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A Newly Developed Chemically Crosslinked
Dextran–Poly(Ethylene Glycol) Hydrogel

for Cartilage Tissue Engineering
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Theun van Veen, B.Sc.,1 Pieter J. Dijkstra, Ph.D.,2,3 Zhiyuan Zhong, Ph.D.,3 Jan Feijen, Ph.D.,2
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Cartilage tissue engineering, in which chondrogenic cells are combined with a scaffold, is a cell-based approach
to regenerate damaged cartilage. Various scaffold materials have been investigated, among which are hydrogels.
Previously, we have developed dextran-based hydrogels that form under physiological conditions via a Michael-
type addition reaction. Hydrogels can be formed in situ by mixing a thiol-functionalized dextran with a
tetra-acrylated star poly(ethylene glycol) solution. In this article we describe how the degradation time of dextran–
poly(ethylene glycol) hydrogels can be varied from 3 to 7 weeks by changing the degree of substitution of thiol
groups on dextran. The degradation times increased slightly after encapsulation of chondrocytes in the gels. The
effect of the gelation reaction on cell viability and cartilage formation in the hydrogels was investigated. Chon-
drocytes or embryonic stem cells were mixed in the aqueous dextran solution, and we confirmed that the cells
survived gelation. After a 3-week culturing period, chondrocytes and embryonic stem cell–derived embryoid
bodies were still viable and both cell types produced cartilaginous tissue. Our data demonstrate the potential of
dextran hydrogels for cartilage tissue engineering strategies.

Introduction

Because of the poor self-healing capacity of carti-
lage, surgical intervention is generally required when

the tissue is damaged or diseased. Some techniques rely on
the formation of fibrocartilage, such as microfracturing or
subchondral bone drilling; other techniques use grafts to
replace the damaged cartilage, such as mosaicplasty. How-
ever, the fibrocartilage has poor mechanical properties and
only results in temporary relief and there is a limited avail-
ability of chondral autografts.1,2 Cartilage tissue engineering
is a cell-based therapy aimed at regenerating the damaged
articular cartilage. Chondrocytes can be combined with a
scaffold material, such as a hydrogel, to achieve high cell
density and homogeneous seeding and to retain the cells in
the defect.

Hydrogels are hydrated networks of crosslinked hydro-
philic polymers. Due to their high water content, many hy-
drogels are compatible with cells and proteins. Cells can be
combined with the hydrogel precursors before gelation, and
functional groups or growth factors, such as transforming

growth factor,3,4 can be incorporated into the hydrogel to
enhance tissue formation. A wide variety of hydrogels based
on natural materials and synthetic polymers5–9 have been
developed and studied in recent years.

The aqueous polymer solution can be turned into a gel by
physical or chemical crosslinks.10 The noncovalent bonds of
physically crosslinked hydrogels, for example, in stereo-
complexed hydrogels,11 result in mechanically weak hydro-
gels. The physical interactions are reversible, resulting in
disruption of the gel upon a change in, for example, tem-
perature or pH. An advantage is that these gels can generally
be formed under mild conditions. Chemical crosslinking re-
sults in more stable hydrogels due to the covalent bonds
formed. The properties of chemically crosslinked hydrogels
can be varied by the amount of crosslinks introduced and the
hydrophilic–hydrophobic ratio. Further customization can
be achieved by varying the concentration of polymer and the
polymer length. Reactive crosslinkers or initiators, or cross-
linking conditions can be toxic for included cells or may lead
to modification of biological compounds. Examples of che-
mical crosslinking methods include photopolymerization of
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acrylated polymers by UV or visible light12 and redox po-
lymerization.13 Recently, more mild conditions for chemical
crosslinking have been developed, such as the Michael
reaction.14–17 The addition of a nucleophile to an a,b-
unsaturated carbonyl compound, a type of conjugate addi-
tion, results in the formation of covalent bonds. Using
Michael-type addition, we have developed dextran hydro-
gels.18,19

