers as carriers and scaffolds for

biomolecules and cell delivery in tissue

engineering applications. Adv Drug Deliv Rev

2007; 59(4–5): 207–233.

40. Santo VE, Frias AM, Carida M, Cancedda R,

Gomes ME, Mano JF, et al. Carrageenan-

Based Hydrogels for the Controlled Delivery of

PDGF-BB in Bone Tissue Engineering Applications.

Biomacromolecules 2009; 10(6): 1392–1401.

41. Hennink WE and van Nostrum CF. Novel

crosslinking methods to design hydrogels. Adv

Drug Deliv Rev 2002; 54(1): 13–36.

42. Halvorsen YD, Bond A, Sen A, Franklin DM,

Lea-Currie YR, Sujkowski D, et al.

Thiazolidinediones and glucocorticoids

synergistically induce differentiation of human

adipose tissue stromal cells: Biochemical, cellular,

and molecular analysis. Metabolism 2001; 50(4):

407–413.

43. Rada T, Reis RL and Gomes ME. Novel method

for the isolation of adipose stem cells (ASCs).

J Tissue Eng Regen Med 2009; 3(2): 158–159.

44. Lev R and Spicer SS. Specific staining of sulphate

groups with alcian blue at low pH. J Histochem

Cytochem 1964; 12(4): 309.

45. Aust L, Devlin B, Foster SJ, Halvorsen YD,

Hicok K, du Laney T, et al. Yield of human

adipose-derived adult stem cells from liposuction

aspirates. Cytotherapy 2004; 6(1): 7–14.

46. Wang YZ, Kim UJ, Blasioli DJ, Kim HJ and

Kaplan DL. In vitro cartilage tissue engineering

with 3D porous aqueous-derived silk scaffolds and

mesenchymal stem cells. Biomaterials 2005; 26(34):

7082–7094.

47. Wang DW, Fermor B, Gimble JM, Awad HA and

Guilak F. Influence of oxygen on the proliferation

and metabolism of adipose derived adult stem

cells. J Cell Physiol 2005; 204(1): 184–191.

48. Von Der Mark K, Gauss V, Von Der Mark H and

Muller P. Relationship between cell shape and

type of collagen synthesised as chondrocytes lose

their cartilage phenotype in culture. Nature 1977;

267(5611): 531–532.

49. Pereira RC, Scaranari M, Castagnola P,

Grandizio M, Azevedo HS, Reis RL, et al. Novel

injectable gel (system) as a vehicle for human

articular chondrocytes in cartilage tissue

regeneration. J Tissue Eng Regen Med 2009; 3(2):

97–106.

50. Haider M, Cappello J, Ghandehari H and

Leong KW. In vitro chondrogenesis of

mesenchymal stem cells in recombinant silk-

elastinlike hydrogels. Pharm Res 2008; 25(3):

692–699.

Rocha et al. 507


