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Behavior of Encapsulated MG-63 Cells in RGD
and Gelatine-Modified Alginate Hydrogels
Alexandra Grigore, MSc,1,2,* Bapi Sarker, MSc,1 Ben Fabry, Dr.-Ing,2
Aldo R. Boccaccini, Dr.-Ing,1 and Rainer Detsch, Dr.-Ing1

Achieving cell spreading and proliferation inside hydrogels that are compatible with microencapsulation
technology represents a major challenge for tissue engineering scaffolding and for the development of threedimensional cell culture models. In this study, microcapsules of 650–900 mm in diameter were fabricated from
oxidized alginate covalently cross-linked with gelatine (AlGel). Schiff’s base bond formed in AlGel, detected
by Fourier transform infrared spectroscopy, which confirmed the cross-linking of oxidized alginate with gelatine. Biological properties of alginate based hydrogels were studied by comparing the viability and morphology of MG-63 osteosarcoma cells encapsulated in gelatine and RGD-modified alginate. We hypothesized
that the presence of gelatine and RGD will support cell adhesion and spreading inside the microcapsules and
finally, also vascular endothelial growth factor (VEGF) secretion. After 4 days of incubation, cells formed
extensive cortical protrusions and after 2 weeks they proliferated, migrated, and formed cellular networks
through the AlGel material. In contrast, cells encapsulated in pure alginate and in RGD-modified alginate
formed spherical aggregates with limited cell mobility and VEGF secretion. Metabolic activity was doubled
after 5 days of incubation, making AlGel a promising material for cell encapsulation.
the bone.9,10 Therefore, encapsulated cells should express
vascular endothelial growth factor (VEGF), the major angiogenic factor involved in physiological and pathological
angiogenesis.11
Given that hydrogels are the most promising materials for
3D cell cultures due to their ability to recreate an aqueous
microenvironment, they are often used in conjunction with
cell microencapsulation technology.12–14 Alginate, a wellknown natural biopolymer, is a biocompatible polysaccharide extracted from brown algae that forms a stable hydrogel
by cross-linking with calcium ions.15 Its biocompatibility,
mild gelling behavior at room temperature, and tunable
properties make alginate the most suitable material for cell
encapsulation.1 However, alginate is an inert material and
does not promote cell attachment in its pure state.16 Other
potential disadvantages include a slow degradation rate by
release of calcium ions and high viscosity at relatively low
concentrations, leading to large shear forces that are detrimental to the encapsulated cells. Since cell adhesion and
migration are critical conditions for high cell viability and
proliferation, modification of the alginate matrix using celladhesive ligands (peptides or proteins) has been proposed.17
For example, alginate has been covalently modified with
RGD peptide sequence (Arg-Gly-Asp) by binding to the
carboxylic acid functional group through carbodiimide