Dextran is a bacterial-derived polysaccharide that is
commercially available. Dextran has been used as a blood
plasma expander, and dextran hydrogels have been investi-
gated for drug delivery applications.20 Dextran-based
hydrogels are highly hydrophilic and biocompatible. De-
gradation products can be excreted through the kidneys as
long as the molecular weight of the original dextran com-
ponents is below the filtration threshold of the kidney. The
hydroxyl groups of dextran allow the introduction of func-
tional groups by conjugation.21,22 When dextran is functio-
nalized with reactive groups such as thiols, chemically
crosslinked hydrogels can be formed via Michael-type ad-
dition between thiols and polymers containing acrylate or
vinyl sulfone groups. The reaction is catalyzed by a weak
base, which is present under physiological conditions. The
precursor solutions can be injected at the defect site and the
hydrogel will form in situ. The crosslinking reaction is self-
selective: the polymer components react with each other, and
side reactions with proteins are minimal.14

We developed a range of dextran hydrogels with various
characteristics.18,19,23 Based on gelation and degradation
time, we decided to investigate hydrogels of dextran func-
tionalized with thiol (Dex-SH) crosslinked with tetra-
acrylated star poly(ethylene glycol) (PEG-4-Acr) for cartilage
tissue engineering using both chondrocytes and stem cells,
and compared the results with agarose gels.

Materials and Methods

Bovine chondrocyte culture

Articular cartilage was harvested from the femoral patel-
lar groove of a freshly slaughtered calve and dissected into
1-mm pieces. Chondrocytes were isolated via overnight
digestion in 0.15% type II collagenase (Worthington Bio-
chemical, Lakewood, NJ). Freshly isolated chondrocytes
were encapsulated in the hydrogels and cultured in a
chondrocyte medium, which was composed of Dulbecco’s
modified Eagle’s medium (DMEM)–high glucose (Invitro-
gen, Carlsbad, CA), 10 mM HEPES (Invitrogen), 10% fetal
bovine serum (FBS; Cambrex, Walkersville, MD), 100 U=mL
penicillin (Invitrogen), 100 mg=mL streptomycin (Invitrogen),
0.2 mM ascorbic acid 2-phosphate (Sigma, St. Louis, MO),
0.1 mM nonessential amino acids (NEAA; Sigma), and
0.4 mM proline (Sigma).

Mouse embryonic stem cells culture

Mouse embryonic stem cell (ESC) line IB10 was plated at a
density of 5000–10,000 cells=cm2 on gelatin-coated tissue
culture flasks. Mouse ESCs were cultured in a 50% mouse
ESC proliferation medium consisting of DMEM (Biowhit-
taker, Basel, Switzerland) containing 4.5 mg=mL D-glucose,
10% FBS (selected batch for mouse ESC culture; Greiner,
Kremsmünster, Austria), 100 U=mL penicillin, 100 mg=mL

streptomycin, 4 mM L-glutamine (Invitrogen), 0.1 mM
NEAA, and 50% of a Buffalo rat liver cell–conditioned mouse
ESC proliferation medium.24 Before use, 1000 U=mL leuke-
mia inhibitory factor (Esgro; Chemicon International, Bill-
erica, MA) and 50 mM 2-mercaptoethanol (Invitrogen) were
added to the medium. Cells were grown at 378C in a
humidified 5% CO2 incubator and passaged with 0.05%
trypsin–ethylenediaminetetraacetic acid (EDTA) (Invitrogen)
before reaching confluence.

A common first step in differentiation protocols of ESCs is
the formation of embryoid bodies (EBs). EBs formed spon-
taneously when mouse ESCs were cultured in suspension in
nontissue culture-treated six-well plates (Greiner) at
20,000 cells=cm2 in the 4 mL EB medium consisting of
DMEM, 10% FBS, 100 U=mL penicillin, 100mg=mL strepto-
mycin, 4 mM L-glutamine, 0.1 mM NEAA, and 50mM
2-mercaptoethanol for 4 days. To obtain a single-cell sus-
pension, the free-floating EBs were dissociated with 0.25%
trypsin–EDTA. ESC-derived EB cells and EBs were used for
differentiation experiments.

Further differentiation of stem cells into the chondrogenic
lineage was performed in the chondrogenic medium consist-
ing of DMEM–high glucose (Invitrogen), 100 nM dexametha-
sone (Sigma), 100 U=mL penicillin, 100mg=mL streptomycin,
0.2 mM ascorbic acid 2-phosphate, insulin-transferrin-selenite
(ITSþ1; Sigma), 100mg=mL sodium pyruvate (Sigma),
40mg=mL proline, and 10 ng=mL transforming growth factor-
b3 (Biovision, Mountain View, CA).25,26

