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Abstract

The success of cell microencapsulation technology in tissue
engineering and protein delivery applications depends on the
viability and functionality of the encapsulated cells, which in
turn are dependent upon cell/matrix interactions. In this work,
we compared the viability of cord blood-derived mesenchymal
stromal cells (CB MSCs), engineered to secrete factor IX (FIX)
for hemophilia treatment, and encapsulated in arginine-
glycine-aspartate (RGD)-alginate versus fibrinogen-alginate
microcapsules. We evaluated the effect of the biomimetic
matrix on cell attachment, proliferation, and secretion of
FIX. Compared with nonsupplemented alginate matrix, RGD-
alginate significantly enhanced the viability of the encapsulated
MSCs. Further, cells in RGD-alginate displayed distinct attachment
morphology, thus suggesting that RGD-alginate can potentially
be used for the encapsulation of MSCs in tissue engineering
applications that require enhanced cell attachment and
viability. However, our data also showed that RGD-alginate
microcapsules, in contrast to fibrinogen-alginate microcapsules,
did not significantly improve cell proliferation of or FIX secretion
by encapsulated MSCs. Our findings suggest that evidence of cell
attachment alone may not accurately predict the functionality
of cells in biomimetic microcapsules.

Keywords: alginate, cell microencapsulation, fibrinogen, FIX,
mesenchymal stromal cell, RGD

Introduction

A deficiency in factor IX (FIX) leads to hemophilia B, an
X-linked bleeding disorder which occurs in 1 in 30,000
males (Sadler and Davie 1987, Bolton-Maggs and Pasi 2003).
Because current treatment for severe hemophilia B (patients

with <1% active FIX) involves the costly and life-long infu-
sion of plasma derived or recombinant FIX (Gater et al.
2011), gene therapy has been explored as a potential alter-
native treatment. The most successful gene therapy method
to date is the direct injection of viral vectors to deliver FIX
(Nathwani et al. 2011). However, because of the potential
safety concerns, there is a critical need for developing safer
alternative gene therapy protocols (Marshall 2001, Check
2003).

Encapsulation of recombinant cells is a strategy employed
for the continuous delivery of therapeutic proteins with the
potential to treat a wide variety of protein deficiency diseases
like hemophilia (Chang 2007, 1972, Orive et al. 2003, 2004,
Lim and Sun 1980, Koo and Chang 1993, Liu and Chang 2012,
Chang et al. 1993, Cieslinski and David Humes 1994, Wong
and Chang 1986, Aebischer et al. 1994, Aebischer et al. 1986,
Orive et al. 2006, 2009a, Thakur et al. 2010, Hortelano et al.
2001, 1996, 1999, Wen et al. 2006, 2007). FIX-engineered cells
can be immuno-protected in semi-permeable, biocompatible
microcapsules that are permeable to the secreted FIX trans-
gene, thus allowing safe transplantation of allogeneic cells.

A judicious choice of cells is critical for the efficacy of this
therapeutic strategy (Orive etal. 2003). Mesenchymal stromal
cells (MSC) offer great clinical promise since they are easy to
isolate, can be genetically manipulated to secrete bioactive
molecules, are susceptible to molecules that modify their
natural behavior, and, most importantly, have an immuno-
suppressive effect by modulating the immune function of
the cell populations involved in alloantigen recognition and
elimination (Ren et al. 2012).

The biomaterials used for cell encapsulation play a
critical role in determining the viability and functionality
of the encapsulated cells. Alginate hydrogels are natural
biomaterials used extensivelyin cell encapsulation and trans-
plantation because they are biocompatible, biodegradable,
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and gel rapidly within a solution of divalent ions. While alg-
inateshave manyfavorable properties, theydonotspecifically
interact with mammalian cells, making alginate gel relatively
inert. One potential way to improve performance of alginate
biomaterials is to supplement the matrix with adhesion
molecules like native full-length extracellular matrix (ECM)
proteins such as fibronectin, fibrinogen, laminin, and col-
lagen. However, coupling whole molecules can lead to non-
specific and difficult-to-control interactions. Alternatively, a
variety of short peptides derived from ECM molecules can
be readily coupled to alginate to mediate cell adhesion (Shin
etal. 2003).

