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Hydrogel-based  biomaterials  are  ideal  scaffolding  matrices  for microencapsulation,  but  they  need  to
be  modified  to  resemble  the  mechanical,  structural  and  chemical  properties  of  the native  extracellu-
lar  matrix.  Here,  we compare  the mechanical  properties  and  the  degradation  behavior  of  unmodified
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and  modified  alginate  hydrogels  in which  cell  adhesive  functionality  is conferred  either by  blending
or  covalently  cross-linking  with  gelatin.  Furthermore,  we  measure  the  spreading  and  proliferation  of
encapsulated  osteoblast-like  MG-63  cells.  Alginate  hydrogels  covalently  crosslinked  with  gelatin  show
the  highest  degree  of  cell  adhesion,  spreading,  migration,  and proliferation,  as well  as  a faster  degradation
rate,  and are  therefore  a  particularly  suitable  material  for microencapsulation.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Cell encapsulation – the immobilization of cells in polymeric
ydrogels – is a promising technique in tissue engineering [1].
ydrogels can act as a semipermeable membrane, which pro-

ect the encapsulated cells from the host’s immune system while
llowing for the bidirectional diffusion of oxygen, nutrients and
aste. Moreover, hydrogels attenuate the mechanical stress and

riction not only on encapsulated cells but also on adjacent tissue
pon transplantation [1–4]. The material of choice for many cell
ncapsulation applications is alginate because of its biocompati-
ility and rapid ionic gelation property with divalent cation [5,6].
lginate represents a family of anionic polysaccharides extracted

rom brown algae or bacteria. They are linear unbranched copoly-
ers composed of (1-4)-linked �-d-mannuronic acid (M)  and
-l-guluronic acid (G) monomers [7–9]. The fraction and sequence
f M-  and G-monomers vary with the origin of alginate and con-
ribute to different chemical and physical properties [10]. When the
-blocks of neighboring polymer chains are linked with each other
hrough divalent cation bridges, for example Ca2+, alginate forms a
ydrogel with viscoelastic properties [11]. However, alginate does
ot promote cell adhesion and proliferation due to the absence of

∗ Corresponding author. Tel.: +49 9131 85 28601; fax: +49 9131 85 28602.
E-mail address: aldo.boccaccini@ww.uni-erlangen.de (A.R. Boccaccini).

ttp://dx.doi.org/10.1016/j.ijbiomac.2015.03.061
141-8130/© 2015 Elsevier B.V. All rights reserved.
cell adhesion motifs. It has been shown in previous studies that
cell adhesion to alginate hydrogels can be achieved by modification
of alginate through functionalization with gelatin [12,13]. Gelatin
is a biodegradable protein, produced by denaturation of collagen,
which transforms the triple helix structure of collagen into a ran-
dom coil structure [14] and thereby exposes the cell adhesion motif
RGD (Arg-Gly-Asp) of collagen [15,16].

In a previous study, we established that alginate hydrogels
that were functionalized by crosslinking with gelatin promoted
better adhesion, proliferation, and migration of encapsulated
osteoblast-like MG-63 cells compared to pure alginate hydrogels
or to hydrogels functionalized with the specific integrin binding
sequence RGD [12]. However, it has remained an open question
whether the presence of gelatin on its own, e.g. by blending with
alginate, would be sufficient for cell adhesion, migration, and pro-
liferation, or whether gelatin must be crosslinked with alginate.
Furthermore, it is unknown if the presence of gelatin speeds up the
degradation behavior of the hydrogel over time and thereby pro-
motes cell migration and proliferation. Finally, it is unknown how
stably the gelatin is bound or contained in the hydrogel, or how
quickly it is released over time into the surrounding medium.

In this study we  compared the behavior of osteoblast-like MG-

63 cells in two  alginate hydrogel systems that were functionalized
with gelatin either by covalent crosslinking of alginate di-aldehyde
and gelatin (ADA-GEL-x), or by simple blending of alginate and
gelatin prior to polymerization (ALG-GEL-b). We  embedded the

dx.doi.org/10.1016/j.ijbiomac.2015.03.061
http://www.sciencedirect.com/science/journal/01418130
http://www.elsevier.com/locate/ijbiomac
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijbiomac.2015.03.061&domain=pdf
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ells in hydrogel capsules of 800 �m diameter, and characterized
ell viability, mitochondrial activity, spreading morphology and
ydrogel degradation over a time course of up to 28 days. ADA-GEL-

