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Abstract

Advancements in tissue engineering require the development of new technologies to study cell
behavior in vitro. This study focuses on stem cell behavior within various miniaturized three-
dimensional (3D) culture conditions of alginate biomaterials modified with the Arg-Gly-Asp
(RGD) peptide known for its role in cell adhesion/attachment. Human embryonic palatal
mesenchyme (HEPM) cells, bone marrow derived mesenchymal stem cells (MSCs), and human
adipose derived stem cells (ADSCs) were cultured on a flat hydrogel of different concentrations of
alginate-RGD, and in the miniaturized 3D core of microcapsules with either a 2% alginate or 2%
alginate-RGD shell. The core was made of 0%, 0.5%, or 2% alginate-RGD. Cell spreading was
observed in all systems containing the RGD peptide, and the cell morphology was quantified by
measuring the cell surface area and circularity. In all types of stem cells, there was a significant
increase in the cell surface area (p < 0.05) and a significant decrease in cell circularity (v < 0.01)
in alginate-RGD conditions, indicating that cells spread much more readily in environments
containing the peptide. This control over the cell spreading within a 3D microenvironment can
help to create the ideal biomimetic condition in which to conduct further studies on cell behavior.
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Introduction

In the field of biomedical engineering, the study of the engineering and regeneration of new
tissues and organs is becoming increasingly important.1=3 In order to construct these tissues
and organs, the behavior of the cells that make up these structures must be better understood.
Many /in vitro studies include the culture of cells on or within a biomaterial scaffold to
mimic the extracellular matrix (ECM), which is comprised of the insoluble materials that
surround the cells in tissue.1=3 The ECM is necessary to provide the cell with the proper
chemical and mechanical signals to help direct the cell proliferation and differentiation.1—3
Well-defined biomaterials play a large role in the study of cellular processes and of the
interaction of the cells with the surrounding matrix. This knowledge can be crucial to the
development of new approaches in the field of regenerative medicine.

Alginate is one such biomaterial that is found in nature as a polysaccharide of brown algae,
and it has been previously used in many applications, from a staple in the food industry to a
shear-thinning agent in the textile/paper industry.3# As a biomaterial, alginate is incredibly
favorable due to its biocompatibility, non-immunogenicity, low toxicity, easy reversible
gelation with divalent ions, and affordability.2=® With its gelling capabilities, alginate has
been used as a vehicle for drug delivery and cell studies.2=> As the degree of alginate gelling
can be controlled depending on the concentration of the alginate or the divalent cation
gelling agent, often Ca?*, it is believed that the stiffness of the environment in which the
cells are cultured can also be controlled.5.

While alginate is very advantageous as a biomaterial for cell studies, it does have some
disadvantages, such as cells being unable to naturally adhere to it. However, the
incorporation of an arginine-glycine-aspartic acid (RGD) peptide that contains cell-adhesion
ligands to the alginate polymer backbone through aqueous carbodiimide chemistry has been
shown to increase cell adherence to a substrate.® With the use of 1-ethyl-
(dimethylaminopropyl) carbodiimide (EDC), an intermediate is formed that is then
stabilized with the addition of N-hydroxy-sulfosuccinimide (Sulfo-NHS). Then, the RGD
peptide is added to the reaction to be incorporated into the alginate backbone via the N-
terminal amine of the peptide.® Multiple studies have been conducted demonstrating its
success and its influence on various cell lines. In one study, hyaluronan (HA) was modified
with the RGD peptide and was shown to successfully improve the adhesion and spreading of
mice fibroblast cells on flat two-dimensional (2D) surface of the hydrogel.® Additionally,
another study that involves RGD modified alginate has shown that chondrocyte attachment
was 10-20 fold higher on the flat 2D alginate-RGD surface than to the flat 2D surface of
unmodified alginate.? Other studies have indicated that the RGD peptide has an effect on the
adhesion and proliferation of pre-osteoblasts, as well as on their osteogenic
differentiation,10-15