Arginine glycine aspartic acid (RGD) is an adhesion tri-
peptide found in ECM proteins such as fibronectin, fibrin,
and vitronectin (Ruoslahti and Pierschbacher 1986). It
binds directly to several integrin receptors, including o 8,
and 0(5[31' and is commonly coupled to biomaterials to
control cell adhesion (Boudreau and Jones 1999, Lee and
Mooney 2012). Previous studies showed that bioactive,
RGD-coupled alginate matrix prolonged the long-term
in vitro and in vivo viability of the seeded cells (Orive et al.
2009b, Bidarra et al. 2010, Markusen et al. 2006, Duggal
et al. 2009). We recently designed and constructed fibrin-
ogen-alginate microcapsules for enhanced viability and
FIX secretion from the encapsulated MSCs (Sayyar et al.
2012). In this study, we constructed RGD-coupled alginate
microcapsules for human MSCs and compared their effect
on viability and FIX secretion to that of fibrinogen-alginate
microcapsules.

The main aim and challenge of this work was to design
and construct bioactive alginate-based microcapsules that
preserve the long-term viability and functionality of encap-
sulated FIX-engineered MSCs. The specific objectives of this
study were to: i) investigate whether the incorporation of
RGD peptide can provide the required cell matrix signaling
to increase cell viability; ii) assess whether the RGD-alginate
matrix affects FIX secretion from the encapsulated MSCs;
and iii) compare the effect of RGD-coupled alginate to the
effect of fibrinogen-alginate microcapsules on the viability,
attachment, proliferation, and FIX secretion of the encapsu-
lated MSCs.

Materials and methods

MSC culture

Human cord blood was obtained after delivery with the
mother’sinformed consentin accordance with the guidelines
set out by the University of Alberta Health Research Ethics
Board. Light density mononuclear cells were separated by
Percoll density gradient centrifugation (Amersham Biosci-
ences, Uppsala, Sweden) and cultured in Iscove’s-modified
Dulbecco’s media (IMDM; Invitrogen, Burlington, ON,
Canada) supplemented with 10% fetal bovine serum (FBS)
and streptomycin (100 ug/ml) at 37°C in 5% CO,,. After 24 h,
nonadherent cells were removed and complete medium was
replaced. MSCs were passaged when they reached about
60% confluency, and cells from Passages 4 to 6 were used in
the experiments. Flow cytometric analysis showed positive
expression for the nonhematopoietic markers CD73, CD90,
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and CD105, but not for the hematopoietic markers CD34
and CD45 (data not shown).

Engineering of MSCs

The PLVX-Puro vector DNA (Clontech, Mountain View, CA,
USA) was engineered with traditional restriction enzyme
techniques to generate a FIX-expressing lentiviral DNA con-
struct with CMV promoter. Viral particles were generated
with the Lenti-X Expression System (Clontech) according to
the manufacturer’s protocol. Briefly, LentiX 293T cells were
transfected with the 4th generation VSV-G packaging DNA
and PLVX-FIXI expression plasmid using Xfect transfection
reagent to generate viable virus particles. Two rounds of
freshly produced viral supernatant were used to transduce
CB MSCs for 24 h at an MOI of approximately 20. At the time
of transduction, MSCs were at Passage 4 and cultured in
six-well plates at 40% confluency in IMDM supplemented
with 10% FBS. Centrifugation at 1500 rpm for 90 min at 32°C
greatly promoted viral transduction efficiency. Transduced
cells were selected using puromycin (3 pg/ml) beginning
24 h after the second round of transduction. Cell media
and selection antibiotics were changed every 2-3 days for
10-14 days.

Incorporation of fibrinogen into alginate microcapsules
RGD-alginate was purchased from FMC Biopolymer (Phila-
delphia, PA, USA). The GRGDSP peptide was cross-linked
to MVG alginate with a molecular weight of about 280
kDa with 7-8 peptides per alginate molecule. Fibrinogen
was added to the alginate solution at a concentration of
750 pg/ml. To verify that fibrinogen remained on the alginate
microcapsules following the encapsulation process, samples
were taken over time from the media in which the microcap-
sules were incubated and analyzed using UV spectroscopy
(Beckman Coulter ™, Mississauga, ON, Canada) at 280 nm.