Gel preparation

Dex-SH, based on dextran (31 kDa; Fluka, Buchs, Swit-
zerland), and the crosslinker PEG-4-Acr, based on PEG-4
(Mw¼ 2000; Nektar Therapeutics, Huntsville, AL), were
synthesized as described previously.18 The degree of sub-
stitution (DS, defined as the number of substituents per 100
anhydroglucosidic rings of dextran) was either 16 or 22 (the
resulting hydrogels are denoted as Dex16-PEG and Dex22-
PEG). We prepared gels with a final polymer concentration
of 10 w=v% (total dry weight of both dextran and PEG per
volume of buffer). Dextran hydrogels were formed via
Michael-type addition between Dex-SH and PEG-4-Acr in
phosphate-buffered saline (PBS) at pH 7.2–7.4 at room tem-
perature (Fig. 1). The molar ratio of thiol to unsaturated
groups was kept at 1.1, to compensate for thiol groups that
have formed disulfide bonds upon exposure to air and to
ensure complete reaction with the available acrylate groups.
In addition, Dex-SH was weighed and dissolved in PBS
under nitrogen flow to reduce contact with O2, which would
result in a lower effective concentration of free thiol groups.
PEG-4-Acr can crosslink under the influence of light or O2

and was kept in the dark and also weighed under nitrogen
flow until mixing of the gel components.

Cell encapsulation

To encapsulate cells in the gel, chondrocytes or EB cells
were washed with PBS, and the pelleted cells were subse-
quently resuspended in the Dex-SH solution. A 96-well plate
was used as a mold to prepare gels of 150 mL, with a diam-
eter of 6 mm and height of 5 mm. Aliquots of the Dex-SH
solution, with or without cells, were transferred to the mold,
and aliquots of a PEG-4-Acr solution were added and mixed
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thoroughly by pipetting. The final chondrocyte or EB cell
concentration was 5 million cells=mL. Intact EBs, with a cell
number equivalent to EB cells, were washed with PBS and
encapsulated in the hydrogel as described for chondrocytes
and EB cells. After gelation and hardening for an additional
5 min, gels were transferred to a nonadhering 25-well plate
using a spatula. Three milliliters of chondrocyte or chon-
drogenic medium was added and refreshed twice a week.
The plates were placed in a CO2 incubator at 378C. As a
control, agarose gels were prepared by mixing 0.5% agarose
(Sigma) with PBS. Chondrocytes could be mixed in the
agarose solution that was cooled down from 408C before
forming a gel at 378C.

Swelling tests

Dex16-PEG and Dex22-PEG gels, both with and without
chondrocytes, were compared in a swelling test. The swell-
ing experiment was performed in triplicate. The hydrogels
were removed from the medium and weighed after 0, 5, 7,
11, 14, 17, and 21 days. The swelling ratio of the gel was
calculated by dividing the weight of the swollen hydrogel
after exposure to medium (Wt) by the initial hydrogel weight
after preparation (W0): swelling ratio¼Wt=W0.

Cell viability assay

A live=dead assay (Molecular Probes, Carlsbad, CA) was
used to analyze cell viability according to manufacturer’s
specifications. Briefly, 1-mm-thick sections were cut from the
center of the hydrogels and incubated in PBS containing
6mM ethidium homodimer-1 and 2mM calcein AM for 30 min
at 378C. Sections were immediately examined in an inverted
fluorescent microscope (Nikon Eclipse E400, Nikon, Melville,
NY) using an FITC Texas Red filter. Calcein AM is enzy-
matically converted, producing green fluorescence in living
cells. Ethidium homodimer-1 is able to enter cells with
damaged membranes and bind to nucleic acids, thereby
producing red fluorescence in dead cells.

Histology

Safranin-O staining was used to analyze tissue morphol-
ogy and glycosaminoglycan (GAG) expression. Gels were
washed with PBS and fixed overnight in 4% paraformalde-
hyde (Merck, Darmstadt, Germany) and dehydrated using
sequential ethanol series. Hydrogels were embedded in
glycol methacrylate (Merck) and cut using a microtome to
yield 5-mm-thick sections. Sections were stained with

FIG. 1. Dex-PEG hydrogel formation. Schematic representation of in situ hydrogel formation by Michael-type addition
between aqueous solutions of dextran functionalized with thiol and tetra-acrylated star poly(ethylene glycol). Dex-PEG,
dextran-poly(ethylene glycol). Color images available online at www.liebertonline.com=ten.
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hematoxylin (Sigma), and fast green (Merck) to observe
cells=cell nuclei (blue staining) and Safranin-O (Sigma),
which stained sulfated extracellular GAGs pink.