 hydrogels facilitated superior adhesion, proliferation, migration,
nd morphology of encapsulated cells compared to ALG-GEL-b.
oreover, the gelatin release kinetics was slower in ADA-GEL-x

ompared to ALG-GEL-b, yet the overall hydrogel degradation rate
s evaluated from the decrease in stiffness of microcapsules over
ime was higher. Thus, we conclude that the better adhesion, prolif-
ration, and migration of encapsulated osteoblast-like MG-63 cells
n gelatin-crosslinked alginate hydrogel microcapsules arises as a
ombination of a stronger binding of gelatin to the hydrogel matrix,
nd a faster mechanical degradation behavior that better accom-
odates the proliferation and migration of embedded cells.

. Materials and methods

.1. Preparation of functionalized alginate gels

Sodium alginate (sodium salt of alginic acid from brown algae,
uitable for immobilization of micro-organisms, guluronic acid
ontent 65–70%) and gelatin (from porcine skin, suitable for cell
ulture, Type A, Bloom 300) were obtained from Sigma–Aldrich,
ermany. Ethanol, ethylene glycol, sodium metaperiodate and cal-
ium chloride dehydrate (CaCl2·2H2O) were purchased from VWR
nternational, Germany. Silver nitrate was obtained from Alfa Aesar,
SA.

Sodium alginate was dissolved in PBS, and gelatin was dissolved
n ultrapure water at 37 ◦C. Alginate–gelatin blend material (ALG-
EL-b) was prepared by mixing aqueous solution of gelatin with
lginate solution with a volume ratio of 80:20, resulting in a final
oncentration of alginate and gelatin of 2% (w/v) and 0.5% (w/v),
espectively.

Alginate–gelatin crosslinked hydrogel (ADA-GEL-x) was synthe-
ized by covalent crosslinking of alginate di-aldehyde (ADA) and
elatin as described in [2]. Briefly, ADA was synthesized through
ontrolled oxidation of sodium alginate in equal volume of an
thanol–water mixture. Sodium alginate was dispersed in ethanol
nd mixed with an aqueous solution of sodium metaperiodate
oxidizing agent). The suspension was stirred in dark conditions
t room temperature for 6 h. The oxidation reaction was stopped
y adding ethylene glycol, and the dispersion was  dialyzed for 7
ays against ultrapure water (Direct-Q, Merck Millipore, Germany)
sing a dialysis membrane (molecular weight cutoff of 6–8 kDa;
pectrum Lab, USA) to ensure complete removal of sodium meta-
eriodate. The absence of sodium metaperiodate in the dialysate
as checked by adding 1% (w/v) solution of silver nitrate and was

onfirmed when no precipitation occurred. Afterwards, the ADA
olution was lyophilized to obtain dry ADA, which was then dis-
olved in PBS to get 5% (w/v) solution. To synthesize ADA-GEL-x,
% (w/v) aqueous solution of gelatin was mixed with 5% (w/v) solu-
ion of ADA. The final concentrations of ADA and gelatin were 2.5%
w/v). 2% (w/v) pure alginate (ALG) solution (PBS as solvent) was
sed as control.

.2. Cell culture

Osteoblast-like MG-63 cells (LGC, ATCC, Germany) were used

or encapsulation. DMEM culture medium (Dulbecco‘s modified
agle‘s medium, Gibco, Germany) was supplemented with 10 vol.%
etal bovine serum (FBS, Sigma–Aldrich, Germany) and 1 vol.%
enicillin–streptomycin (PS, Sigma–Aldrich, Germany). Cells were
ultured at 37 ◦C in 95% relative humidity and 5% CO2, and passaged
sing standard protocols.
gical Macromolecules 78 (2015) 72–78 73

