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Abstract: Human embryonic stem cells (ESC) lines to be used for cell therapies must be created and maintained
under strict conditions, excluding the use of undefined supplements. Two key steps in the creation of a new embry-
onic stem cell line are adherence to the substrate and derivation towards the formation of a primary colony. The
bovine parthenote embryo model was used to test different matrices of gelatin nanofibers and gelatin/galactomannan
films to be used for ESC derivation and culturing. Gelatin/galactomannan films were made in two concentrations of
galactomannan, 0.1 and 0.3%, in an aqueous solution of gelatin and tested for gel cytotoxicity using cumulus cells
(CCs). CCs showed normal cell morphology, with no sign of lysis or degeneration in any of the matrices tested. Inner
cell masses of parthenote blastocysts (n=116) were placed onto the gel matrices for culture. There were three or four
repeats for each matrix. Our results showed a good rate of inner cell mass (ICM) adherence on the gelatin/galacto-
mannan films (41%-44%) and one derivative of the gel nanofiber (17% adherence to the substrate). These results
encouraged us to try new gelatin formulations to increase the rates of derivation and cell proliferation under defined
culture conditions to comply with good manufacturing practice directives for the potential therapeutic use of ESCs.
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Introduction

Since the creation of the first human embryonic stem cell
line' using mouse fibroblast feeder layers for derivation and
colony expansion, a great deal of research has concentrated
on the development of feeder-free culture conditions using
single peptides or polymers matrices and culture media that
do not have any undefined component on its formulation.
This is an important point to be taken into account, when
the embryonic stem cells are to be employed in clinical tri-
als, as it has already been shown that pathogens may be
transmitted to the cells from the culture substrate and thus to
the patient.” In this regard, the development of protocols for
derivation and culture of human embryonic stem cell (hESC)
lines under defined conditions is a paramount condition for
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the clinical use of these cells in human therapies.

In Brazil as in several other countries, legal and ethical
issues restrict the use of human gametes and embryos for
research, which makes it difficult to develop new protocols
that need large numbers of embryos for testing and valida-
tion. In this scenario, the cattle model is considered the best
alternative due to its similarity to human developmental dynamic
and easiness to generate from slaughterhouse ovaries and
parthenogenetic activation. Reasonable numbers of embryos
can be used to test different substrates chemically composed
of pure gelatin processed into nanofibers or gelatin plus
galactomannan processed into films, thus creating two different
three dimensional structures for cell attachment and prolifera-
tion. Previous studies have shown the effectiveness of using
collagen scaffolds for the culture and differentiation of hESC?”
and human somatic stem cells.®® The collagen scaffolds allowed
for good cell proliferation in an undifferentiated state and
retention of stemcellness. However, none of these previous
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reports mentioned have performed the initial adherence and
derivation steps from the embryonic inner cell mass to a pri-
mary colony of human ESCs in the collagen/gelatin matrix.
Cell attachment to the substrate and initial colony growth
are key steps in establishing a new embryonic stem cell line.

It is well-know from the literature that gelatin may be used
scaffolds for cell culture.'®*” Many extracellular matrix (ECM)
proteins have been applied as scaffolds for tissue engineer-
ing.'*'? It was found that collagen, the major structural pro-
tein present in ECM, is rich in arginine-glycine-aspartic acid
(RGD) sequences. One of the most important properties of
RGD is to promote cell adhesion and proliferation.'’ Tt is
also known that the RGD sequence refers to particular integrin
joint locations of focal adhesion, outside the cell membrane.
Similar to collagen, gelatin - a partially hydrolyzed collagen
- also possesses the RGD sequences of collagen, making it
highly effective for cell adhesion.” In addition, gelatin has lower
antigenicity than collagen. For this reasons, many cell assays
have applied gelatin as an auxiliary component for adhesion,
and its uses have been reported as for either coating plates
or as scaffolds.'-'>'"?** However, due to the poor thermal
stability of gelatin, its use as a scaffold in tissue regeneration
presents some limitations.'®** In order to improve gelatin
properties, many attempts have been made from chemical
crosslinking, by blending with other polymers, or physical
treatment."*''*? However, results were not satisfactory enough
to provide a good adhesion and proliferation for different cell
lines. Possibly, the reason for that is mostly related to the specific
composition and topography of the gelatin scaffolds.'