Introduction

E

ffective cell encapsulation relies on the suitable
immobilization of cells within a semipermeable biocompatible material. Hydrogels are the materials of choice
for cell encapsulation strategies,1 because they protect the
enclosed cells from mechanical stress and they are easy to
implant, for example by an injection.2 Permitting the bidirectional diffusion of nutrients, oxygen, and waste, cells can
be kept alive for a long time period in hydrogel matrices.3,4
There is an increasing need for three-dimensional (3D)
culture models in many biomedical areas such as tissue
engineering, cell therapy, drug/toxicity screening, and tumour growth modeling.5 Cells alter their metabolism and
functionality in standard two-dimensional cell culture systems due to their inability to form contacts with other cells
and with their microenvironments.6 A system that can mimic
the structural architecture and biological functions of the
extracellular matrix (ECM) in 3D should satisfy the following
characteristics: have suitable mechanical properties and chemical composition, support cell growth and maintenance, and
facilitate nutrient, gas, metabolic waste transport, and signal
transduction.7,8 Beyond these basic requirements, the matrix
should also be able to support angiogenesis for an effective
regeneration purpose in case of vascularized tissues, such as
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chemistry.1,18 In addition, an enzymatically cleavable peptide has been incorporated in alginate that supported cell
spreading in 3D.19 Moreover, different proteins and other
natural polymers have been added to alginate such as fibrin,20 collagen,21 chitosan,22 and hyaluronic acid.23 Gelatine is a protein that is obtained by thermal denaturation of
collagen from animal skin and bones. Gelatine is used in
biomedical applications due to its biocompatibility, cell
adhesiveness, enzymatic degradation,24 decreased immunogenicity, and cost effectiveness.25 However, in its native
state, gelatine has poor mechanical properties and it is water
soluble at body temperature. In order to be used as cellanchorage support, gelatine is usually cross-linked with
toxic chemical agents such as glutaraldehyde, acyl azides,
and diisocyanates. Gelatine has been added to different
polysaccharides such as chitosan26 and alginate,27,28 and it
has been chemically cross-linked. This step makes gelatine
unsuitable for cell encapsulation, which requires mild gelling conditions in the presence of cells. Previous studies
investigated a method for directly cross-linking alginate
chains with gelatine molecules.29–32 The covalent bonding
occurs through the formation of Schiff’s bases between the
amino groups of lysine and hydroxylysine groups of gelatine
and the aldehyde groups of oxidized alginate. High concentrations (15–20 w/v%) of alginate and gelatine have been
used for in situ forming hydrogels for wound-dressing applications or bone tissue engineering.33,34
The aim of this work was to investigate cross-linked
alginate-gelatine (AlGel) microcapsules intended for cell
encapsulation and to compare the cell behavior of MG-63
osteoblast-like cells in this novel matrix with that in pure alginate. In addition, a commercially available RGD-modified
alginate was investigated in comparison with AlGel. One
area of interest for the development of a functional hydrogel
that supports cell attachment and spreading as well as high
VEFG-release in tissue engineering. Alternative proposed
applications include cell delivery and 3D models for cell
culture and drug screening.
Materials and Methods
Materials synthesis