2.3. Preparation of microcapsules and cell encapsulation

Microcapsules from the three different materials were produced
by a pneumatic extrusion technique as described elsewhere [2].
Briefly, the solutions of ALG, ALG-GEL-b and ADA-GEL-x were filled
into a cartridge (Nordson EFD, USA) and connected to a high preci-
sion fluid dispenser (UltimusTMV, Nordson EFD, USA). Solutions
were extruded by applying a controlled pressure, collected in a
0.1 M CaCl2 solution, and kept for 10 min  to facilitate ionic gela-
tion. The prepared microcapsules were sieved and washed with
ultrapure water. For cell encapsulation, the alginate and ADA solu-
tions were sterilized by filtration through a 0.45 �m filter (Carl Roth
GmbH + Co. KG, Germany), and the gelatin solution was sterilized
by filtration through a 0.22 �m filter. After that, hydrogels were
prepared in sterile condition. Osteoblast-like MG-63 cells were
mixed with ALG, ALG-GEL-b or ADA-GEL-x at a concentration of
1 × 106 cells per 1 ml  of hydrogel solution, and then extruded into
microcapsules as described above. The microcapsules with embed-
ded cells were washed with DMEM and incubated in 95% relative
humidity and 5% CO2 at 37 ◦C. The cell culture medium was replaced
every second day.

2.4. Characterization of hydrogel properties

2.4.1. Mechanical properties
Mechanical properties of hydrogel films were measured with

a dynamic-mechanical analyzer (DMTA IV, Rheometric Scientific).
Measurements were performed at 25 ◦C in a dynamic frequency
sweep (0.1–20 Hz), at which a sinusoidal deformation of constant
amplitude was  applied to a hydrogel film of a cylindrical shape
with a diameter of 16 mm and a thickness of 1 mm.  To measure
the degradation kinetics of the hydrogels, the fabricated films from
the three different hydrogels were incubated in DMEM at 37 ◦C in
95% relative humidity and 5% CO2, and repeatedly measured with
DMTA over a time course of 28 days. All measurements were carried
out in the linear viscoelastic regime at a strain of ε = 0.1%. Measure-
ments were recorded in triplicate, and the results are expressed as
mean ± one standard deviation.

2.4.2. Protein release
Weighted amounts (50 mg)  of hydrogel microcapsules were

immersed in 2 ml  of Hank’s balanced salt solution (HBSS) at 37 ◦C. At
selected times, the supernatant was  removed, collected for gelatin
release analysis, and 2 ml  of fresh HBSS solution was  added to the
samples. Protein concentration in the supernatant was determined
using the Lowry method [17,18], with bovine serum albumin (BSA)
as a standard [19]. The absorbance at 750 nm was  measured using
a UV–Vis spectrophotometer (Specord 40, Analytik Jena, Germany)
[13]. The release of gelatin from the samples was  calculated as
follows:

Gelatin release (%) = [Gelatin]supernatant

[Gelatin]total
× 100

where [Gelatin]total is the initial amount of gelatin, and
[Gelatin]supernatant is the cumulative amount of gelatin in the
supernatant at different incubation time points.

The molecular mass distribution of released protein fragments
was determined by sodium dodecyl sulfate-polyacrylamide gel

electrophoresis (SDS-PAGE) (Mini-PROTEAN 3 system, Bio-Rad).
Polyacrylamide gels, with a concentration of 10% acrylamide and
a thickness of 1 mm,  were run at a constant voltage of 120 V. The
Prestained Page Ruler marker (Thermo Scientific) was  used for cali-
bration. The visualization of the protein bands was performed using
silver staining (Pierce Color Silver Stain Kit, Thermo Scientific).



74 B. Sarker et al. / International Journal of Biological Macromolecules 78 (2015) 72–78

Fig. 1. (a) Storage modulus, and (b) loss tangent of ALG, ALG-GEL-b and ADA-GEL-x hydrogels measured at a frequency of 1 Hz with DMTA after immersion in DMEM at 37 ◦C
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between alginate G-blocks [23,24]. Our results of a more sta-
ble behavior of unmodified alginate compared to ADA-GEL-x and
ALG-GEL-b is consistent with a lower diffusion of ions due to the
higher crosslinking density. Moreover, diffusion of gelatin from the
nd  after different time periods of 0, 3, 7, 10, 14, 21, and 28 days (mean ± sd of n = 5 m
n  time.

.4.3. Determination of microcapsules size
To investigate the change in diameter of the microcapsules

ver a period of 28 days, 30 microcapsules of each hydrogel type
ALG, ALG-GEL-b and ADA-GEL-x) either with or without cells
ere incubated in DMEM at 37 ◦C. The diameter of the microcap-

ules was measured in regular time intervals with bright-field light
icroscopy (Primo Vert, Carl Zeiss, Germany).

