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Abstract:

Background: Recent studies suggest that the three dimensional (3D) cellular environment plays major roles in cell function.
Hydrogel cell encapsulation is a method to provide a 3D culture system which controls cell fate and can be used as a drug delivery
tool for continuous delivery of therapeutic products.

Methods and Materials: In order to provide an optimized three dimensional cellular environment for mesenchymal stem cell
(MSC) encapsulation, various concentrations of alginate hydrogel (0.8, 1.2% and 1.6% wi/v) and calcium ions (102 and 153 mM)
were used. MSC viability was assessed through trypan blue staining, sub-G1 analysis, and fluorescent microscopy. Structural

porosity and mechanical properties of hydrogel capsules were examined.

Results: Encapsulated MSCs within 1.2% concentration (w/v) of alginate showed the highest level (84.8% + 1.77) of MSC
viability. Samples with 1.2% wi/v alginate in 102 and 153mM concentrations of calcium chloride bath as well as 1.6% alginate in
102 mM CaCl: yielded integrated cross link networks and interconnected porous structure which was confirmed by scanning

electron microscopy.

Conclusion: Findings of this study indicate that the sample with 1.2% alginate in 153mM CaCl: is a suitable candidate for using

in MSC encapsulation.
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Introduction transplanted cells from the host immune system [5-7].

This technology deals with two main aspects: a

Transplantation of encapsulated cells is a promising . . .
suitable cell source and a proper biomaterial as a

strategy for treatment of a wide variety of diseases [1- . . . . .
9y y [ selectively permeable barrier. The biomaterial permits

4]. Cell immunoisolation method can protect e e .
] P the bidirectional diffusion of nutrients, oxygen,
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secreted bio-therapeutic productions, and wastes. In
addition, they can also prevent the penetration of high
molecular weight compounds such as antibodies,
immunocytes and complement factors generated by
the host immune system [5, 8-10]. One of the best
candidate cells for cell therapy are mesenchymal stem
cells (MSCs) which have the potential of
differentiating into a different type of cells and their
exert immunomodulatory function due to educating
antigen-specific regulatory T-cells. In addition,
compared to embryonic stem cells, there is no ethical
concern, source limitation or tumor formation problem
associated with using mesenchymal stem cells [1, 11-
14].

On the other hand, hydrogels have been suggested to
be multi-purpose materials which can provide three
dimensional environment similar to the natural
extracellular matrices of cells. The special properties
significantly affect cellular processes such as
differentiation, proliferation and migration [15-19].
Among different hydrogels, alginates have been
suggested to be one of the most suitable polymers for
capsule fabrication as a result of their abundance, easy
gelling properties, suitable mechanical stability and
apparent biocompatibility [8, 20-21]. Alginate is a
linear natural polysaccharide consists of a family of
unbranched binary copolymers of 1—4 linked B-D-
mannuronic acid (M) and a-L-guluronic acid (G),
derived from seaweed. Multivalent cations such as
calcium form physical crosslinks in alginate through
interacting with carboxylic acid groups of the G blocks
of two neighboring alginate chains. As a consequence,
a flexible gel network forms which can be used in cell
encapsulation process [21-23]. Wang et al. [24]
reported that alginate encapsulation provides a 3D
environment for differentiation of mouse embryonic

stem cells into pancreatic insulin producing cells. In

this work, different concentrations of alginate solution
and calcium bath for the encapsulation of human
mesenchymal stem cells were evaluated. The effects
of various concentrations of alginate and calcium ions
on the cell viability, structural porosity and diffusivity
as well as mechanical properties of alginate beads

were studied.

Materials and Methods
Cell culture

MSCs were isolated from human adipose tissue
(removed during liposuction) according to a
previously described protocol [25]. Isolated MSCs
were cultured in a-MEM (GIBCO, Invitrogen, UK)
containing 1% penicillin-streptomycin  (Gibco,
Invitrogen, UK) and 10% fetal bovine serum (Gibco,
Invitrogen, UK). MSCs were incubated at 37 °C with
5% CO2. 39 passaged cells were used for cell

encapsulation studies.