Human embryonic palatal mesenchyme (HEPM) cells are pre-osteoblasts that have been
previously used in osteogenic studies.18:17 These cells exhibit a fibroblast-like morphology
and were studied to observe the effect of RGD peptide on their adhesion and morphology.
Additionally, mesenchymal stem cells (MSCs) share the same morphology and were also
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used in this study to see if the effect of RGD peptide on cell attachment would vary between
cell types. MSCs have been used in multiple studies in which it was found that the RGD
peptide had an effect on the MSC viability, adhesion, proliferation, and spreading on flat 2D
surface.18 Furthermore, past research with human adipose derived stem (or stromal) cells
(ADSCs) and RGD modified alginate has shown that while the cells spread on a 2D
hydrogel, they remained rounded when cultured in a macroscale three-dimensional (3D)
hydrogel disk.1® Other studies have also shown that the presence of the RGD peptide has an
effect on the fate of ADSCs cultured on micropatterned 2D hydrogel surfaces with different
crosslinking densities.20

In addition to the advancement of biomaterials used for regenerative studies, cellular
processes and behaviors have also been studied extensively under both 2D and 3D
conditions. A 3D environment is native to most cells in human body while 2D systems have
been shown to induce different protein and gene expression within cells from 3D
systems.20-27 While various 3D environments have been developed, microencapsulation of
cells within a matrix of a biocompatible hydrogel has emerged as a technology that can
overcome some of the challenges previously faced, primarily the diffusion limit of oxygen
and nutrient in highly cellularized constructs and large-scale production needed for clinical
applications.28-34 Microcapsules are able to provide a miniaturized culture condition that
allows efficient transport of nutrients, oxygen, and metabolites to/from the cells to maintain
viability.3> Additionally, the hydrogel provides a selective permeability that protects the cells
from factors that could harm them during delivery or transplantation, such as a host’s
immune system.35 For these reasons, microencapsulation of cells within biocompatible
polymers has been attracting more and more attention in recent years.

Several approaches have been used to generate microcapsules including emulsification,
electrospray, and planar microfluidics.28:34:36-39 However, most of the microcapsules
produced are homogeneous hydrogel microbeads that are difficult to use for controlling the
size and shape of cell aggregates formed in them.28:34.40-42 The capability of producing
microcapsules with a hydrogel shell and a core of aqueous liquid or a different hydrogel has
emerged as a way to create an environment in which the cells can proliferate and grow in a
more biomimetic and controllable fashion.3543-46 Past practices of producing an aqueous
liquid core microcapsule involves extensive procedure that often causes damage to the
encapsulated cells.*14748 Through the use of coaxial electrospray or non-planar
microfluidic flow-focusing device, a simple one-step generation of microcapsules with an
aqueous liquid core and hydrogel shell has been achieved.3543 Moreover, microcapsules
with a collagen core containing mouse embryonic stem cells or ovarian follicles semi-
enclosed in alginate hydrogel shell have been produced for miniaturized biomimetic 3D cell
and tissue culture.44:45

Enabled by the aforementioned capability of RGD modification of alginate and non-planar
microfluidic technology for generating cell-laden core-shell microcapsules, this study
explores the effect of RGD peptide on the spreading/morphology of three different types of
stem cells (HEPM cells, MSCs, and ADSCs) when they are cultured on the conventional 2D
flat surface, miniaturized 3D curved surface, and miniaturized 3D matrices of alginate
hydrogel with and without the RGD peptide.
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Methods and Materials

Culture of stem cells

Human embryonic palatal mesenchyme (HEPM) cells (ATCC) were cultured in EMEM
medium (Millipore) supplemented with 10% FBS, 100 U/ml penicillin, and 100 pg/ml
streptomycin; medium was changed every other day. C3H10T1/2 mesenchymal stem cells
(MSCs) were cultured in DMEM (Millipore) supplemented with 10% FBS, 100 U/ml
penicillin, and 100 ug/ml streptomycin; medium was changed every few days. Human
adipose derived stem cells (ADSCs) (ATCC) were cultured in ADSC basal medium
(Millipore) supplemented with 10% FBS, 5mL L-glutamine and 0.5 mL gentamicin-
amphotericin; medium was changed every other day. All cells were cultured in a T-75
culture flask at 37°C in a humidified 5% CO» incubator. Cells were passaged with trypsin/
EDTA (Invitrogen) once 70% confluence was reached and used for encapsulation studies or
passaged for further use.