Three matrices were investigated in this study: alginate,
RGD-modified alginate (RGD-Alginate), and alginategelatine cross-linked (AlGel). Alginate (sodium salt of alginic acid from brown algae, suitable for immobilization of
micro-organisms, MW 100,000–200,000 g/mol, guluronic
acid content 65–70%; Sigma-Aldrich) was dissolved in
phosphate buffer saline (PBS; Gibco) and obtained final
concentrations of 1.5% (w/v). Gelatine (Type A, porcine
skin; Sigma-Aldrich) was dissolved in deionized water
(Millipore) at 40C and obtained a final concentration of 5%
(w/v). The solutions were sterilized by sterile filtration with
0.22 mm filters (Roth). RGD-Alginate was obtained by
mixing RGD-alginate (Novatech G RGD; Novamatrix) with
alginate (Sigma-Aldrich) to obtain a final concentration of
100 mM RGD, which showed the highest cell adhesion of
MG-63 in preliminary tests (data not shown). The final alginate concentration of RGD-alginate solution was kept at
1.5% (w/v). Oxidation of alginate was performed in an equal
volume of ethanol-water mixture to facilitate cross-linking
the polysaccharide, alginate with the protein, gelatin.35–38
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Briefly, 5 g of alginate were dispersed in 25 mL ethanol
(VWR) and mixed with 25 mL aqueous solution of sodium
metaperiodate (7.5 mmol). The resulting solution was continuously stirred in dark condition at room temperature. The
reaction was quenched after 6 h by adding 5 mL of ethylene
glycol under continuous stirring for 30 min. The resultant
solution was dialyzed against deionized water using a dialysis membrane (MWCO: 6000–8000; Spectrum Lab) for 7
days with several changes of water until the dialysate was
periodate free. The absence of periodate was checked by
adding a 0.5 mL aliquot of the dialysate to 0.5 mL of a 1%
solution of silver nitrate and ensuring the absence of any
precipitate. The dialyzed alginate dialdehyde (ADA) solution was frozen and lyophilized. Aqueous solution of gelatine was added slowly in the solution of ADA (in PBS)
under continuous stirring to facilitate the cross-linking of
ADA with gelatine.39 The final concentrations of both ADA
and gelatine were 2.5% (w/v) in the cross-linked hydrogel.
The diameter of the capsules fabricated from three different
materials was determined by analyzing 30 capsules of each
material using light microscopy (LM, Primo Vert; Carl
Zeiss). Chemical characterization was also carried out using
Fourier transform infrared spectroscopy (FTIR) to determine
the interactions (chemical bonding structure) between the
alginate and gelatine components in the fabricated capsules.
Films of alginate, gelatine, and AlGel were made by casting
the corresponding hydrogels into a polystyrene Petri dish,
allowing it to dry for 3 days at room temperature. The dried
films were used to record ATR-FTIR spectra using an FTIR
spectrometer (Nicolet 6700; Thermo Electron).
The degradation behavior of the hydrogels was determined by measuring the mechanical properties during an
incubation period of 28 days. Sterile cylindrical films with a
diameter of 16 mm and a thickness of about 1 mm were
produced. To mimic cell culture conditions over the whole
incubation time, the films were stored in a 24-well plate in a
humidified atmosphere with 5% CO2 at 37C, covered with
1 mL Dulbecco’s modified Eagle’s medium (DMEM). By
the use of a dynamic mechanical thermal analyzer (DMTA;
Rheometric Scientific), the samples were subjected to deformation by compression. The measurements were performed at 25C in a dynamic frequency sweep, at which a
sinusoidal deformation of constant amplitude (0.1 to 25 Hz)
was applied on the samples. All measurements were carried
out in the linear viscoelastic regime with a strain of 0.1%.
The storage modulus (E¢) and tangent delta (tan d) were
documented. The storage modulus represents the nondissipative component of the mechanical properties of a
viscoelastic material. The phase angle (d) is defined by tan - 1
(E¢¢/E¢), where E¢¢ is the loss modulus. The phase angle
indicates whether a material is solid with perfect elasticity
(d = 0), liquid with pure viscosity (d = 90), or exhibits intermediate behavior (0 < d < 90). Each measurement was
performed thrice on at least two different disk specimens
from the same hydrogel sample.
Cell culture and cell encapsulation
Cell cultivation. MG-63 osteoblast-like cells (SigmaAldrich) were cultured at 37C in a humidified atmosphere
of 95% air and 5% CO2, in DMEM (Gibco) supplemented
with 10 vol.% fetal bovine serum (FBS; Sigma-Aldrich) and
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1 vol.% penicillin/streptomycin (PS; Sigma-Aldrich). Cells
were grown for 48 h to confluence in 75 cm2 culture flasks
(Greiner-Bio One), washed with PBS, detached using Trypsin/
EDTA (Sigma), and counted by a hemocytometer (Roth). Cell
concentration was established by diluting with culture medium.
Cell encapsulation. For cell encapsulation, a cell concentration of 106 cells/mL of hydrogel was used. The volume of cell suspension with regard to the total volume of
hydrogel solution was kept at 1%, to prevent any change in
material concentration and viscosity. The cell suspension
was centrifuged for 5 min at 1200 rpm (Centrifuge 5810R;
Eppendorf ) and re-suspended in culture medium, depending
on the amount of cells needed. The cell-polymer mixture
was transferred to an extrusion cartridge (Nordson EFD) and
connected to a high-precision fluid dispenser (Ultimus V;
Nordson EFD). The mixture was extruded by applying different pressures ranging from 0.4 to 2 bars, depending on the
material. The capsules were collected in a beaker containing
sterile 0.1 M calcium chloride solution. After cross-linking
for 10 min, the capsules were sieved using cell culture inserts (Cellcrown; Scaffdex) with a nylon mesh (100 mm pore
size; Amazon) as bottom. Capsules were washed thrice with
DMEM and cultured in six-well plates in DMEM supplemented with 10 vol.% FBS and 1 vol.% PS. Well plates
were incubated with shaking at 150 rpm (MS1 Minishaker;
IKA) for a better nutrient diffusion.
Cell viability measurement. Metabolic activity was
measured through the reduction of resazurin (Alamar Blue
assay; Invitrogen) to resorufin inside the viable cells. A
solution of 10% Alamar Blue in medium was added in each
well, and the plates were incubated for 3–4 h. After a visible
change in color from blue to pink, the absorbance at 570 and
600 nm was measured with a spectrophotometer (Specord
40; Analytik Jena). Live/dead staining of the cells was
performed using calcein (Fluka Analytical) for the live cells
and propidium iodide (PI; Sigma-Aldrich) for the dead cells.
Additional nuclear staining with Höchst (Sigma-Aldrich)
was done to improve cell visualization and counting. Staining
was performed in 35 mm culture dishes (Greiner) containing
capsules. The staining mixture was prepared by mixing 2 mL
medium with 2 mL calcein (10 mg/mL), 2.5 mL Höchst and
3 mL PI (1 mg/mL). After replacing the culture medium with
staining mixture, the capsules were incubated for 30–60 min
and imaged using a fluorescence microscope (FM, DMI
6000B; Leica).
To quantify cell viability, the mitochondrial activity of
MG63 cells in different hydrogels was assessed through the
enzymatic conversion of tetrazolium salt (WST-8 assay kit;
Sigma Aldrich) after 48 h, 5, 7, 10, 14, and 21 days of cultivation. The culture medium was completely removed from
the incubated capsules and subsequently added 1% (v/v) to
WST-8 assay kit containing culture medium, which was incubated for 2 h. One hundred microliters of supernatant from
each sample was transferred into a well of a 96-well plate,
and the absorbance at 450 nm was measured with a microplate reader (PHOmo, autobio labtec instruments co. Ltd.).
VEGF release. VEGF secretion from the encapsulated
cells was measured by performing a quantitative enzymelinked immunosorbent assay (Human VEGF ELISA Kit;