Cell encapsulation

MVG ultrapure alginate (MW 291 kDa) and custom-made,
GRGDSP-coupled alginate (peptide/alginate molecular ratio
ofapproximately 10/1) made from MVG were purchased from
FMC BioPolymer. Human plasma fibrinogen (Sigma Aldrich,
Oakville, ON, Canada) was incorporated into the MVG alg-
inate solution as described above. FIX-engineered CB MSCs
were suspended in a RGD-alginate, fibrinogen-alginate, and
nonsupplemented alginate solution (control) ata concentra-
tion of 3 X 10° cells/ml (1.56% alginate). Microencapsulation
was performed with an encapsulator (Nisco Engineering
Inc., Zurich, Switzerland) as previously described (Chang
et al. 1994). After extrusion, alginate microcapsules were
coated with 0.05% (w/v) poly-L-lysine (PLL) and an outer
layer of alginate 0.03% (w/v). Encapsulated cells were
cultured under regular tissue culture conditions.

Assessment of viability and proliferation of

encapsulated cells

Viability of encapsulated MSCs was assessed using trypan
blue exclusion assay (Invitrogen) as previously described
(Wen et al. 2007, Garcia-Martin et al. 2002, Thakur et al. 2010,
Sayyar et al. 2012). Briefly, a sample of microcapsules was
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placed on a microscope slide and crushed with a glass cover
slip to release the encapsulated cells. The cells were then
stained with trypan blue; dead (blue) and live (transparent)
cells were quantified by inverted light microscope (Leica DM
IL, Leica Microsystems, Richmond Hill, ON, Canada).

Proliferation of encapsulated MSCs was assessed by
MTT assay according to the manufacturer’s instructions,
with modification for encapsulated cells (Thakur et al. 2010,
Sayyar et al. 2012). Briefly, MTT reagent (Sigma-Aldrich)
was prepared as a 5 mg/ml solution in PBS. One hundred
microliters of microcapsules were incubated with 10 ul MTT
reagent in a 96-well plate for 3 hours at 37°C. The encapsu-
lated cells were periodically monitored under an inverted
microscope for the presence of intracellular punctate (purple
precipitate). After 3 hours, when the purple precipitate was
clearly visible, the MTT conversion was stopped by remov-
ing the MTT-containing medium and the resultant forma-
zan was dissolved in 100 ul dimethyl sulphoxide (BDH Inc.
Toronto, Ont., Canada). The plate was incubated in the dark
for 3 hours at room temperature and the absorbance of each
well was measured at 562 nm in a microtiter plate reader (EL
808, BIO-TEK Instruments Inc., Winooski, VT, USA).

F-actin cytoskeleton staining of encapsulated cells
Encapsulated cells (100 pl of capsules) were fixed in 4% para-
formaldehyde. Cells were then washed once in pre-warmed
PBS and permeabilized by incubation in 0.1% Triton X-100
in PBS at room temperature for 10 minutes followed by two
washes in PBS. Cells were stained with Alexa Fluor 633 phal-
loidin (15 pl methanolic stock solution in 200 ul PBS) (Molec-
ular Probes, Invitrogen) for 30 min in the dark. To reduce
nonspecific background staining with these conjugates, 1%
bovine serum albumin was added to the staining solution.
A small portion of each stained sample was placed onto a
glass slide and analyzed by an inverted confocal microscopy
(Zeiss 510, Carl Zeiss Inc., Toronto, ON, Canada).

Transmission electron microscopy

All transmission electron microscopic (TEM) studies were
done in collaboration with the electron microscopy facility at
the McMaster Children’s Hospital (Hamilton, ON, Canada).

Alginate microcapsules containing cells were fixed with
2% glutaraldehyde (v/v) in 0.1 M sodium cacodylate buffer
(pH 7.4). The samples were rinsed twice with buffer solu-
tion then postfixed in 1% osmium tetroxide in 0.1 M sodium
cacodylate buffer for 1 hour. The samples were dehydrated
through a graded ethanol series (50%, 70% (2X), 95% (2X),
100% (2X)).