Quantitative GAG and DNA assay

Hydrogels for quantitative analysis of GAG expression
and cell number were washed with PBS and frozen at �808C.
Subsequently, the contents of the gels were digested with
1 mg=mL proteinase K (Sigma) in Tris=EDTA buffer (pH 7.6)
containing 185 mg=mL iodoacetamide and 1 mg=mL pep-
statin A (Sigma) for >16 h at 568C. GAG content was spec-
trophotometrically determined with 9-dimethylmethylene
blue chloride (Sigma) staining in phosphate buffered solu-
tion containing EDTA (PBE) buffer (14.2 g=L Na2HPO4 and
3.72 g=L Na2EDTA, pH 6.5) with a microplate reader (Bio-
Tek instruments, Richmond, VA) at an absorbance of 520 nm.
Values were corrected for background by staining of empty
gels. Cell numbers were determined via quantification of
total DNA with a CyQuant DNA kit according to the man-
ufacturer’s description (Molecular Probes) using a fluores-
cent plate reader (Perkin Elmer, Boston, MA). A cell number
standard curve was used to convert sample fluorescence
values into numbers of cell=gel. Data (n¼ 6, measured in
duplicate) are expressed as mean� standard deviation. Sta-
tistical significance was determined by one-way analysis of
variance with SPSS 14.0 software (Chicago, IL).

Results

Gel formation and cell encapsulation

We investigated the potential of dextran–poly(ethylene
glycol) (Dex-PEG) hydrogels for cartilage tissue engineering.
To achieve homogeneous seeding in the hydrogel, mixing
the cells into the polymer solution before gelation is a pre-
requisite. In a previous experiment, gelation times of 50 and
22 s were determined for Dex16-PEG and Dex22-PEG hy-
drogels, respectively (data not shown). These gelation times
might be too fast to add cells after mixing the two gel com-
ponents. Therefore, we decided to mix the chondrocytes or
ESC-derived EB cells or intact EBs in the Dex-SH solution
before adding the crosslinker PEG-4-Acr. Gels formed ho-
mogeneously within 1 min and the cell distribution was ho-
mogeneous. The presence of cells did not seem to affect the
gelation process.

Swelling and degradation of Dex-PEG hydrogels

Dex-PEG gels are degradable under physiological condi-
tions through hydrolysis of the ester bonds between the
thioether and PEG. Upon hydrolysis, the gels swell, until the
hydrogel network disintegrates and all the degradation
products finally dissolve (Fig. 2A). The swelling ratio Wt=W0

was determined by weighing the gels at various time points.
The time when no gel was left was taken as the degradation
time. Figure 2B shows the swelling profiles of the Dex16-PEG
and Dex22-PEG gels, both with and without cells. The gels
could swell to approximately 3.5 times their original weight
(W0) and the diameter increased from 6 mm to almost 2 cm.
Next, the gels dissolved completely. The gels with a higher
DS had an increased degradation time. The Dex16-PEG gels
degraded in approximately 17 to 22 days. The Dex22-PEG
gels degraded slower (Fig. 2B), and all gels, both with and

without cells, were still present after 21 days. Dex22-PEG
gels with cells gradually swelled for more than 7 weeks,
before they finally become a solution (data not shown). In all
experiments, it was observed that the presence of cells in the
gel resulted in slower swelling and degradation (Fig. 2B). In
the 21-day period, no signs of swelling or degradation were
observed for the agarose samples.

Viability of chondrocytes in the Dex-PEG hydrogel

We investigated whether cells would survive the gelation
reaction and whether, in time, sufficient nutrients would
diffuse into the gels to maintain the viability of the cells in
the center of the gels. The viability of the bovine chon-
drocytes after 1 h and 1, 2, 7, and 21 days was analyzed. As a
control, we encapsulated chondrocytes into a 0.5% agarose
gel. The viability of chondrocytes in both Dex16-PEG and
Dex22-PEG gels remained above 95% at all time points,
similar to cells encapsulated in agarose gels (Fig. 3). Cells
were homogeneously distributed in the hydrogels. In time,
the Dex-PEG gels took up water and swelled. This resulted
in more distance between the chondrocytes, especially ob-
served at day 21 with the Dex16-PEG gel, which was
reaching its maximum size, before it would dissolve (Fig. 3).
Thus, bovine chondrocytes survived both gelation and pro-
longed culture times in the Dex-PEG hydrogels.