The common carbon source used in cultures of mammalian
cell lines is glucose, which is mainly metabolized through the
glycolytic pathway producing lactate as by-product.”> On the
other hand, the presence of the by-product lactate disrupts the
energy source of the cell. Thus, cells require an additional
energy source, usually glutamine or glutamate, which gener-
ate ammonium as by-product.’**®* As an alternative to glucose,
mannose has been investigated and was found to considerably
impact the levels of UDP-glucosamine and UDP-galactosamine,
improving the amount of sialic acid in protein glycosylation,
as well as the concentration of viable cells in the culture
(25% higher than the cell culture nourished with glucose).**>!

In this sense, galactomannans are interesting polysaccha-
rides chemically composed of a linear (1—4)-4-D-manno-
pyranosyl polymeric backbone to which single a-D-galactopyranosyl
residues are attached in a random fashion.*>** Galactoman-
nans are considered to provide a specific surface for cell cul-
ture.** The idea includes the exposure of galactose fractions to
cell surfaces, while mannose fractions can act as a carbon
source. For some cell types, galactose may provide an adequate
growth bed, which encourages the growth of cells in culture,
such as the culture of embryonic stem cell-derived hepato-
cytes.” In addition, special properties, such as low charge and
hydrofilicity, make galactose based materials a suitable sup-
port for cell cultures.*

1054

The ECM is not only composed of collagen fibers but many
other biomolecules, among them glycoproteins and glyco-
lipids, responsible for attaching specifically to some proteins
on the cell surface. For example, proteins called lectins are
present in most of human cell surfaces and exhibit various
extracellular activities to mediate cell-cell and cell-matrix
adhesion and migration by interacting with various glycan
groups on cell surface glycoconjugates.*® One of them, Galec-
tin-1 (gal-1), interacts with various glycoconjugates from the
extracellular matrix (e.g. laminin, fibronectin, f1 subunit of
integrins, ganglioside GM1 and lysosomal membrane-asso-
ciated proteins lamp 1 and 2); endothelial cells (e.g. integ-
rins avp3 and avp5, ROBO4, CD36, and CD13)* and on T
lymphocytes (e.g. CD7, CD43 and CD45) where it is known to
induce apoptosis.*®

Miller and co-workers demonstrated that the commercial
o-galactomannan, Davanat, derived from Cyamopsis tetragonoloba
(commonly known as guar gum) indeed interacts with gal-1
over a relatively large surface area.*” The interaction region
is located primarily on that face of the protein opposite to its
canonical lactose binding site, a property that could enhance
the cell performance on galactomannan-based scaffolds.

These evidences taken together led us to investigate the
performance of galactomannans in cell culture, specially its
response on the culture of different cell types. The applica-
tion of gelatin/galactomannan materials as substrates for the
derivation of new stem cells lines - which need special envi-
ronments, nourishment, and energy sources to proliferate and
maintain stemcellness - is an original study, which aims to
contribute to the development of a new generation of smart
scaffolds for tissue engineering. Therefore, the rationale behind
blending gelatin and galactomannan is the production of a
new material with enhanced chemical composition to improve
the compatibility between cells and substrates. The main purpose
of our study was to investigate whether galactomannan modi-
fied-gelatin scaffolds are suitable for attachment and deriva-
tion of bovine inner cell mass (ICMs) to create putative primary
colonies of bovine embryonic stem cells (bESC) as a model
for protocols in regenerative medicine.