The final dehydration for the TEM samples was done in
100% propylene oxide (PO). Infiltration with Spurr’s resin
was done using a graded series of PO:Spurr’s (2:1, 1:1, 1:2,
0:1 (3X)) with rotation of the samples in between solution
changes. The samples were transferred to embedding molds
which were then filled with fresh 100% Spurr’s resin and
polymerized overnight in a 60°C oven. Thin sections were
cut on a Leica UCT ultramicrotome (Leica Microsystems)
and picked up onto copper grids. The sections were post-
stained with uranyl acetate and lead citrate and then viewed
in a JEOL JEM 1200 EX TEMSCAN transmission electron

microscope (JEOL, Peabody, MA, USA) operating at an
accelerating voltage of 80 kV.

FIX ELISA assay

Human FIX antigen was detected by ELISA assay as previ-
ously described (Wen et al. 2006, 2007, Sheffield et al. 2004,
Sayyar et al. 2012) using the reagents and protocol from
Affinity Biologicals Inc. (Ancaster, ON, Canada).

Statistical analysis

Analysis of variance (ANOVA) was carried out to determine
whether significant differences existed in the groups of data.
Student’s t-test was conducted as a post-hoc test to compare
pairs of data. Differences were considered significant for
P <0.05. Data are expressed as means * SD.

Results

Assessment of viability, proliferation and FIX

secretion of MSCs in RGD-alginate microcapsules

We first evaluated the viability and proliferation of FIX-
engineered MSCs in three-dimensional RGD-alginate matri-
ces in vitro for 28 days. Trypan blue exclusion assay showed
high cell viability on Day 1 in both samples (82% in alginate
and 89% in RGD-alginate). By Day 28, viability dropped to
51% in alginate microcapsules but remained statistically
higher at 72% (p<0.05) in RGD-alginate microcapsules.
MTT assay results also confirmed more proliferating cells
in RGD-alginate than in alginate microcapsules on Day 28
(Figure 1A). However, and despite the enhanced viability,
RGD-alginate did not result in a statistically significant
increase in cell proliferation during the 4-week in vitro
culture (Figure 1B).

Next, FIX ELISA assay was used to evaluate the effect of
RGD-alginate encapsulation on FIX secretion by MSC
during the 28 days of in vitro culture. The presence of
RGD peptides in the alginate matrix resulted in slightly
higher, albeit non-statistically significant, increase in FIX
secretion from the encapsulated MSC during most of the
culture period (Figure 2).

Comparison of RGD-alginate vs. fibrinogen-alginate

on cell viability and FIX secretion

We have previously reported significantly enhanced
FIX secretion from MSC encapsulated in fibrinogen-
supplemented alginate microcapsules (Sayyar et al. 2012).
Here, the viability and FIX secretion of MSCs in RGD-alginate
microcapsules versus fibrinogen-alginate microcapsules
were compared. Both RGD-alginate and fibrinogen-alginate
microcapsules significantly enhanced the viability of the
encapsulated cells compared with nonsupplemented micro-
capsules during 28 days of in vitro culture (Figure 3A).

FIX secreted (measured as ng FIX/ml capsules/ml
media/24 hr) from RGD-alginate or fibrinogen-alginate
microcapsules were normalized to the secretion from non-
supplemented alginate microcapsules (Figure 3B). The
incorporation of fibrinogen resulted in significantly higher
FIX secretion from the encapsulated cells compared to
RGD-alginate microcapsules.
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Figure 1. Viability and proliferation of human CB MSCs in RGD-alginate. (A) The effect of RGD-alginate on viability of encapsulated cells. The ratio
of viable cells in RGD-alginate to the viable cells in alginate was calculated using the MTT assay. (B) Comparison of MSC proliferation in RGD-
alginate and alginate (no significant difference). The ratio of viable cells at different days per viable cells at Day 1 was calculated using the MTT
assay. Data are means = SD, n = 3, Student’s t-test. *Significant difference from a value of 1.0, P <0.05.

Cell-matrix analysis

To analyze cell-matrix interactions within microcapsules,
we assessed evidence of cell attachment in encapsulated
cells within RGD-alginate, fibrinogen-alginate, and non-
supplemented alginate using a confocal microscopy and a
transmission electron microscopy (TEM) (Figure 4). Confo-
cal microscopy revealed that cells encapsulated in nonsup-
plemented alginate were completely rounded with strong

F-actin filament expression close to the cell membrane
(Figure 4C). Additionally, there was no significant difference
between the cells encapsulated in fibrinogen-alginate and
nonsupplemented alginate microcapsules in terms of mor-
phology. There were no distinct patterns or alignment of the
filaments in these cells (Figures 4B and 4C), but cells encap-
sulated in RGD-alginate microcapsules acquired a more
compact shape while depicting a more intricate pattern of
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200 i
o | MR T .
- | P
- | I I
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Figure 2. FIX secretion by CB MSCs in RGD-alginate. FIX secretion was measured using the ELISA and reported as the mass of FIX (ng) secreted
from 1 ml of microcapsules per 24 hr. Data are means = SD, n = 3. P <0.01, Student’s t-test. No significant difference.