Cartilage formation by chondrocytes
in Dex-PEG hydrogels

After 21 days, proliferation of chondrocytes was observed
in the agarose gels, but not in the Dex-PEG hydrogels.
Multicellular aggregates were observed in the agarose sam-
ples, whereas chondrocytes are still mainly distributed as
single cells in the Dex-PEG gels (Fig. 4A). This was con-

FIG. 2. Swelling profiles of Dex16-PEG and Dex22-PEG
hydrogels. (A) Schematic representation of the swelling and
degradation of the hydrogel. (B) Hydrogels with two dif-
ferent degrees of substitution were prepared with and
without chondrocytes. Swelling ratios (Wt=W0) are shown as
mean� SD (n¼ 3). A circle indicates that one or more of the
three samples had dissolved completely. Therefore, error
bars were omitted for these samples. SD, standard deviation.
Color images available online at www.liebertonline.com=ten.
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FIG. 3. Viability of bovine
chondrocytes encapsulated in
Dex-PEG hydrogels. The via-
bility of chondrocytes in the
hydrogels was measured in
time, and compared with the
viability of the cells in aga-
rose. Cells are homogeneously
distributed in the gels. After
21 days, chondrocytes in the
Dex16-PEG gel are more dis-
persed because of swelling.
Green cells indicate viable
cells; red cells indicate dead
cells. Scale bar represents
100mm; all pictures were
taken at the same magnifica-
tion (100�). Color images
available online at www
.liebertonline.com=ten.

FIG. 4. GAG production by bovine chondrocytes in Dex-PEG hydrogels and agarose. (A) Chondrocytes in the three gels
(scale bar represents 100 mm). The insets show higher magnification images (scale bar represents 50 mm) of multicellular
aggregates in the agarose gels. GAG production was analyzed by safranin-O staining, which stains GAGs surrounding the
cells pink. Note that the hydrogels display background staining, but in a different shade of pink. (B) Total chondrocyte
number in the hydrogel constructs after 21 days. Data are shown as mean� SD (n¼ 6), *p< 0.001. (C) Quantitative GAG
formation by bovine chondrocytes in the three gels, normalized to DNA (mg GAG=mg DNA). Data are shown as mean� SD
(n¼ 6); *p< 0.05 and **p< 0.01. GAG, glycosaminoglycan. Color images available online at www.liebertonline.com=ten.
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firmed by a significant difference in the amount of DNA after
21 days. Two to three times more DNA was measured in the
agarose samples than in both Dex-PEG gels (Fig. 4B).

We analyzed GAG production both qualitatively and
quantitatively as an indication of the formation of cartilage-
like tissue by the chondrocytes encapsulated in the hydro-
gels. Chondrocytes were surrounded by a ring of positively
stained GAGs, which diffused into the hydrogel (Fig. 4A).
During histological processing, the hydrogels shrunk to their
original size. As such, we did not observe the spacing of cells
as seen in the viability assay samples and the GAG distri-
bution as shown in Figure 4A might not reflect the distri-
bution in the swollen hydrogels. The highest GAG levels
were measured in the agarose samples (average of 1.80mg
GAG=Dex16-PEG gel, 2.31 mg GAG=Dex22-PEG gel, and
3.08 mg GAG=agarose gel, data not shown). However, when
we corrected GAG production for cell number (GAG=DNA)
(n¼ 6), we observed significantly higher levels for both Dex-
PEG gels when compared with agarose, and also higher
levels for Dex22-PEG than Dex16-PEG (Fig. 4C).

Viability and cartilage formation by mouse ESCs

The potential of Dex-PEG hydrogels for cartilage tissue
engineering using another chondrogenic cell type, mouse
ESCs, was investigated. We first analyzed whether mouse
ESCs are able to attach to the hydrogel. A well plate was
coated with the Dex-PEG hydrogel by mixing the precursor
solutions and allowing a thin layer to gel on the bottom of
the well. When mouse ESCs in the medium were applied on
top of the gel, we did not observe any cell attachment (data
not shown). Above the gel, the mouse ESCs formed EBs, as
also seen when cultured on nonadhering culture plastic. The
thin layer of hydrogel degraded fast, and the degradation
products in the medium did not interfere with the formation
of EBs (data not shown).