.4.4. Cell behavior
Mitochondrial activity of the encapsulated cells was  assessed

hrough the enzymatic conversion of tetrazolium salt (WST-8 assay
it, Sigma–Aldrich, Germany) at different time points of culture.
he morphology of the encapsulated cells in different hydrogels
as visualized with bright-field light microscopy (Primo Vert, Carl

eiss, Germany) after 7 and 28 days of culture. Actin cytoskele-
on staining was performed with rhodamine phalloidin (Invitrogen,
SA), and nuclei staining with Sytox (Invitrogen, USA). Images
ere taken with a confocal laser scanning microscope (SP5X, Leica,
ermany) using a 20× dip-in water immersion objective (NA = 1.0).

.4.5. Statistical analysis
All results are presented as arithmetic mean ± one standard

eviation. Differences in mitochondrial activity of cells were eval-
ated by one-way analysis of variance (ANOVA). The pairwise
omparison of the means was performed with a Bonferroni’s test
post hoc comparison). Differences were considered as statistically
ignificant for p-values < 0.05.

. Results and discussion

.1. Material characterization

.1.1. Mechanical analysis
Fig. 1 shows the storage modulus and loss tangent of all mate-

ials measured by DMTA immediately after their preparation and
ver time of up to 28 days of incubation in DMEM at 37 ◦C.

ALG exhibited the highest storage modulus (570 kPa at 1 Hz)
mmediately after preparation, as there is no additional material
indering the cross-linking of alginate G-blocks. This value is found
o be higher compared to the storage modulus (∼100 kPa) of ALG
s reported by Hunt et al. [20]. However, it should be highlighted

hat the storage modulus of ALG depends on several factors, such
s source of ALG, molar mass, M/G  ratio, concentration of ALG solu-
ion and ionic crosslinker, etc. [21]. Indeed there was no major
ifference in the moduli of ALG-GEL-b and ADA-GEL-x hydrogels
rements). To better visualize error bars, overlapping data points are slightly shifted

(470 and 460 kPa, respectively, at 1 Hz). The moduli of ALG-GEL-
b showed a larger standard deviation, however. After 28 days of
incubation, the modulus of ALG decreased to 30% of its initial value
compared to 28% for ALG-GEL-b and 25% for ADA-GEL-x gels. Hence,
ADA-GEL-x hydrogel showed the highest degradation rate. Storage
moduli and loss tangent of the three hydrogels measured at differ-
ent frequencies (0.1–20 Hz) and at different incubation times are
presented in the Supplementary Fig. S1. The frequency indepen-
dency of the loss tangent is a rheological proof that the materials
are in the gel state [22]. The increase of the loss tangent with degra-
dation time supports the finding that the viscoelastic deformation
behavior is shifted toward a less elastic behavior viz. higher energy
losses due to increasing viscous deformation processes.

Supplementary material related to this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.ijbiomac.
2015.03.061.

Degradation and softening of the hydrogels over time is caused
by diffusive release of calcium ions that form the cross-links
Fig. 2. Cumulative gelatin released from ALG-GEL-b and ADA-GEL-x hydrogels over
a  period of 28 days in HBSS (mean ± sd of n = 5 measurements).

http://dx.doi.org/10.1016/j.ijbiomac.2015.03.061
http://dx.doi.org/10.1016/j.ijbiomac.2015.03.061
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ig. 3. SDS-page analysis of proteins released from ALG-GEL-b and ADA-GEL-x
ydrogels after 7, 10, and 14 days of incubation.

on-crosslinked composition (ALG-GEL-b) during the incubation
eriod (Fig. 2) may  have further contributed to a lower storage mod-
lus. Interestingly, ADA-GEL-x hydrogels show the lowest storage
odulus and the highest loss tangent at all time points, which we

ttribute to a diminished network density due to cleavage of vicinal
lycols during the oxidation process of alginate [6,25]. Moreover,
he mechanical rigidity of gelatin crosslinks may  be lower than
hat of the crosslinks with calcium ions. Despite of the crosslinking,
elatin also diffuses out of the matrix, although with lower amounts
ompared to alginate-gelatin blends (Fig. 2), as investigated in more
etail below.