Alginate-RGD modification and x-ray photoelectron spectroscopy analysis

Alginate-RGD was prepared using the same procedure as previously described.> Briefly,
purified and lyophilized alginate was dissolved in 0.1 M, pH 6.5, 0.3 M NaCl, MES buffer
(Thermo Scientific) to make a 1% solution. Modification was done with carbodiimide
chemistry. N-hydroxy-sulfosuccinimide (Sulfo-NHS)(Sigma) and 1-ethyl-
(dimethylaminopropyl) carbodiimide (EDC)(Sigma) were added to the alginate and the
solution was set on a rocking plate for 15 min, after which H-Gly-Gly-Gly-Gly-Arg-Gly-
Asp-Ser-Pro-OH peptide (RGD) (Peptide International) was added. The molar ratio of
EDC:Sulfo-NHS:RGD used was 50:25:3.4. After 24 hours, the solution was dialyzed against
DI water in Spectra/Por dialysis tubing (MWCO 50 kDa) for 36 hours with three water
changes. The solution was then charcoal treated for 4 hours before being filtered through a
0.45 um filter and lyophilized. Lyophilized alginate-RGD was stored at —20°C until use.

X-ray photoelectron spectroscopy (XPS) was conducted with a Kratos Axis Ultra XPS on
alginate and RGD modified alginate samples to determine the success of the incorporation
of the RGD peptide. Samples of lyophilized purified alginate and alginate-RGD were used
for analysis, and the samples were mounted in dry-box to be analyzed in an environment
free of oxygen and vapor.

Cell culture on flat hydrogels

To further evaluate the effect of the RGD peptide incorporation, HEPM cells, MSCs, and
ADSCs were seeded onto flat hydrogels to study the cell attachment and proliferation. Many
studies have indicated that the cell behavior, such as adhesion and spreading, is noticeably
different when cells are cultured on alginate hydrogels that contain the RGD
peptide.12-14.18,20.26,27.49 Hydrogels of 0.5% alginate-RGD, 2% alginate-RGD, and 2%
unmodified alginate were used as the conditions. Hydrogels were made by first dissolving
the respective lyophilized alginate in 0.25 M D-mannitol buffered with 10 mM HEPES to
get the desired concentration; all solutions were syringe filtered through a 0.45 pm filter.
Then, in a 24-well plate, 500 L of the alginate solution were pipetted into separate wells.
100 mM CaCl, was slowly added to the well to gel the alginate for 20 min. Then, once the
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hydrogels were formed, the CaCl, was removed, gels were washed with 0.25 M D-mannitol,
and cells were seeded onto the hydrogels at a concentration of 5x10% cells/mL and cultured
in their respective medium under typical culture conditions. Live-dead staining was
conducted on day 6 to show cell viability.

Fabrication of microfluidic device

All encapsulations in this report were conducted within a non-planar microfluidic device
created through a fabrication method detailed elsewhere.3244 Briefly, a silicon master was
made through photolithography, and polydimethylsiloxane (PDMS) was poured onto the
master and cured at 65 °C for 3 hours. The PDMS slab with the microchannel pattern was
removed, and holes were punched at the inlets for fluid flow. At the flow-focusing junction,
as seen in Figure S1, the oil channel was 400 um x 400 um, the shell channel was 300 um x
300 um, and the core channel was 200 pm x 200 pm.** The channel sides were treated with
oxygen plasma and then pressed together and aligned under a microscope. Methanol was
used to prevent the channel sides from binding together prior to proper alignment. These
devices were then placed in an oven at 65°C to allow the surfaces to bind and become
hydrophabic.

Preparation of microencapsulation solutions

To examine the behavior of cells in response to the RGD peptide presence on a curved
surface as well as within a 3D hydrogel microenvironment, we conducted
microencapsulation of cells in the core of core-shell structured microcapsules. The cell-
laden microcapsules were produced using the aforementioned microfluidic device, for which
a “core solution” and a “shell solution” are needed to form the core and shell of the
microcapsules, respectively. Two separate shell solutions were studied: 2% alginate-RGD
and 2% alginate. Shell solutions were made by dissolving the respective lyophilized alginate
in 0.25 M D-mannitol buffered with 10 mM HEPES to maintain a pH of 7.2. The three core
solutions were characterized as containing 0%, 0.5%, and 2% alginate-RGD. The 0%
alginate-RGD condition consisted of solely 2% carboxymethyl cellulose solution made by
dissolving a 1:1 ratio of high viscosity and medium viscosity carboxymethyl cellulose in
0.25 M D-mannitol buffered with 10 mM HEPES. The 0.5% alginate-RGD core was made
by dissolving lyophilized alginate-RGD in the 2% carboxymethyl cellulose solution to a
concentration of 0.5%, and a 2% alginate-RGD core was made dissolving lyophilized
alginate-RGD to a concentration of 2% in a 1% carboxymethy! cellulose solution of high
viscosity carboxymethyl cellulose, to maintain similar viscosities between the core
solutions. All solutions were syringe filtered through a 0.45 pm filter. Alginate and alginate-
RGD were chosen as the shells to examine the difference in cell behavior in the presence of
the RGD peptide, as cells typically do not adhere to the plain or unmodified alginate
hydrogel. The 0% alginate-RGD condition was chosen because it consists of only 2%
carboxymethyl cellulose to allow for the formation of a liquid core in the microcapsules.
With this condition, any cell spreading due to the RGD peptide content in the shell can be
determined. Moreover, this provides a 3D curved surface that can be used to examine any
difference in the morphology of cells adhered to a 3D curved versus 2D flat surface. The
0.5% alginate-RGD core was used to study the effect of a softer 3D matrix on the cells, to
see if they would prefer the soft 3D matrix or adhere to the stiffer alginate-RGD shell. The
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2% alginate-RGD core was chosen to study the effect of a homogenous micro-matrix of 2%
alginate-RGD on the cellular behavior.