3

RayBio). After 48 h of cultivation, 100 mL supernatant of
each sample were collected and prepared according to the
manufacturer’s instructions. The optical density of each well
was determined using a microplate reader at a 450 nm test
wavelength. The VEGF-release from MG-63 cells in the
different capsules was calculated by a standard curve.
Cell morphology. Cell morphology and cell distribution
in 3D were assessed by FM (DMI 6000B; Leica). Live cells
were stained with calcein and Höchst (2 mL calcein, 2.5 mL
Höchst per 35 mm culture dish) and incubated for 20–
30 min. Actin cytoskeleton staining was performed using the
following protocol: Samples were washed twice with
Hank’s balanced salt solution (HBSS; SAFC Biosciences),
followed by room temperature fixation for 20 min in 4%
paraformaldehyde (Thermo Scientific) solution in HBSS.
Afterward, samples were washed thrice with HBSS, and
membrane permeabilization was done for 5 min using 0.1%
Triton-X 100 (Sigma-Aldrich) in HBSS. After washing thrice
with HBSS, samples were incubated for 1 h at 37C with
0.5% bovine serum albumin (BSA; Sigma-Aldrich) in HBSS
to avoid nonspecific binding. Phalloidin (Sigma-Aldrich) in
1:1000 dilution in HBSS was added and incubated for 1 h at
37C. Samples were finally washed thrice and stored in
HBSS with 0.5% BSA. Cell morphology was analyzed by
confocal laser scanning microscopy (CLSM, DM6000 CFS;
Leica). Capsules were prepared for scanning electron microscopy (SEM) imaging by fixation and dehydration with
an ethanol series from 30% to 99.8% ethanol concentration.
Each dehydration step was set to 1 h in order to insure
complete diffusion of ethanol inside the capsule. Samples
were subsequently dried using a critical-point drying device
(EMCPD 300; Leica). Capsules were glued on the sample
holder using a double-adhesive sticker and imaged with
SEM at a voltage of 1 kV (ULTRA 55 FE SEM; Carl Zeiss).
Statistical analysis

Results for cell viability (n = 4–8 samples) and live/dead
counting (n = 10 capsules) are presented as arithmetic mean

FIG. 1. ATR-FTIR spectra of alginate, ADA, AlGel, and
gelatine. FTIR, Fourier transform infrared spectroscopy;
ADA, alginate dialdehyde; AlGel, alginate-gelatine.
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and standard deviations. Differences between materials
tested were evaluated by one-way analysis of variance. The
level of statistical significance was established at p < 0.05 or
p < 0.01 (Origin 8.5G; OriginLab Corporations).
Results and Discussion