Cell encapsulation

Alginate capsules were prepared under sterile
conditions by extruding the MSC-alginate mixture
(10* cells/ml) into calcium chloride solution
containing 150 mM NaCl (Sigma-Aldrich, USA)
through a plastic syringe (Soha, Iran) with a 30G
needle. Samples were prepared using various
concentrations of alginate (0.8, 1.2 and 1.6% wi/v) and
CaCl; (102 and 153 mM), which were labeled as
Alg(0.8-102), Alg(0.8-153), Alg(1.2-102), Alg(1.2-
153), Alg(1.6-102), and Alg(1.6-153).

After being immersed in the CaCl; bath for 5 min, the
prepared beads formed gels (Fig. 1). The CaCl;
solution was removed and the beads were washed
twice with 5ml of saline solution. After removal of
saline solution, cell culture medium was added. The

medium was changed every two days.
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Viability analysis

For investigating the effect of encapsulation process
on MSC survival, MSCs were encapsulated according
to pervious section and the viability was examined via
trypan blue staining within 1, 5 and 10 days and sub-
G1 analysis at day 7. In order to release encapsulated
MSCs, alginate beads were incubated in a solution of
55 mM sodium citrate (Sigma-Aldrich, USA) and
NaCl (150 mM) for 10 min.

In order to perform sub-G1 test, after liquefaction and

subsequent centrifuging, the supernatant was
removed. Thereafter, 100uL of cold sterile phosphate
buffered saline (PBS) and 4mL of cold ethanol were
added and agitated gently. MSCs were incubated
overnight at 4 °C. MSC pellets were then centrifuged
at 800 rev/min for 10 min at 4 °C. Afterwards, pellets
in 250 pL of PBS and

supplemented with 250uL of phosphate buffer for 5

were re-suspended
min in room temperature. Thereafter, MSCs were
incubated with 50uL of Propidium lodide (1pg/mL,
Sigma-Aldrich, USA) and 5uL of RNAse (Thermo
Fisher scientific, UK) in the dark. Samples were
analyzed using flow cytometery (Becton Dickinson,
USA, FACSCcalibur).

Diffusivity of alginate beads

Diffusional properties of alginate capsules were
investigated by testing two model molecules with
different weights: (Merck,
Germany, M,=180Da) and Albumin (Sigma-Aldrich,
USA, M,=67000Da). Alginate beads without MSCs

were incubated with saline solution in 24-well tissue

molecular Glucose

culture plates. The solute concentrations were as
follows: glucose (3 mg/mL), and BSA (1 mg/mL,
Sigma-Aldrich, USA). Penetration of solutes into the
gel beads was determined at intervals using

spectroscopy (Pharmacia Biotech, Sweden).
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Morphological Study

The structure of alginate network in prepared samples
with different alginate and CaCl, concentrations was
studied using scanning electron microscopy (SEM,
Philips-XL30, USA). Capsules with saline as core
solution were quenched in liquid nitrogen and
lyophilized at -80 °C. The beads were cut manually
using a knife blade and mounted on metal stubs and
sprayed with gold before being observed under SEM.
scanned at 100X

Electron micrographs were

magnification.

Evaluation of Mechanical Stability

The mechanical stability of alginate capsules was
assessed using a shear-force rupture assay [26].
Approximately 100 capsules were placed in 6-well
plates containing saline solution. The plates were then
agitated at 250 rev/min on an orbital shaker at 37 °C.
The number of intact capsules at different time points
was determined using an inverted microscope with

phase contrast optics (IX71 Olympus, Japan).
Fluorescent microscopy of AO/PI stained MSC

The viability of encapsulated MSC for the selected
sample was assessed at days 0, 3 and 7 using acridine
orange-propidium iodide (AO/PI) staining to confirm
the outputs of the two previous viability tests. Briefly,
the stock solution of 1 mL of AO (670 mmol/L, Sigma
Aldrich, USA) and 100 pL of PI (750 mmol/L, Sigma
Aldrich, USA) in the medium was prepared. Precisely
before using, 0.01 ml of AO and 1.0 ml of PI were
mixed and then diluted 10 times using PBS. The
solution was then filtered through a 0.2 mm filter.
Encapsulation samples were incubated in AO/PI
solution at 37 °C for 10 min. Following incubation,
capsules were washed twice with PBS. Live and dead

MSCs were stained with acridine orange and
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propidium iodide, respectively. Phase contrast
converted microscope (IX71 Olympus, Japan) was

used to observe the samples.