Rheological characterization of core and shell hydrogels

Rheological characterization was conducted with a TA instrument AR-1000N rheometer to
determine the difference in the storage (G”) and loss (G”) moduli between the shell and core
hydrogels. 40 mm parallel plate geometry was used, and frequency sweeps were conducted
to determine the values of G” and G”. Each hydrogel was made by dissolving lyophilized
purified alginate in 0.25 M D-mannitol solution to reach the desired concentration. Figure
S2 shows a schematic illustration on how the samples were made for the rheological
measurements. Gels were made separately by pipetting the respective alginate solution into a
PDMS circular mold with a diameter of 40 mm; the alginate was then gelled with 75 mM
CacCl, for 20 min to obtain a flat gel 500 um thick. The gels were washed with mannitol
solution and then each gel was separately placed on the rheometer plate for analysis. The 0%
alginate-RGD core condition, or 2% carboxymethyl cellulose, was pipetted directly onto the
rheometer pedestal and cone-plate geometry was used for rheological characterization.

Encapsulation of HEPM cells, MSCs, and ADSCs

HEPM cells, MSCs, and ADSCs were studied to examine the cell morphology in alginate-
RGD and alginate microcapsules. Cells were detached with trypsin/EDTA at 70%
confluence for encapsulation and mixed in each of the core solutions (0%, 0.5%, and 2%
alginate-RGD) at a density of 5x10 cells/mL by gently pipetting. The oil, shell, and core
flow rates used were 7 mL/hr, 200 pL/hr, and 50 pL/hr respectively, and each solution was
introduced into the microfluidic device through the respective inlets/channels, as shown in
Figure S1. The oil solution was mineral oil emulsified with 100 mM aqueous solution of
CacCls, to crosslink the alginate in the shell solution as the two solutions came into contact
with each other at the flow-focusing junction within the microfluidic device. An extraction
solution of carboxymethyl cellulose was used in the extraction channel (Figure S1) to
extract/transfer the microcapsules out of the oil and into an aqueous solution for efficient
collection and ensure high cell viability.44:45.50.51 Microcapsules were collected at 4°C in a
solution of the appropriate cell culture medium and 150 mM CaCl, solution at a ratio of 1:1.
After being centrifuged and washed three times in medium, cells were cultured in normal
conditions in a 6-well plate. Medium was changed every other day.

Quantification of cell morphology

To determine the degree to which cells spread, the cell surface area and circularity were
measured with NIH ImageJ. Circularity measures the compactness of the cell and is defined
by Equation 1 below.

[ area]

ire ity=4 x —area
circularity 7x [ Major Awis|2 (1)

Values were averaged and analyzed with JMP 10 software for statistical significance. Cells
from the flat hydrogels were measured in addition to cells cultured in the microcapsules to
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compare cell behavior on 2D flat surfaces as well as curved surfaces, in addition to culture in
a 3D microenvironment. The main conditions studied were cells cultured on the alginate-
RGD flat hydrogel (2D-RGD) or alginate flat hydrogel (2D-Alg), and in microcapsules with
a 2% alginate-RGD shell with a 0% alginate-RGD core (RGD-0%), 2% alginate shell with a
2% alginate-RGD core (Alg-2%), and 2% alginate shell with a 0% alginate-RGD core
(Alg-0%), as the control.