FTIR spectra of alginate, ADA, and AlGel shown in
Figure 1, exhibited the peaks at 1000–1125 and 1240 cm - 1
regions, which confirmed the presence of guluronic acid,
mannuronic acid, and o-acetyl ester, the building blocks of
alginic acid. The peaks at 1621 and 1557 cm - 1 correspond
to Schiff’s base bond, which confirmed the cross-linking of
alginate and gelatin.40 Moreover, the peak at 1621 cm - 1 due
to Schiff’s base bond overlapped with the band at 1630 cm - 1
of amide I of uncrosslinked gelatin, which made the corresponding peak broader in AlGel compared with alginate and
ADA.39,41
Figure 2 shows the results of DMTA measurements of
alginate and AlGel material at different points over a frequency range from 0.1 to 15 Hz in a double logarithmic plot.
Immediately after their preparation (day 0), all materials
showed typical viscoelastic behavior, namely showing an
increase of the storage modulus with frequency. Furthermore, all materials exhibited storage moduli values in the
same order of magnitude, ranging from around 400 kPa at
0.1 Hz to around 600 kPa at 15 Hz. After 3 days of incubation, the storage modulus started decreasing, especially for
AlGel material. With increasing incubation time, the storage
moduli of all materials decreased, which is a result of the
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material’s degradation. In all hydrogels, gelation of alginate
takes place by the formation of egg boxes in the presence of
Ca2 + . This gelling reaction can be reversed by removing
these divalent cations.42 Since this process occurs with time
because of a diffusion mechanism, the hydrogel network is
destabilized and the alginate polymer chains get solubilized.
Therefore, the materials become softer. Another reason for
this behavior is that hydrogels tend to imbibe water due to
osmotic forces. It is likely that the periodate oxidation reaction which turns alginate to ADA specifically cleaves vicinal
glycols mostly in the G-units of the alginate polymer.39,43 As
a result, the ionic gelation property of ADA is reduced due to
the lack of available G-units. Since these oxidized residues
are not bound firmly to the gel network, these are probably
more accessible toward degradation than unoxidized residues.44 Since more reactive hydroxyl groups are present
in ADA, hydrolysis is improved compared with unmodified
alginate.35 In addition to that, the oxidized residues are very
susceptible to alkaline b-elimination, which further enhances
the degradability of ADA in physiological conditions.44
Consequently, samples made of AlGel material show a higher
level of degradation after 28 days of incubation as compared
to pure alginate. After 28 days of incubation, the storage
moduli of alginate and AlGel hydrogels are 196 and 113 kPa,
respectively, at the frequency of 15 Hz. All materials exhibited viscoelastic behavior, as the loss factor (tan d) is
always between 0 and 1. With increasing incubation time, the
viscous properties of all materials increased. The degradation
behavior of the materials is responsible for the softening of
the hydrogels, leading to an increase of viscous properties.

FIG. 2. Storage modulus of alginate (a) and AlGel (c) over a frequency range from 0.1 to 15 Hz at T = 25C (right). Tan
delta of alginate (b) and AlGel (d) at different points of time over a frequency range from 0.1 to 15 Hz (T = 25C).
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FIG. 3. Diameter of fabricated capsules from alginate,
RGD-alginate, and AlGel hydrogels.