106 B.Sayyaretal.

w
a 1.8
(A) 3 = RGD-alginate ¥ ¥ * * b
E‘ 1.6 microcapsules
° Fibrinogen-alginate
£ E 1.4 microcapsules * & *E
c
5
w® © 1.2 I
e
2w I
£ £ 1.0
s E
E 2
£ g 08
2 9
& 8 06
>
25
s o 04
> 3
w
o
3 0.2
o
S
g 0.0
1 7 14 21 28
Days after encapsulation
(B) s
® RGD-alginate/alginate microcapsules
& . Fibrinogen-alginate/alginate microcapsules
o ] * * *
£ 2.0
>
£73
2 o 15
g8 I
o o
2 g
s E
E B 10
k-]
£ B8
B E
E o5
=
'S
0.0
1 4 9 12 21 23 26

Days after encapsulation

Figure 3. Effect of RGD or fibrinogen modification on viability and FIX secretion of encapsulated cells. (A) Effect of RGD modification versus
fibrinogen modification on viability of the encapsulated MSC. (B) Effect of RGD modification versus fibrinogen modification on FIX secretion from
the encapsulated MSCs. *Significant difference from a value of 1.0, P <0.05.

F-actin filaments with more defined structure and distinct
pattern (Figure 4A).

Under TEM, cells encapsulated in RGD-alginate micro-
capsules clearly demonstrated the presence of filopodia-
like membrane extensions into the surrounding matrix
(Figure 4D). Membrane extensions were less clearly dem-
onstrated by the cells encapsulated in fibrinogen-alginate
matrix (Figure 4E) and were not observed in cells encap-
sulated in nonsupplemented alginate microcapsules
(Figure 4F).

Discussion

The presence of cross-linked RGD peptides in alginate gels
has been previously shown to enhance the viability of inter-
acting C,C,, murine myoblasts (Orive et al. 2009b), chon-
drocytes (Degala et al. 2011), and osteoblasts (Evangelista
et al. 2007). It was also previously observed that GRGDY-
and GRGDSP-coupled alginate beads substantially retained
the viability of encapsulated MSCs due to the enhanced
cell-matrix interactions (Markusen et al. 2006, Duggal et al.
2009). Alginate is an inert biomaterial with low capacity to
support cell attachment or interaction due to the lack of
suitable mammalian cell adhesion molecules and the low
protein adsorption capacity (Lee and Mooney 2012, Augst

et al. 2006). Integrin receptors on the cell surface have the
ability to interact with the biomimetic cues provided with
RGD peptides in RGD-alginate matrix. Additionally, since
the RGD peptides are cross-linked to the alginate matrix,
this interaction leads to the attachment of cells to the inner
core of the microcapsules while in suspension. Also, it was
shown that the RGD-alginate matrix provides additional
mechanical integrity to cells in alginate hydrogels via binding
interactions between cells and the adhesion ligands coupled
to the alginate chains (Lee and Mooney 2012, Orive et al.
2009b, Drury et al. 2005).

In this study, analysis of cell-matrix interactions within
microcapsules using confocal microscopy demonstrates
distinct patterns or alignment of the filaments, and TEM
analysis confirms the presence of filopodia-like membrane
extensions into the surrounding matrix in the cells enclosed
in RGD-alginate. On the other hand, despite providing
adhesion sites using RGD peptides that yield enhanced cell
viability, encapsulated MSCs demonstrate no additional pro-
liferation advantage. This is consistent with previous studies
that report the inability of MSCs to proliferate within either
1% or 1.8% RGD-alginate microcapsules (Duggal et al. 2009).
It is possible that other concentrations of alginate or differ-
ent hydrogel/peptide properties are required to increase the
proliferation of the encapsulated MSCs.
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Figure 4. (A-C) F-actin staining of encapsulated cells. (D-F) TEM images of encapsulated cells.