XPS analysis of alginate-RGD

Following the RGD maodification, X-ray photoelectron spectroscopy (XPS) was conducted
in order to determine the success of the RGD incorporation to the alginate peptide. XPS
functions by irradiating the sample’s surface with X-rays, and depending on which elements
are present on the surface of the sample, different electron counts, measured as intensity, at
element specific binding energy values (eV) are measured. Figure 1 shows that while the
majority of the alginate-RGD spectrum remained unchanged (C), a new peak was observed
between 395-400 eV (D), indicating the presence of nitrogen in the sample. As alginate
alone does not include any nitrogen (B), this peak can be attributed to the successful
incorporation of the RGD peptide within the alginate polymer backbone. Using a
comparison of the peak intensities (or counts) of the carbon, oxygen, hydrogen, and nitrogen
of the XPS spectrum, as well as the known atomic mass of the four elements, it was
determined that the resultant alginate-RGD had a nitrogen composition of 0.55 + 0.02% wt.
This is equivalent to approximately one RGD peptide per 168 monosaccharide-units (i.e.,
~30 kDa) of chain length in alginate on average. In other words, if the molecular weight of
alginate were ~30 kDa, there would be one RGD on each alginate molecule. However, the
molecular weight of alginate typically varies from a few tens to a few hundreds of
kilodaltons.

Cell culture on flat hydrogels

Additionally, the effect of the RGD peptide modification was studied via cell attachment to
flat alginate-RGD hydrogels, which was also used in comparison with the morphology of
cells cultured in the 3D microenvironment. HEPM cells, MSCs and ADSCs were seeded
onto flat hydrogels of 0.5% alginate-RGD, 2% alginate-RGD, and 2% unmodified alginate,
and the day 7 images are shown in Figure 3.

As seen in Figure S3, by Day 4, HEPM cells spread on the 0.5% alginate-RGD hydrogel and
the 2% alginate-RGD hydrogel. Spreading had not occurred on the 2% alginate, and there
was very little attachment and proliferation. Figure 2 shows that by day 7, the majority of the
HEPM cells had adhered to and spread on the 0.5% and 2% alginate-RGD hydrogels. The
2% unmaodified alginate still did not have any cell spreading, but rather cells begun to form
aggregates.

Compared to the HEPM cell morphology on the flat hydrogels, MSCs and ADSCs behaved
in a similar manner. That is, as seen in Figure 2, cells adhered to and spread readily on both
0.5% and 2% alginate-RGD hydrogels, and instead of adhering, formed aggregates over the
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2% alginate gels. All cell types were found to spread better on the 2% alginate-RGD
hydrogels than 2% alginate without RGD or 0.5% alginate-RGD hydrogels. Images for days
0 and 4 can be found in the supplementary information (Figures S4-S6). Additionally, live-
dead viability staining shows that cells were viable whether spread on the alginate-RGD
hydrogels or aggregated on the alginate hydrogels (Figure S7), indicating that this difference
in cell morphology is a result of the cells adherence in the presence of the RGD peptide.

Rheological characterization of core and shell hydrogels

Others have shown that cell spreading on top of a flat surface is dependent on the materials
stiffness.52 To determine whether differences in the stiffness of the hydrogels could
potentially be impacting cell spreading, rheology was used to determine the storage (G”) and
loss (G”) moduli of the shell and core hydrogels. As seen in Figure 3, the 2% alginate-RGD
core condition had the highest G* and G” moduli, followed by the 0.5% alginate-RGD
condition, and then the 0% alginate-RGD condition (which was simply 2% carboxymethy!l
cellulose solution without any alginate-RGD). It was found that there was a significant
difference (p < 0.05) for both the G’ and G” of the 0% alginate-RGD core and the G” and
G” for the other two core conditions. Furthermore, there was also a significant difference in
the G” of the 0.5% and 2% alginate-RGD core (p < 0.05).

Additionally, rheology was conducted on the shell conditions; this was done to determine if
there was a significant difference in mechanical properties that may be effecting the cell
spreading rather than an effect solely from the presence of the RGD peptide. Figure 3 also
shows that while the alginate-RGD has a slightly higher loss and storage moduli than the
unmodified alginate, the difference is not statistically significantly higher than the
unmodified alginate. Therefore, any cell attachment to the alginate-RGD surface was not
due to changes in the hydrogel stiffness but likely due to the presence of the RGD peptide.