Consequently, the AlGel material shows the highest values of
loss factor during the incubation period due to its high degradation behavior.
With regard to the hydrogel degradation and its influence
on the mechanical properties of the materials, it should be
considered that in DMTA, stress is applied on the hydrogels,
which can influence gel composition and mechanical stability. All DMTA measurements were carried out over a
frequency range of 0.1 to 16 Hz, which covers the characteristic timescales of periodic loads, which also occur in the
body.45
In this study, microcapsules of AlGel of sizes ranging
from 650 to 900 mm (Fig. 3) were fabricated by the innovative method presented earlier. The morphology of AlGel
is very different from that of alginate or RGD-alginate.
Figure 4a–c shows light microscope images of MG-63
cells encapsulated in different materials after fabrication.
Alginate (Fig. 3a) and RGD-Alginate (Fig. 3b) capsules
have a spherical shape and smooth surface, whereas AlGel
(Fig. 3c) capsules are distorted spheres with a rough surface
and inhomogeneous composition. It was measured that the
capsules fabricated from AlGel are slightly larger than those
of alginate and RGD-alginate (see Fig. 3). This result can be
explained by the less ionic gelation properties of AlGel
hydrogel compared with alginate and RGD-alginate, given
that the chemical cross-linking process during synthesis of
AlGel could hamper the ionic gelation character of alginate.
Moreover ADA synthesized from alginate possesses a
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comparatively lower-molecular weight and viscosity than
alginate that could also hamper its ionic gelation character.
SEM images (Fig. 5) show typical microcapsule surfaces
of different materials after 2 days of incubation. During this
cultivation period, no cells on the outer surface could be
detected. It was observed that ionically cross-linked alginates are nano-porous and form regular patterns in the form
of folds or wrinkles. The microcapsule surfaces were seen to
become less folded in RGD-Alginate in comparison to pure
alginate corresponding to a decrease in molecular weight.
However, AlGel capsules were observed to have a highly
inhomogeneous surface without any regular pattern. A crack
in the material surface reveals the internal structure of AlGel, showing a highly porous matrix with channels of *5–
30 mm (Fig. 5f).
Innovative soft materials that support cell attachment,
spreading, and proliferation are needed for cell encapsulation
in novel applications in regenerative medicine. While alginate has been proved to be a suitable material for microencapsulation, it does not possess cell-adhesion cues
and often does not support cell proliferation. Modification of
alginate with different molecules such as RGD peptide or
fibrin leads to an increased cell viability, but cell morphology remains mainly spherical. A good cell spreading inside
alginate hydrogels has been obtained only after double
modification with RGD and an enzymatically cleavable
peptide.19 Cell proliferation inside alginate hydrogel is
controversially presented in the literature: Some studies
show no proliferation, while others report that alginate
supports cell proliferation.46–51 It is, therefore, desirable to
find a method for alginate modification that is fast, cost
effective, and promotes cell spreading and proliferation
while also being compatible with microencapsulation technology. In this study, alginate cross-linked with gelatine was
synthesized and investigated as a potential material for cell
encapsulation. The main goal was to improve the biological
properties of nonmodified or oxidized alginate to achieve
superior performance as compared with existing commercial
RGD modified alginate. By incorporating gelatine into
oxidized alginate, we address at least two of the major
challenges for creating suitable 3D matrices: incorporation
of cell-adhesion ligands to enable cell-matrix interaction and
degradation sites to enable matrix remodeling.
Typical fluorescent images of live/dead stained MG-63
cells in both alginate and AlGel after 2 days of incubation
are shown in Figures 6a and 6b. The small amount of dead
cells (red) compared with live cells (green) confirms that
none of the materials exhibits cytotoxicity. The fabrication
of the capsules using the pneumatic pressure of 0.4 to 2 bars

FIG. 4. LM images of MG-63 cells
encapsulated in different materials
after fabrication: Alginate (a), RGDAlginate (b), and AlGel (c). LM, light
microscopy.
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FIG. 5. Scanning electron microscopy images at different magnifications of dehydrated and dried capsules
of different materials after 2 days of
cultivation: alginate (a, b), RGDAlginate (c, d), and AlGel (e, f).

also seems to have no influence on the viability of MG-63
cells. Quantitative assessment of the cell viability during 21
days of cultivation is shown in Figure 6c. The increase of
cell viability is similar in all matrices during the first week
of incubation; whereas afterward, there is a substantial difference in the measured cell viability. Cells immobilized in
AlGel exhibit a significantly higher mitochondrial activity
compared with alginate and RGD-Alginate after 10–21 days
of cultivation.
In Figure 7, the VEGF release from MG-63 cells encapsulated in alginate, RGD-Alginate and AlGel after 48 h of
cultivation is shown. Compared with the present study, immobilized fibroblasts in 2 wt% alginate capsules showed
continued expression and release of VEGF over 21 days of
cultivation.52 While the immobilized osteoblast-like cells
secrete a similar amount of VEGF from alginate and RGDAlginate, significantly enhanced VEGF secretion from
AlGel was measured in the cell culture medium. Numerous
studies have demonstrated the critical role of angiogenesis
in successful tissue integration during bone fracture repair.11
VEGF is well known as an effective endothelial cell-specific
stimulus. Thus, the release of VEGF from immobilized cells
in soft matrices should correlate with the observed increase
in the angiogenic potential of such matrices. Therefore, the
amount of expressed VEGF in cells immobilized in a hy-