Experimental

In vitro Maturation and Parthenogentic Activation of
Bovine Oocytes. Cumulus-oocyte-complexes (COCs) were
aspirated from ovarian follicles (3-6 mm diameter) and pla-
ced in groups of 20 for in vitro maturation IVM) in 70 pL
medium drops of maturation medium (Medium 199%, Vitro-
gen; Cravinhos, SP, Brazil), at 38.5 °C, in 5% CO, in air for
22 h. COCs with expanded cumulus cells were selected for
parthenogenetic activation.

Matured COCs were exposed to M-199 supplemented with
hyaluronidase (80 IU/mL) for 60 s and then gently pipetted in
medium H199. Denuded oocytes were left for an additional
period of 2-4 h in maturation medium, before exposure to
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55 uM Ionomyecin (Sigma-Aldrich) in buffered H199 medium
for 5 min. Oocytes were washed three times in the same medium
and transferred to CR4 medium (Vitrogen, Cravinhos, Brazil)
supplemented with 2 mM 6-dimethylaminopurine (6-DMAP)
in a humidified atmosphere of 5% CO, in air at 39 °C for 3.5 h
and before culture in CR4 medium. Observations of embryo-
nic development were performed at 48 h and 196 h post-acti-
vation. Activation rates were calculated as the number of 2-
cell embryos on day-2 (48 h).

Inner Cell Mass Isolation. Day-9 expanded or hatching
parthenogenetic blastocysts were manipulated in their cul-
ture dish with a pair of 32 G insulin needles under stereoscope.
The blastocysts that have not hatched were gently removed
from the zona pelucida by cutting it and pressing the embryo
out. The ICM was isolated from the surrounding trophecto-
dermal cells by holding the embryo with one needle and
carefully slicing the ICM away with the other one. We were
careful to remove as much as possible the trophectodermal
cells, without damaging the ICM.

Preparation of Gelatin/Galactomannan Films. Aque-
ous solutions of gelatin (2%, w/v) (from bovine skin type B;
Sigma) were prepared with the addition of galactomannan
obtained by exhaustive extraction from Delonix regia seeds,
at concentrations of 0.1% and 0.3%. Predetermined amounts
of each polymer were dissolved in distilled water, separately,
under stirring at 45 °C for 60 min. Then, the solutions were
mixed and kept under stirring for 24 h at room temperature.
The films were obtained and chemically modified by immer-
sion into 1-(3-dimethylaminopropyl-3-ethylcarbodiimide hydro-
chloride (EDC) (Sigma) solution (10 mM). The solutions were
casted onto 9 cm glass plate in order to maintain the film
thickness. All films were dried at 30 °C and kept under vac-
uum until use.

Preparation of Gelatin Nanofibers. The gelatin solution
was prepared by dissolving gelatin in trifluoroethanol (TFE)
at concentration of 10% (w/v). For electrospinning, a 1 mL-
syringe was filled up with the gelatin solution and delivered
into a blunted medical needle spinneret (0.7 mm). The fiber
mats were collected in an aluminum foil sheet. The distance
between the tip of the needle and the aluminum foil was set
at 12 cm. An electric potential was controlled at 15 kV. The
syringe pump generates a constant flow from the needle and
was set to a 0.8 mL/h flow rate. The gelatin fiber mats were
obtained and chemically modified by immersion into 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC)
(Sigma-Aldrich) solution (10 mM), for 1 h. After that, the fiber
mats were rinsed with a sequence of ethanol:water (1:0),
ethanol:water (1:1) and only water. The fiber mats were air-dried
and then transferred to a desiccator prior to further use.

Morphology of the Gelatin Scaffolds. The films and the
nanofibers were placed in a stub and metallized with gold
before analyzes. The surface morphology images were performed
using a scanning electronic microscopy (SEM) model JSM
6060, operating at an accelerate voltage of 10 keV, at the Center
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for Electron Microscopy of UFRGS. For the nanofibers, the
fiber diameter measurements were obtained from 100 mea-
surements from each three SEM images, using Image J software.