Encapsulation of HEPM cells, MSCs, and ADSCs

Encapsulation of the HEPM cells was conducted to determine if there would be a difference
in the cell morphology on a curved surface and within 3D matrix. Figure 4 shows images or
all cell types on day 6, while additional image can be found in the supplementary
information for days 0 and 4. Figure 4 shows the encapsulation of HEPM cells in the two
shell conditions (2% alginate and 2% alginate-RGD) as well as the three core conditions
(0%, 0.5%, and 2% alginate-RGD). Microcapsule conditions will be labeled and discussed
as shell material-core alginate-RGD concentration (e.g., Alg-2% for an alginate shell with a
2% alginate-RGD core, and RGD-0% for an alginate-RGD shell with a 0% alginate-RGD
core). Spreading was observed in all microcapsules that contained the RGD peptide in their
system, whether it was in the core or the shell. All HEPM cells within microcapsules of a
2% alginate-RGD shell exhibited attachment and spreading, while HEPM cells within
microcapsules of the 2% alginate shell only spread in the 0.5% and 2% alginate-RGD core
environments. Cells within the 0% alginate-RGD core remained rounded, indicating that the
RGD peptide was required for cell spreading.

As HEPM cells are used to study (epigenetic) osteogenesis, it was hypothesized that they
would adhere to and generally prefer to spread on a stiffer substrate. The most pronounced

Cell Mol Bioeng. Author manuscript; available in PMC 2017 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dumbleton et al.

Page 9

spreading can be seen in the 2% alginate-RGD shell with a 0% alginate-RGD core
(RGD-0%), which indicates attachment on the stiff curved surface, as well as in both the 2%
alginate-RGD and 2% alginate shelled microcapsules that have a core of 2% alginate-RGD,
the stiffest of the cores.

The same encapsulation was done with MSCs, which, like HEPM cells, also exhibit a
fibroblast like morphology. As seen in Figure 4, the MSCs spread in all alginate-RGD
environments, much like the HEPM cells had. Only the microcapsules with 2% alginate
shell and a 0% alginate-RGD core (Alg-0%) had cells that remained rounded.

ADSCs were also encapsulated in the same conditions, to determine if the RGD peptide
effect would be different for the ADSCs, as they were derived from softer adipose tissue. As
shown in Figure 4, the same peptide effect was observed in that only the microcapsules with
the 2% alginate shell and 0% alginate-RGD core had cells that remained unattached and
rounded. Again, spreading was not as pronounced in the 0.5% alginate-RGD cores. This
continues to support the hypothesis that the presence and concentration of RGD peptide has
an effect on the cell attachment within a 3D microenvironment.

Quantification of cell surface area and circularity

The degree of cell spreading and attachment was quantified by measuring the cell surface
area as well as the circularity. Circularity is an index of the compactness of an object;
circularity would be one for a circular cell and would decrease as the cell elongated or
formed extensions. To focus on the effect of RGD peptide in the shell, the morphology of
cells cultured in microcapsules with a 2% alginate-RGD shell:0% alginate-RGD core
(RGD-0%) was compared to the morphology of cells cultured in microcapsules with a 2%
alginate shell:0% alginate-RGD core (Alg-0%) condition. The morphology of cells cultured
in microcapsules with a 2% alginate-RGD shell:0% alginate-RGD core (RGD-0%) was also
compared to the morphology of cells cultured on the flat 2% alginate-RGD hydrogel (2D-
RGD) to compare the effect of a flat versus curved surface. Finally, to compare the effect of
the alginate-RGD in the 3D microenvironment, the morphology of cells cultured in
microcapsules with a 2% alginate shell:2% alginate-RGD core (Alg-2%) was compared to
the morphology of cells cultured in microcapsules with a 2% alginate shell:0% alginate-
RGD core (Alg-0%). The morphology of cells cultured in microcapsules with a 0.5%
alginate-RGD core was excluded from this analysis, as not as large of an effect was observed
as compared to the morphology of cells cultured in microcapsules within the 2% alginate-
RGD cores.