drogel could depend on the chemical composition of the
matrix as well as on the microenvironmental conditions, for
example, the level of oxygen. The VEGF release could further depend on the presence and concentration of collagenases, enzymes that are considered to be released from
invading cells, for example, fibroblasts and lymphocytes.
Moreover, to enhance the VEGF secretion of cells in alginate, colloidal suspensions of bioactive glass (BG)
particles could be added in specific concentrations given
the effect of dissolution products of BG on VEGF secretion.53 For example, Keshaw et al. showed that a
concentration of 0.1% (w/v) of BG induced a significantly higher VEGF expression than lower and higher
concentrations. Furthermore, other studies have shown
that RGD-modified alginate improved the angiogenic potential through differentiation of human mesenchymal stem
cell into the osteogenic lineage.53
In Figure 8, the metabolic activity of MG-63 cells encapsulated in alginate, RGD-Alginate, and AlGel is shown
after 2 and 5 days of incubation. The metabolic activity of
cells in AlGel doubles after 5 days of incubation, as compared with alginate and RGD-Alginate. High metabolic
activities of MG-63 osteoblast-like cells prove that AlGel
presents no cytotoxity: 93% of the cells in AlGel were alive,
suggesting that the number of aldehyde groups was reduced
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FIG. 6. Fluorescence microscopy images of
MG-63 cells incubated for 2 days in alginate (a)
and AlGel (b); Green: calcein-stained live cells;
Red: propidium iodide-stained dead cells. (c)
Mitochondrial activity of MG-63 cells immobilized in alginate, RGD-Alginate, and
AlGel over the different time of incubation.
***p < 0.001 compared with alginate.

by gelatine cross-linking. Metabolic activity results after 2
and 5 days are in accordance with the live/dead assay: alginate and RGD-Alginate showed no significant differences.
However, cells in AlGel exhibited an increased metabolic
activity of 125% as compared with alginate after 2 days of
incubation. Furthermore, the observed VEGF release profile
(Fig. 7) can be explained by the high cell metabolic activity
and by the strong attachment of the cells to the matrices.

FIG. 7. Vascular endothelial growth factor release from
MG-63 cells immobilized in alginate, RGD alginate, and AlGel
after 48 h of incubation. **p < 0.01 compared with alginate.

This behavior can be explained by the formation of cellmatrix contacts in the cross-linked material, leading to more
viable cells. In contrast, metabolic activity of MG-63 cells
in AlGel drastically increased after 5 days to almost 200%.
A reason for this behavior is likely related to the differences
in morphology between cells encapsulated in alginate,
RGD-Alginate and AlGel hydrogels.
CLSM images of MG-63 cells encapsulated in alginate,
RGD-Alginate, and AlGel incubated for 4 days are shown
in Figure 9a–c. The typical morphology of cells entrapped
in alginate is spherical and even after proliferation, cell
clusters are seen to be spherical (Fig. 9a). RGD-Alginate
promotes the formation of small actin protrusions in the
surrounding matrix, but the cells maintain their spherical
shape (Fig. 9b). After 14 days (Fig. 9d–f ), cell clusters remain spherical in alginate; whereas cells migrate and spread
through AlGel forming cell chains through the entire microcapsule (Supplementary Figs. S1–S3; Supplementary
Data are available online at www.liebertpub.com/tea). Cells
encapsulated in AlGel display multiple elongated protrusions and even formation of cell–cell contacts over distances
larger than 30 mm (Supplementary Fig. S1a). Cells encapsulated in alginate for approximately 6 weeks form compact
aggregates that grow in sizes ranging from 30 to 300 mm in
diameter (Supplementary Fig. S2). No cell-material contact
or cell migration out of the clusters can be observed. In
contrast, cells cultured in AlGel form randomly shaped
clusters or cell chains (Supplementary Fig. S2b). The typical
cell morphology inside alginate hydrogels is spherical, as
imaged by FM and no cell-matrix interactions could be

8

FIG. 8. Metabolic activity of MG-63 cells after 2 and 5
days of incubation, encapsulated in alginate, RGD-modified
alginate, and alginate cross-linked with gelatine (AlGel).
**p < 0.01 and ***p < 0.001 compared with alginate.

noticed.54 Formation of spherical aggregates has been observed in the literature for hematopoetic stem cells and
human embryonic stem cells.55,56 Cells encapsulated in
RGD-Alginate maintained the same round-shape morphology, but, in addition, presented a few cortical protrusions
through the surrounding matrix, with their size not exceeding 2–3 mm (Fig. 9b). Similar observations of cells encapsulated in RGD-Alginate have been reported in
literature.57 A different behavior is observed for the cells
embedded in AlGel, where cells formed multiple actin
protrusions through the matrix and often formed cell–cell
contact over large distances. These findings are in accordance to the viability data, showing that both cell–material
and cell–cell contacts lead to increased metabolic activity.