Statistical analysis

Data are presented as a mean value + standard
deviation (n=4). Results were statistically analyzed
using independent sample t-test and one way
ANOVA, via SPSS software 16.0. Statistical

significance was set at p <0.05.
Results and conclusion

Cell viability

As an indicative parameter of biological performance
of biomaterials, biocompatibility assessment is usually
performed in most cell encapsulation studies. Given
the direct contact of encapsulated cells with the
surrounding matrix, cells viability and function are
influenced by biocompatibility of the polymeric gel;
otherwise, the excessive growth of fibrous tissues
around the materials leads to incomplete permeation
of nutrients and hence necrosis of encapsulated cells

and eventually transplantation failure [27].

On the first day post encapsulation, for all samples
(0.8%, 1.2% and 1.6%, w/v), almost 90% of MSCs
were recovered from the prepared bead. After 10 days,
cell viability of 1.2% alginate capsules (84.8 + 1.77)
was significantly (p<0.05) higher than that of 0.8%
capsules (76.13+1.88) (Fig. 2A).

Furthermore, according to the results of Sub-G1
analysis after 7 days encapsulation, cell viability of
1.2% and 1.6% beads remained at a relatively high
level (80%). These outputs were obtained using the
total number of living cells in other phases after G1
peak in PI histogram (Fig. 2B), and are listed in Table
1.

Morphological study of hydrogels

Internal morphology of alginate beads was studied
using a scanning electron microscope. Fig. 3 shows
that 0.8% alginate samples do not result in a dense
structure. They are associated with large pores which
could allow the permeation of albumin molecules.
Therefore, they suffer from a weak and brittle structure
which is not practically suitable for encapsulation
purposes. On the other hand, compared to 1.2%
samples, 1.6% alginate beads yields more packed
structures. This is evidently visible in the case of
Alg(1.6-153) sample. Among the SEM images for the
three samples Alg(1.2-102), Alg(1.2-153) and
Alg(1.6-102), the second one showed a more
integrated structure with smaller pores comparing the

two other samples.

Diffusion study

The membrane used in cell encapsulation needs an
interconnected porous structure so as to be capable of
transporting nutrients and therapeutic agents secreted
by cells as well as excreted waste materials. Hydrogels
with high amount of water, create suitable porous

structures [5, 8, 9].

Table 1. Mean viability percent at seven days post encapsulation based on Sub-G1 analysis

Sample code Control

Alginate(0.8%)

Alginate(1.2%) Alginate(1.6%)

% Viability 92.47 63.21

86.77 82.99
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Table 2. Percentage of capsules remained intact

Samplecode  Alg(0.8-1.2)  Alg(0.8-153)  Alg(1.2-102)  Alg(1.2-153)  Alg(1.6-102)  Alg(1.6-153)

% Intact **71+3.46 90+1.15 100 100 100 100
microcapsules

Fig. 1. Mesenchymal stem cells encapsulated in Alg(1.2-153) sample with 1.2% wi/v alginate and 153 mM CacCl: captured by

inverted microscope (Left), and fluorescent microscope (Right).

A = Alginate (0.8% wiv) B 2 Control g Alginate 0.8%
« Alginate (1.2% w/v) "W W2
 Alginate (L6% w) 8] gl H
. ”8“ :!g
- * RN 3dm
%0 "‘_\ é 84 88
w80 &
b °-4 < §
g v | \11 li
- a !
g . 80 1000
£ 0 M M & 8o 1000 0 A0 W, &
i 40 )
E % 8 Alginate 1.2% 2 Alginate 1.6%
1w N
20 8. H g H
10

o

©O
't
0
'

0 .
1 5 10 € ' M1
. b M3

Time (day) 3o i 099 »

2 ¥ |
oJd
o4 o 0 20 40, 00 600 1000
0 a0
P

Fig. 2. Viability of encapsulated cells measured by Hemocytometer assay (A), Sub-G1 analysis results (B) for various alginate

concentrations (0.8, 1.2, and 1.6% w/v).
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Fig. 3. SEM photographs of alginate beads