As can be seen in Figure 5, there is a clear increase in HEPM cell surface area on both days
4 and 6 for all conditions that contain the RGD peptide, specifically the flat RGD hydrogel
(2D-RGD), the 2% alginate-RGD shell:0% alginate-RGD core (RGD-0%), and the 2%
alginate:2% alginate-RGD core (Alg-2%). Significant differences were also seen between
the conditions of interest (p < 0.01). The 2D-RGD had a significantly higher surface area
than the RGD-0% on day 4 (p < 0.01). There was also a significant increase in cell surface
area for the Alg-2% compared to the Alg-0% (p < 0.01). The 2D-RGD also had a larger cell
surface area than the flat 2% alginate hydrogel cells (2D-Alg) (p < 0.05).
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As expected, there were also significant differences in the HEPM cell circularity. On days 4
and 6 there was a significant decrease in the circularity of all conditions with the RGD
peptide (p < 0.01). Additionally, on days 4 and 6 there was a significant decrease (p < 0.01)
in both the RGD-0% and Alg-2% circularities compared to the control Alg-0% circularity.
However, even though the 2D-RGD had a higher surface area than the RGD-0%, there was
no significant difference in their circularities; therefore, while the cells on the flat alginate-
RGD surface (2D-RGD) may have spread more, it had a similar degree of spreading as cells
on the curved alginate-RGD surface (RGD-0%).

Figure 5 shows the cell surface area and circularity for the MSC microcapsules. On days 4
and 6, there was a significant increase (p < 0.01) in both RGD-0% and Alg-2% surface area
compared to Alg-0%. As expected, there was also a significant decrease (p < 0.01) in the
circularity on both days 4 and 6 for the RGD-0% and Alg-2% cells compared to the Alg-0%
cells. Furthermore, there was a significant difference (p < 0.01) in the cell surface area and
the circularity between cells cultured on both flat gels on days 4 and 6. However, there was
no significant difference in the cell surface area or circularity between the 2D-RGD and
RGD-0% cells on both days, indicating that MSCs will adhere to and spread on a curved
surface as well as they will to a flat surface. This is similar to the HEPM cells, which also
had no significant difference between the surface area and circularity of 2D-RGD and
RGD-0% cells.

The same trends were observed in the ADSCs, shown in Figure 5, in that the conditions
containing the RGD peptide had significant increases (p < 0.01) in cell surface area and
significant decreases (p < 0.01) in the circularity. As shown, days 4 and 6 show a significant
increase (p < 0.01) in cell surface area in the Alg-2% cells compared to those in the Alg-0%.
Significant differences were also observed on days 4 and 6 between cells cultured in 2D-
RGD and 2D-Alg, as well as between 2D-RGD and RGD-0%. Correspondingly, there was a
significant difference (p < 0.01) in the circularity of the Alg-2% cells compared to the
circularity of the Alg-0% cells, as well as between the two cells from flat gel conditions and
between 2D-RGD and RGD-0% cells. As for the RGD-0%, while there wasn’t a significant
difference (p < 0.01) in cell surface area on day 4 between RGD-0% and Alg-0%, there was
a significant decrease (p < 0.01) in the circularity that still indicates the RGD peptide effect
from the curved surface. The RGD-0% had a significant increase (p < 0.01) in surface area
on day 6, as well as a significant decrease (p < 0.01) in circularity compared to Alg-0%.

Discussion

The RGD peptide sequence has been extensively studied and shown to effectively promote
various cell attachment to a 2D flat surface. This study confirmed the success of the alginate
modification with an RGD peptide through XPS analysis indicating the presence of a
nitrogen peak. The functional significance of this modification was demonstrated by the
increased spreading of the cells when seeded on the 0.5% alginate-RGD and 2% alginate-
RGD hydrogels as opposed to 2% alginate hydrogel surfaces. Cell attachment and spreading
was observed on 0.5% and 2% alginate-RGD 2D hydrogel surfaces, with better spreading
after day 7. This is consistent with previous studies demonstrating cell attachment in the
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presence of the RGD peptide and the rounded cell morphology observed on unmodified
alginate substrates,89:12.14.18,20,26,27,44,49

Next, HEPM cells, as well as MSCs and ADSCs, were encapsulated through the previously
described microencapsulation methods to evaluate the impact that the RGD peptide presence
in the substrate has on different stem cell types. Two shell conditions were studied: 2%
alginate-RGD and 2% unmodified alginate. Additionally, three different core conditions
were studied for each shell type: 0%, 0.5%, 2% alginate-RGD hydrogel. Rheology was
conducted on all shell and core solutions. It was found that while the 2% alginate-RGD
hydrogel had slightly higher loss and storage moduli than the 2% unmodified alginate, it was
not significant and so any effect on cell attachment to the shell would be a result of the
presence of adhesion ligands from the RGD peptide. As expected, the 2% RGD alginate
hydrogel core had the highest moduli, followed by the 0.5% RGD alginate hydrogel core,
and then the 0% RGD alginate core (2% carboxymethyl cellulose liquid core).