FIG. 9. CLSM images of
MG-63 cells (actin cytoskeleton in red and nucleus in
green) after 4 days (a–c) and
14 days (d–f) of incubation,
encapsulated in different
materials: alginate (a, d),
RGD-Alginate (b, e), and
AlGel (c, f); arrows indicate
cortical protrusions. CLSM,
confocal laser scanning
microscopy.
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After 2 weeks of incubation, cells encapsulated in AlGel
presented elongated morphologies and migrated, forming
cell chains throughout the material (Fig. 9f and Supplementary Figs. S1 and S2).
The cell proliferation ability inside alginate capsules is
controversially discussed in the literature. While hepatocytes clearly proliferate and form cell spheroids and endothelial cells are able to proliferate and migrate through
the gel, their behavior is not so clear for other types of
cells.58 For example, in one study, osteoblast-like cell
(MC3T3-E1) number was seen to decrease over the course
of 30 days when immobilized in alginate and RGDAlginate; while another study states that the same type of
cells proliferate in RGD-Alginate.59 Fibroblasts proliferate
inside RGD-Alginate and cardiomyocites proliferate and
form organized layers.50 In the present study, after 3 weeks
of incubation, cells cultured inside AlGel migrated and
proliferated through the material, demonstrating an effective cell–matrix interaction. This behavior is a direct consequence of material properties such as stiffness and pore
size distribution. It has been shown in literature that oxidized alginate cross-linked with gelatine at high concentrations (15–20%) forms a porous hydrogel which supports
cell proliferation.31,38,59 It can be assumed that a similarly
porous material is formed at low concentrations (e.g., 2%
used in this study). This assumption was validated by SEM
morphological analysis, where long pores of several microns
could be visualized inside the AlGel capsules (Fig. 4c).
Moreover, literature studies show that a fast degradation of
the cross-linked material occurs in the first 2 weeks and a
complete dissolution takes place after 5 weeks.7,29 Even if in
these studies no additional cross-linking with calcium ions
was performed, it can be assumed that the degradation of the
AlGel material is faster than that of pure alginate, explaining
a higher porosity. The most widely investigated method for
alginate modification remains RGD incorporation. However,
the chemical modification process involves several steps,
being relatively expensive and time consuming.
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Conclusions

In order to improve cell behavior, such as increased cell
vitality, VEGF secretion, cell anchorage to alginate matrices, and to support cell spreading, the current study has
proposed the use of covalently cross-linked alginate and
gelatine for cell microencapsulation. Several challenges
should be addressed before hydrogel-based tissue constructs can be used in biofabrication approaches for regenerative medicine. In general, the size of the capsules
fabricated in this work is too large and, therefore, disadvantageous for the nutrition and the oxygen supply of
encapsulated cells. Consequently, current investigations
involve the production of uniform capsules with reproducibility in terms of shape and exhibiting smaller size.
Furthermore, the ability of other cell types (such as MSCs)
to adhere and proliferate in these hydrogels needs to be
analyzed. As a result of this work, the physico-mechanical
properties of microcapsules should also be determined to
understand the in vitro degradation mechanism. The mechanical properties of hydrogels itself should be improved
by, for example, addition of nanoscale inorganic fillers, that
is, creating nanocomposites. In addition, the degradation of
cross-linked materials should be adapted to the in-situ formation of ECM. Finally, the integration of these materials
into biofabrication techniques, for example, cell printing
processes, to create hierarchically and intra-complex architectures for tissue mimicking constructs, should be investigated. Thus, further studies of this promising material
combination will consider their applicability as a soft matrix
for more complex biofabrication approaches.60
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