Fig. 4A, B demonstrates the temporal diffusion
profiles of glucose and albumin at 37°C for beads with
0.8%, 1.2% and 1.6% (w/v) alginate in 102 and 153
mM calcium bath. C; and Co respectively represent the
solute concentration of medium at times t and 0. The
Glucose concentration of solution for the 0.8%(w/v)
alginate beads decreased rapidly, compared to 1.2%
and 1.6% samples, however all samples reached their
equilibrium value in about 150 min. Furthermore, one
could see the regular diffusion profile for Alg(1.2-
102), (1.2-153) and (1.6-102) capsules among which,
the two samples with 1.2% initial alginate
concentration showed about 0.87-0.90% diffusivity
for glucose, may indicate appropriate formed cross
link network in these specimens. For albumin
molecule diffusion as a large molecule model,
decrease in BSA concentration in the supernatant was
not detected after 200 min, except for the 0.8%
alginate beads. Considering SEM images, the
observed fluctuations in albumin concentrations for
Alg (0.8%) specimens are due to the presence of very

large pores and lack of well integrated holes.

Alg(1.2-102)

Alg(1.6-102)

Mechanical stability

Mechanical stability is an important factor in
preparation and injection of cell-carrier capsules, their
contact with somatic tissues and their therapeutic
efficiency [5, 28]. Based on results obtained from
mechanical stability tests on the alginate capsules, it
can be concluded that except for the Alg (0.8-102), the
remaining samples showed appropriate stabilities
against applied shear forces. Alg (0.8-153) sample was
slightly weaker than other samples (containing 1.2%
and 1.6% alginate); however, it still showed an
acceptable stability where about 90% of capsules in
this sample maintained their initial spherical shape
after 30 hours examination (Table 2). In summary, a
ccording to the results obtained from viability,
permeability, morphology and mechanical analyses, it
can be concluded that the sample with 1.2% alginate
in 153 mM CaCl; bath is the best candidate for being
used in MSCs encapsulation; therefore, the viability of
MSCs inside the hydrogel matrix was confirmed by

fluorescent microscopy images for Alg(1.2-153).
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Fluorescent microscopy of AO/PI stained MSCs

We observed the viability of encapsulated cells within
the alginate beads after 3 and 7 days encapsulation
using fluorescent dyes (propidium iodide and acridine
orange). Dead cells were stained red by propidium
iodide that bound to exposed DNA where the integrity
of cell membrane was interrupted. On the other hand,
live cells were identified by the fluorescence of
acridine orange which was able to enter the cells and
bind to the DNAJ[29, 30].

Fig. 5 shows the 3D fluorescent images of the
encapsulated MSCs within the alginate capsules just
after encapsulation (A), after 3 (B) and 7 (C) days
encapsulation. The majority of cells was alive and
appeared as green spots in each image. In addition,
in the

distribution of live and dead cells during this span.

there were not significant differences

These results demonstrate that the viability remained
constant and nutrient transport throughout this

selected capsule was adequate.
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Fig.4. Diffusion profile of the capsules. (A) Glucose diffusion profile; (B) Albumin diffusion profile.

Fig. 5. Fluorescent microscopy of dead and live cells encapsulated in Alg(1.2-153) sample with 1.2% w/v alginate and 153 mM

CaCl:at day 0 (A), day 3 (B) and day 7 (C) (Original magnification x10).
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Conclusion

In the present study, we used alginate capsules to
provide three dimensional hydrogel networks for
encapsulation of mesenchymal stem cells. Various
concentrations of alginate and calcium chloride bath
were examined to obtain the optimized membrane
characteristics in terms of cell viability, matrix

permeability and mechanical stability.

Viability tests including trypan blue staining and Sub-
Gl analysis showed that Alg(1.2-153) sample
exhibited the best results, which was also confirmed
by fluorescent microscopy. Diffusion experiment and
SEM images indicated using a proper selection of
alginate concentration and CaCl, solution, an
interconnected structure can be produced and these
two factors play important roles in membrane
porosity. Overall, it can be suggested that the sample
with 1.2% alginate in 153mM CaCl; provides suitable
structural integrity, appropriate cross link density,
proper diffusion of oxygen and growth factors,
preventing interference of the immune system
molecules as well as sufficient mechanical strength for

cell encapsulation purposes.
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