The increase in FIX secretion from encapsulated MSCs in
RGD-alginate microcapsules was not statistically significant.
We have previously reported significantly higher FIX secre-
tion from MSCs encapsulated in fibrinogen-alginate micro-
capsules (Sayyar et al. 2012). To further understand such
discrepancy, RGD-alginate and fibrinogen-alginate micro-
capsules were compared in more detail under microscopy.

Analysis of cell-matrix interactions within microcap-
sules using confocal microscopy revealed distinct patterns
or alignment of the filaments in the cells enclosed in RGD-
alginate, but not in fibrinogen-alginate or nonsupplemented
alginate microcapsules. Such results support a previous
study of MSCs in 1.8% RGD-alginate beads in which the
cells acquired a compact shape with distinct pattern of actin
filaments (Duggal et al. 2009).

As detected by TEM, cells encapsulated in RGD-alginate
microcapsules clearly demonstrated the presence of filopo-
dia-like membrane extensions into the surrounding matrix,
which were less obvious in fibrinogen-alginate and were not
observed at all in nonsupplemented alginate microcapsules.
Such differences under microscopy might be related to
the cross-linked chemistry of the RGD-alginate matrix, as
opposed to the noncross-linked nature of the fibrinogen-
alginate matrix. However, it is also possible that fibrinogen
concentrations other than tested here could affect cell
attachment and lead to different results.

We recently showed that fibrinogen-alginate micro-
capsules significantly increased the proliferation of the encap-
sulated MSCs (Sayyar et al. 2012). In this study, the MTT
assay confirmed that incorporation of RGD peptide into
the alginate microcapsules did not result in significantly
increased proliferation of encapsulated cells. Considering
that both RGD-alginate and fibrinogen-alginate micro-
capsules improved the viability of the encapsulated cells to
the same degree, it is likely that enhanced proliferation has a

more significant effect on improving the FIX secretion from
encapsulated cells. Therefore, evidence of MSCs attachment
alone does not appear to be a direct predictor of better cel-
lular function. Future studies are required to more precisely
evaluate the biological mechanisms behind MSC-RGD or
MSC-fibrinogen interactions that regulate cell behavior and
protein secretion.

Conclusions

Cell encapsulation is an important strategy for cell-based
therapies. Yet, these cell-based systems are not being clini-
cally used due largely to their immunogenicity, as well as to
the compromised viability and functionality of the encap-
sulated cells. This work involved design and construction
of RGD-alginate microcapsules to encapsulate CB MSCs
for enhanced viability and functionality. The main goals of
this study was to study whether or not the viability of the
encapsulated, FIX-engineered MSCs can be enhanced in
three-dimensional RGD-alginate microcapsules and to eval-
uate RGD-alginate microcapsules as a method of FIX secre-
tion for hemophilia B treatment. Moreover we compared
RGD-alginate with our previously designed, fibrinogen-
supplemented alginate microcapsules in terms of their effect
on cell viability, proliferation, and FIX secretion. Compared
with the nonsupplemented alginate microcapsules, RGD-
alginate microcapsules significantly improved the viability
of the encapsulated cells. The key advantage of RGD-alginate
microcapsules is that while the hydrogel matrix encapsulates
the cells and protects them from the host immune response,
the RGD molecules cross-linked to the alginate matrix at the
core of the microcapsule enhance cell viability by providing
the cells with attachment site while in suspension, mak-
ing them more useful for tissue engineering applications
where improved cell attachment and viability are of great
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importance. However, given the insignificant effect of
RGD-alginate matrix on cell proliferation, FIX secretion
was not significantly improved. Similar to RGD-alginate,
fibrinogen-supplemented alginate microcapsules signifi-
cantly enhanced the viability of encapsulated MSCs but also
increased cell proliferation and subsequent FIX secretion
from the encapsulated MSC. This suggests that although
both RGD-alginate and fibrinogen-supplemented alginate
microcapsules provide biomimetic three-dimensional envi-
ronment for encapsulated MSCs applicable in cell-therapy
technologies, fibrinogen-supplemented alginate microcap-
sules may have a higher potential for cell-based gene ther-
apy of hemophilia B and other inherited or acquired protein
deficiencies.
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