.1.2. Gelatin release
Proteins are known to be released from alginate matrices by

iffusion through the hydrogel pores or by degradation of the
ydrogel network [26]. Our data show that the release kinetics
f gelatin was similar for both hydrogels initially, but started to
iverge after 7 days of incubation, with a higher gelatin release
ate from ALG-GEL-b hydrogels. Moreover, gelatin release from

he ADA-GEL-x gels eventually stopped toward the end of the
8 days incubation period but continued in ALG-GEL-b gels. The
ifferent behavior in the release kinetics for the two  hydrogels
an be attributed to the crosslinking between polysaccharides and

ig. 4. Average diameter of microcapsules without (a) and with (b) encapsulated cells for
n  DMEM (mean ± sd of n = 30 measurements).
gical Macromolecules 78 (2015) 72–78 75

proteins in ADA-GEL-x that resists the release of gelatin better than
simple blending [2,13]. In ADA-GEL-x, gelatin is covalently bound
with polysaccharide (ADA) through the interaction between the
�-amino groups of lysine or hydroxylysine of gelatin and the avail-
able aldehyde groups of ADA, as described in detail in our previous
publication [2].

To analyze the molecular mass of released proteins in the super-
natant (HBSS) after 7, 10, and 14 days of incubation, we performed
an SDS-PAGE analysis (Fig. 3). In a previous study, we  observed
that pure gelatin exhibits a wide molecular mass distribution ran-
ging from 53 to 180 kDa [13] with several prominent bands due to
the presence of polypeptides of �-chains [13,27,28]. In the present
study, we found that after 7 days of incubation, the gelatin released
from ALG-GEL-b also showed a number of bands distributed over
the range of 70–150 kDa. For longer incubation periods, bands with
a molecular mass larger than 100 kDa slowly disappeared, with new
bands appearing below 70 kDa. This result indicates that during the
incubation period, the gelatin molecules were fragmented to lower
molecular mass protein derivatives due to hydrolysis.

The gelatin released from ADA-GEL-x hydrogels after day 7 of
incubation showed bands that were distributed over a smaller
range around 110 kDa, and new bands that appeared after 10 or 14
days of incubation had for the most part a much lower molecular
mass (from 15 to 35 kDa).

3.1.3. Change of microcapsule size
Fig. 4 shows changes in the average diameter of ALG, ALG-GEL-b

and ADA-GEL-x microcapsules over an incubation period of 28 days
in DMEM.  Initially, the diameter of ALG microcapsules increased
as the hydrogel swelled, but decreased after 14 days due to the
degradation process, as demonstrated elsewhere [2]. Microcap-
sules fabricated from ALG-GEL-b hydrogel showed a similar trend of
swelling and degradation. By contrast, the diameters of ADA-GEL-x
microcapsules did not display the initial swelling behavior and
steadily decreased from the beginning. As discussed before, ADA
is an oxidized derivative of alginate, possessing lower molecular
mass compared to alginate due to cleavage of vicinal glycols dur-
ing partial oxidation of alginate that might have contributed to
the higher degradability of ADA-GEL-x [2,13,25]. Moreover, fewer
G-units of ADA-GEL-x are available to interact with Ca2+ ions due
to the oxidization process [2,29], and the anionic groups of G-units

may  additionally be masked by the crosslinked gelatin molecules,
which leads to fast degradation.

We found no obvious difference in diameter of microcapsules
over time with and without encapsulated cells, demonstrating that

 ALG, ALG-GEL-b and ADA-GEL-x at different points of incubation from 0 to 28 days
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Fig. 5. LM (top row) and CLSM (bottom row) images of cells in ALG, ALG-GEL-b and ADA-GEL-x microcapsules after 7 days of culture. Cells were stained for the nucleus
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other two hydrogels, reaching a maximum of 150% after 14 days.
green) and actin cytoskeleton (red). (For interpretation of references to color in th

he encapsulated cells had no significant effect on the degradation
ate of microcapsules.

.1.4. Cell morphology
Cell morphology of the encapsulated cells in the different

ydrogels was analyzed by bright-field light microscopy (LM) and
onfocal laser scanning microscopy (CLSM). Fig. 5 shows LM and
LSM images of cells in microcapsules of different materials after 7
ays of culture. The cells were found to be uniformly distributed
hrough the whole microcapsules in all three hydrogels. In ALG

icrocapsules, cells had a round morphology. In ALG microcapsules
nd in the core of ALG-GEL-b microcapsules, spherical cell clusters
ormed. In the periphery of ALG-GEL-b microcapsules, however,
longated cell aggregates appeared that were oriented perpendic-
lar to the microcapsule surface. By contrast, cells in ADA-GEL-x
icrocapsules were usually arranged in irregular shaped clusters,
ith the individual cells showing a more spread morphology com-
ared to the cells in ALG hydrogels, but not as elongated as some
f the cells in the ALG-GEL-b hydrogels.