The different types of stem cells were studied to see if there would be a difference in the cell
behavior in favor of a stiffness effect, or if the RGD effect would take precedence. All three
stem cell types attached and spread in all systems in which RGD was present. This means
that cells remained rounded only in the microcapsules with a 2% alginate shell:0% alginate-
RGD core. As all three stem cell types adhered readily to shell of the microcapsules with the
2% alginate-RGD shell:0% alginate-RGD core, it can be determined that all cell types found
the curved hydrogel surface favorable for attachment and spreading. This was also supported
by the significant decreases in circularity and significant increases in cell surface area that
were observed. While the cells did not have as pronounced of spreading in the 0.5%
alginate-RGD core, there was still an apparent fibroblast like morphology. Spreading did
appear to be slightly better in the 2% alginate-RGD shell:0.5% alginate-RGD core than in
the 2% alginate shell:0.5% alginate-RGD core, most likely due to the increased RGD
peptide content in that system. Finally, whether the shell was comprised of 2% alginate-
RGD or 2% alginate, all cells seemed to attach and spread prominently within the 2%
alginate-RGD core. There was even the presence of some aggregate formation from the
HEPM cells and MSCs, which is atypical compared to 2D conventional culture. Overall,
systems that contained the RGD peptide had significant increases in the cell surface area and
significant decreases in the circularity (p < 0.01). It appears that the RGD peptide effect does
indeed outweigh the stiffness effect, as it was originally hypothesized that the ADSCs would
prefer a microenvironment of a softer matrix, like the 0.5% alginate-RGD hydrogel core.

This study illustrates the simplicity of combining the chemistry of the RGD peptide
modification with the technology of the microfluidic encapsulation in order to study the
effect that different surface compositions can have on the behavior of various types of stem
cells. Future work into studying the gene expression to determine any genotypic differences
can be done to shed more light on the extent of the RGD peptide effect on cell behavior
when incorporated into the miniaturized 3D culture conditions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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X-ray photoelectron spectroscopy (XPS) spectra showing the successful modification of
alginate with RGD: (A) alginate, (B) nitrogen peak of alginate, (C) alginate-RGD, and (D)
nitrogen peak of alginate-RGD. Boxed rectangle shows a higher nitrogen peak due to RGD

modification.
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Figure 2.

Human embryonic palatal mesenchyme (HEPM) cells, mesenchymal stem cells (MSCs),
and adipose derived stem cells (ADSCs) cultured on flat hydrogels of 0.5% alginate-RGD,
2% alginate-RGD, and 2% unmodified alginate on day 7. The initial cell density was 5x10*
cells per well. Scale bar is 100 um.
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Storage modulus (G”) and loss modulus (G”) of the (A) core and (B) shell hydrogels.
Solutions were gelled with 75 mM CacCl, for 20 minutes prior to measurements. Significant
differences were observed between the 0% alginate-RGD core and other conditions, as well
as between the G” of 0.5% and 2% alginate-RGD cores (p < 0.05). The 0% alginate-RGD
core refers to a 2% carboxymethyl cellulose solution that contained no alginate-RGD. It is
the solution in which alginate-RGD was dissolved in at the concentrations 2% and 0.5%, for
making the 2% alginate-RGD and 0.5% alginate-RGD core, respectively.
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Figure 4.

Typical images showing the morphology of HEPM cells, MSCs, and ADSCs cultured in the
core of microcapsules with an alginate or alginate-RGD shell on day 6. Three different cores
were studied: liquid core (0% alginate-RGD), hydrogel core of 0.5% alginate-RGD, and
hydrogel core of 2% alginate-RGD. Scale bar is 100 um.
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Figureb.

Quantitative analysis of the HEPM cell, MSC, and ADSC morphology including surface
area and circularity for cells cultured in microcapsules with either alginate or alginate-RGD
shell (Alg-, RGD) and different core alginate-RGD concentrations (0%, 2%). Additionally,
the cell surface area and circularity for cells cultured on the 2D hydrogels of alginate-RGD
(2D-RGD) and alginate (2D-Alg) were also quantified. Modification of alginate with the
RGD peptide resulted in significant changes in the cell morphology (**p < 0.01, *p < 0.05).
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