Derivation and Culture of Putative bESC Colonies. The
isolated ICMs were placed onto the different matrices cut in
1x1 cm squares and placed at the bottom of a four-well dish
(Nunc) with DMEM/F12 knockout medium (Gibco) supple-
mented with 20% knockout serum replacement (Gibco),
glutamine (Gibco), non-essential amino acids (Gibco), peni-
cillin-streptomicin (Sigma), f-mercaptoethanol (Gibco), and
bFGF (bovine fibroblast growth factor) 10 ug/mL (BD). Adher-
ence to the substrate was assessed as the dishes were gently
swindled 24 h later. The putative primary bESC colonies were
maintained in culture for 48 h in a humidified atmosphere of
5% CO, in air at 38.5 °C. Each experiment was repeated three
to four times.

Gel Cytotoxicity Test. To investigate the possible adverse
effects of the different gel compositions we used fresh cumulus
oophorus cells extracted from cumulus-oocyte-complexes
(COCs) to perform a visual cytotoxicity assay.*

The same gel preparations were placed at the bottom of an
empty well of four-well dishes (Nunc™) and covered with
TCM199 medium. Cumulus oophorus cells were mechani-
cally isolated from COCs retrieved from bovine ovaries for
in vitro fertilization experiments. The cells were placed on
the surface of the different gels and cultured at 38.5°C for
48 h in a 5% CO, atmosphere in air. After culture, cumulus
cells and substrates were fixed with 4% paraformolaldehyde
for 5 min at room temperature (RT). Each gel type was tested
in duplicates.

Gels were stained with hematoxilin and eosin for 5 min in
each solution. The visual analysis of cell viability was per-
formed on an Olympus BX41 microscope using phase con-
trast for unstained preparations and optical microscopy for
stained specimens. We based our analysis on observable
cellular characteristics such as: cell spreading, cell lysis, forma-
tion of a confluent monolayer of well-defined cells, presence
of intracytoplasmic granules and a well defined heterochro-
matic interphase nucleus or metaphasic figures. Cell density
was not quantified. The gel samples were randomized, and
the dishes containing the gels were blinded for analysis.

Statistical Analysis. The rate of ICM adherence to the
three different substrates, gelatin nanofibers, gelatin/galac-
tomannan films (concentrations 0,1 and 0,3) were evaluated
by the Chi-square test using the Origin Lab program. A level
of 5% of significance was used.

Results and Discussion

Morphologic Characterization of the Gelatin Scaffolds.
Figure 1 shows the nanofibers morphology and the fiber dia-
meter distribution. Generally, the nanofibrous scaffolds present
a high surface area due the large number of porous, either inter-
porosity (space between fibers) as intraporosity (the porosity
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Figure 1. SEM image of gelatin nanofibers (a) and their average
diameter distribution (b).

Figure 2. SEM images of film surfaces: (a) gelatin, (b) gelatin/
galactomannan (0.1% w/w), (c) gelatin/galactomannan (0.3% w/w),
(d) gelatin/galactomannan (0.5% w/w), and (e) galactomannan.

inherent to fibers). The fibers were mostly smooth, containing
sporadic erythrocyte-like beads, presenting a homogeneous
diameter distribution ranging from 300 to 800 nm and aver-
age fiber diameter of 543 nm.

As expected, the films prepared with gelatin/galactoman-
nan showed a different surface area. As can be seen in Fig-
ure 2, the surface of all films does not present porosity. The
films composed only for gelatin presented a smooth surface
(Figure 2(a)), while the blends gelatin/galactomannan, as well
as the films composed only of galactomannan, showed the
presence of some granulates and a non-linear surface (Fig-
ure 2(b), (c), (d) and (¢)).