After 28 days of culture, cells in the ALG and ALG-GEL-b micro-
apsules were found in spherical clusters, and in the case of
LG-GEL-b hydrogels partially also in elongated cell clusters. Cells

n ADA-GEL-x microcapsules, however, were not clustered but
nstead were seen distributed throughout the entire microcapsules.
oreover, cells were spread, indicating substantial cell–matrix
dhesions. Interestingly, some cells had migrated to the surface
f ADA-GEL-x mcirocapsules (Fig. 6) and formed bridge-like struc-
ures with cells on the surface of adjacent microcapsule.
re legend the reader is referred to the web version of this article.)

The formation of spherical cell clusters in the ALG microcap-
sules suggests that cell–cell cohesion was stronger than cell–matrix
adhesion, in line with the fact that alginate does not possess any
cell adhesion molecules. The elongation of the cell clusters seen
in the periphery of ALG-GEL-b hydrogel microcapsules, however,
is not a sign of strong cell–matrix adhesion. Rather, the gelatin in
the blended hydrogels polymerizes into vein-like structures that,
upon degradation and gelatin release, leaves behind elongated cav-
ities that are occupied by cells [12]. By contrast, the cross-linked
gelatin in the ADA-GEL-x microcapsules facilitated a better cell
adhesion. Moreover, in combination with the higher degradation
and lower stiffness after several days of culture, better cell spread-
ing and migration were observed in the cross-linked hydrogel in
comparison to the other hydrogels investigated.

3.1.5. Cell proliferation and metabolic activity
Cells in the ADA-GEL-x microcapsules showed a higher prolifer-

ation than cells in the other two hydrogels. We  therefore measured
mitochondrial activity as a combined index of the number and
metablic activity of living cells in the microcapsules. After 7 days
of incubation, the mitochondrial activity of cells encapsulated in
the ADA-GEL-x hydrogels started to significantly (p < 0.05) increase
(Fig. 7) over the mitochondrial activity of cells encapsulated in the
Interestingly, the mitochondrial activity of cells in the ALG and
ALG-GEL-b hydrogels did not increase and even decreased after 14
days despite at least some cell proliferation. This suggests that the
metabolic activity in these hydrogels was compromised.
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Fig. 6. LM (top row) and CLSM (bottom row) images of cell-loaded ALG, ALG-GEL-b and
nucleus  (green) and actin cytoskeleton (red). (For interpretation of references to color in 

Fig. 7. Mitochondrial activity of encapsulated osteoblast-like cells in ALG, ALG-
G
*

4

r
d
a

J.  Kaschta, K. Chrissafis, R. Detsch, A.R. Boccaccini, J. Mater. Chem. B 2 (2014)
EL-b and ADA-GEL-x at different time points of culture. *p < 0.05, **p < 0.01 and
**p  < 0.001.

. Conclusions

The analysis of three different alginate-based hydrogels

evealed similar mechanical properties initially but different degra-
ation rates and cell responses. Pure alginate and gelatin blended
lginate did not facilitate cell adhesion and migration, and showed
 ADA-GEL-x microcapsules after 28 days of incubation. Cells were stained for the
this figure legend the reader is referred to the web version of this article.)

suppressed metabolic activity after longer incubation times. Cells
in the alginate–gelatin crosslinked hydrogels showed good cell
adhesion and spreading, and increasing mitochondrial activity after
longer incubation times. Alginate–gelatin crosslinked hydrogels
exhibited a slower release kinetics of gelatin yet at the same
time a faster decrease of stiffness compared to pure alginate or
alginate–gelatine blends. We  speculate that faster degradation of
the hydrogel and the resulting lower stiffness, together with the
availability of an adhesive ligand that is tightly bound to the
remaining hydrogel matrix, contributed to the better adhesion,
spreading, migration, and metabolic activity of the cells in the
alginate–gelatin crosslinked hydrogels. These data demonstrate
that gelatin crosslinking is a viable strategy to optimize the stiff-
ness and degradation behavior of alginate-based materials for cell
encapsulation in tissue-engineering applications.
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