We have previously demonstrated that EB formation is an
essential step for successful chondrogenic differentiation of
mouse ESCs (unpublished data). Therefore, the next experi-
ments were performed with mouse ESC–derived EB cells or
intact EBs. First, the viability of mouse EB cells in the Dex-
PEG hydrogel was investigated. Mouse EB cells were en-
capsulated into the hydrogels using a similar approach as
described above for bovine chondrocytes. Two hours after
encapsulation, the EB cells were still viable. Within 1 day, the
viability of the EB cells decreased rapidly (Fig. 5A), similar to
previous results with mouse ESC–derived EB cells in all
other gels we tested so far, such as agarose, alginate, Ma-
trigel, and Puramatrix.27 The viability of intact EBs in the
dextran hydrogels was also analyzed. The EBs displayed
better survival in the Dex-PEG hydrogels than single EB cells
(Fig. 5A), as also seen in other hydrogels analyzed.27 We also
analyzed the formation of cartilage tissue by the EBs. In this
experiment, during the 21 days of observation, the Dex16-
PEG hydrogels with encapsulated EBs degraded slightly
faster than those with encapsulated chondrocytes. Therefore,
we analyzed cartilage formation in both Dex-PEG gels after
16 days rather than 21 days. We observed some cartilaginous
tissue formation by the EBs, both in the Dex16-PEG and
Dex22-PEG gels (Fig. 5B), indicating that chondrogenic cells
other than chondrocytes could also form cartilage tissue in
the Dex-PEG hydrogel.

Discussion

In this article, the potential of a newly developed dextran-
based hydrogel for cartilage tissue engineering is demon-
strated. Chondrocytes or ESC-derived EBs survived
encapsulation and incubation over several weeks, and formed
cartilaginous tissue in the Dex-PEG hydrogel.

Dex-PEG hydrogels, prepared with Dex-SH and PEG-4-
Acr as crosslinker, were chosen based on their gelation and
degradation time. The gelation time should not be too short
to allow homogeneous mixing of cells and gelation. On the
other hand, too long gelation times would result in settling of
the cells at the bottom of the gels, cell death due to a lack of
medium nutrients and longer exposure to reactive groups,
and leakage out of the defect site when administered in situ.
The Dex-PEG gels formed within 1 min, with homogeneous
cell or EB distribution in the hydrogel and homogeneous
gelation.

A prerequisite of our design was that the gels had to be
stable for at least 3 weeks, to allow less committed stem cells
to differentiate into the chondrogenic lineage and to allow
the formation of cartilage extracellular matrix before the gel
degrades. We could influence the swelling profile and deg-
radation time of the Dex-PEG hydrogel by changing the DS
of dextran, resulting in degradation times of 3 and 7 weeks
for Dex16-PEG and Dex22-PEG, respectively. Previous
studies have shown that further fine-tuning of the mechan-
ical and degradation properties could be achieved by vary-
ing the molecular weight of the polymer, the concentration of
polymer, or choosing another crosslinker.18,19 This demon-
strates the versatility of the dextran hydrogels prepared via
Michael-type addition, and it can ultimately lead toward
controlled degradation, allowing the hydrogel to be replaced
by newly formed tissue. The degradation times of 9 and 17
weeks for the Dex16-PEG and Dex22-PEG hydrogels, re-
spectively,18 could not be compared to the results presented
in this article, because of a different experimental setup.

The cells in the hydrogel seem to stabilize the gel, and the
degradation time increases accordingly. Whether there is a
correlation between cell density and degradation time, the type
of cells or cell aggregates encapsulated and degradation time
or the formed extracellular matrix and degradation time
has not been determined yet. It has been reported that serum
proteins can influence the degradation behavior of hydro-
gels.28 Further investigation about the influence of serum-
containing chondrocyte medium and serum-free chondrogenic
medium on the degradation profiles of the dextran-based hy-
drogels is required. In addition, the in vivo degradation pro-
file of these hydrogels has to be further investigated. The
surrounding tissue and confined space in the defect site will
be important factors that influence the hydrogel stability and
its potential application in tissue engineering.

In situ forming hydrogels are highly interesting, as the cell-
laden hydrogels can be injected into the defect site by a
minimally invasive surgical procedure.9 The hydrogel can be
designed for the desired application, for example, articular
chondrocyte transplantation.29 The Dex-PEG hydrogels are
self-assembling9 and can form in situ. With the help of a
double syringe with a mixing chamber,21 the components are
mixed upon injection. There is no need for an external
stimulus, as seen for photopolymerizable hydrogels. Trans-
dermal photopolymerization resulted in hydrogels,30 but a
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more invasive surgical procedure might be required for po-
lymerization in a cartilage defect in a joint. The Dex-PEG
hydrogel can be formed in any desired shape to match the
defect’s contours, unlike gels as alginate that rely on ionic
interactions resulting in inhomogeneous hydrogels, which
are limited to beads of a defined size.31

Chondrocytes are not the only cell source investigated for
cartilage tissue engineering. Stem cells are another cell source
that upon differentiation into the chondrogenic lineage can
form cartilage tissue. Both ESCs32–34 and adult stem cells, for
example, mesenchymal stem cells isolated from bone mar-
row26 or fat tissue derived from liposuction procedures,35

can form cartilage. We have previously investigated the
potential of ESCs for cartilage and bone tissue engineer-
ing.27,36,37 ESCs have been cultured in hydrogels that sup-
ported long-term self-renewal,38 but ESCs have also been
successfully differentiated into the chondrogenic lineage in

hydrogels.27,39–41 Therefore, we also investigated chondro-
genic differentiation of mouse ESCs in dextran-based hy-
drogels. The viability of mouse ESC–derived EB cells and
intact EBs encapsulated in the Dex-PEG gels was investi-
gated first. Where EB cells survived and differentiated into
the chondrogenic lineage when cultured in pellets27 or on
scaffolds,36 cell death was observed when single EB cells
were encapsulated in the hydrogel. However, intact EBs did
survive the encapsulation and subsequent incubation period.
Cell–cell contact seemed to increase the survival rate of ESC-
derived EB cells. Similar results were obtained with all gels
we have investigated earlier.27 Next, the chondrogenic ca-
pacity of intact EBs in the Dex-PEG hydrogels was analyzed.
Cells in the EBs differentiated into the chondrogenic lineage,
as indicated by the presence of large cells in lacunae sur-
rounded by GAGs. The formation of GAGs was mainly ob-
served in the differentiated EBs, which is comparable to the

FIG. 5. Viability and chon-
drogenic differentiation of
mouse embryonic stem cell–
derived EB cells and EBs in
Dex-PEG hydrogels. (A) Via-
bility of EB cells and intact
EBs after 2 h, 1 day, and 7
days. EB cells did not survive;
intact EBs were still viable.
Some red background stain-
ing of the gel was observed.
Scale bar represents 100mm.
(B) Chondrogenic differentia-
tion of intact EBs after 16 days
of culture in the serum-free
chondrogenic medium. Pink
staining indicates the forma-
tion of GAGs by mouse em-
bryonic stem cell–derived EBs.
In the higher magnification
image in the middle panel,
cells in lacunae surrounded by
extracellular matrix positively
stained for GAGs, which are
characteristics of cartilage, can
be recognized. Horizontal
scale bar represents 100 mm;
vertical scale bar represents
50mm. EB, embryoid bodies.
Color images available
online at www.liebertonline
.com=ten.
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behavior of EBs in other nonadhering gels such as agarose
and alginate.27 In gels to which cells could adhere, such as
Matrigel or Puramatrix, a more intense superficial layer of
cartilage was observed, which is not only restricted to the
EBs.27

The many hydroxyl groups on the dextran backbone allow
further functionalization of the Dex-PEG hydrogel. The ad-
dition of adhesion molecules might enhance cartilage forma-
tion by ESC-derived EBs as reported for ESC-derived
mesenchymal-like cells.42 In contrast, the nonadhesive prop-
erty of the dextran-based hydrogels may benefit tissue engi-
neering using articular chondrocytes. We previously observed
that the integrin-mediated attachment of chondrocytes to
polymeric films is associated with dedifferentiation of the
chondrocytes and reduced cartilage formation.43 It is impor-
tant to functionalize the hydrogel for the appropriate cell type
with the appropriate adhesion molecules. When bovine
chondrocytes were seeded in the hydrogel, cartilaginous tis-
sue was formed. Even though the total amount of GAG was
less than in control agarose samples, the amount of GAG per
cell was higher than in agarose. Therefore, we conclude that
there is potential for Dex-PEG hydrogels for tissue engineering
applications. Future work will include additional biocom-
patibility tests and in vivo performance of the gel and encap-
sulation of clinically more relevant passage-expanded human
chondrocytes from healthy and diseased cartilage.
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