Inner Cell Mass and Cumulus Cell Adherence and
Proliferation. Results of ICM adherence and proliferation
on the defined matrices with or without galactomannan are
presented in Table 1. Data clearly show that gels supplemented
with galactomannan are better for cell adhesion, presenting
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Table I. Results of Adherence and Derivation/Expansion of
Embryonic Inner Cell Masses on Gel Nanofibers and Films

Adherence  Adherence

Number

Substrate” r1eng (Total%)”  Mean £ SD Expansion

Gel 48 8(17%)*  53+23  1(12.5%)
GGO0.1 36 16 (44%)** 4+1,5 -
GG 0.3 32 13 (41%)** 43+4 -

“There were three to four different repeats for each matrix. Gel=gelatin
nanofibers; GG=gelatin/galactomannan films in two different concentra-
tions of galactomannan. “Different superscripts within a column indicate
significant differences between groups.

ICM

Figure 3. Colony with primary cell expansion on gelatin nanofi-
bers matrix. ICM = inner cell mass.

reasonably good rates (41%-44%) of ICMs attached to the
substrate. There was a significant difference between the gel
nanofibers and the two galactomannan films regarding ICM
adherence to the substrate. No statistical difference was observed
between the two galactomannan concentrations regarding
ICM attachment rates. However, the only inner cell mass
derivation and initial proliferation was observed in a pure
gelatin nanofiber substrate (Figure 3). The initial colony spread
around the original ICM, but after 48 h of culture it stopped
proliferating and degenerated.

Stained gels and the phase contrast observation of matri-
ces cultured for 48 h with cumulus cells revealed two well
defined cell patterns: stellate, when cells were well spread
indicative of adhesion and migration in the nanofibrous sub-
strate or round typical cumulus cells format in the film matrix
(Figure 4). In both cases, normal, round heterochromatic
nucleus was present in the vast majority of the cells. We also
observed cell aggregates composed of round cells, which may
have remained as cell clusters, when they were stripped off
from the oocyte and placed onto the substrate. These cell
clusters did not show any signs of cell degeneration or lysis.
Also, in GG 0.1, gelatin/galactomannan (0.1% w/w), there was
a clear continuous cell layer covering most of the gel area
similar to the nanofibrous matrix. No clear cell lysis or pykno-
tic nuclei were observed, suggesting that the gel substrates
employed for ICM attachment and derivation were made of
non-cytotoxic components.

The present study investigated the use of polymeric matrices,
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Figure 4. Cumulus cell layer among gelatin fibers after 48 h cul-
ture stained with Haematoxylin and Eosin (x400).

the gelatin nanofiber and two film formulations, by biomimicking
the extra cellular matrix and cellular substrates commonly
used for embryonic stem cells derivation and proliferation.”'*2°

Our results showed that 17% of the embryonic inner cell
masses exposed to gelatin nanofibers attached to the sub-
strate and one of them presented an initial expansion, which
stopped in the first 2 days of culture. In our previous experi-
ments using purified fibronectin as substrate," we obtained
39% of adhesion of parthenogenetic ICMs on fibronectin
substrate. Present results employing pure gelatin nanofibers
show a significantly lower rate of adherence. On the other
hand, the gelatin/galactomannan films presented similar adher-
ence rates (41%-44%) to the former study, in both concentra-
tions tested. In addition there was no significant difference
between the two film formulations (GG 0.1 and GG 0.3).

The lack of adherence on the nanofibrous matrix may possibly
be due to the lack of a cell recognition molecule, as a RDG
sequence present in some extracellular matrix proteins, such
as fibronectin.** Since its discovery in 1984, RDG sequence
has been given a central role in cell adhesion and prolifera-
tion. Previous reports describe the use of gelatin and synthe-
tic polymer interface as substrate for the culture of established
hESC culture.*”* These studies used established cell lines and
did not perform ICM derivation on the gel matrix, a key step
on the creation of a new embryonic cell line under defined con-
ditions. However, it must be pointed out that the one initial
colony observed on the gelatin nanofibrous substrate is a
new and promising result that suggests that the system has
the potentiality to be explored for derivation and embryonic
stem cell culture under clinical grade.

Gelatin is a natural biopolymer obtained from the partial
hydrolysis of native collagens and it is known that it con-
tains many integrin binding sites for cell adhesion, migration
and differentiation similar to the natural collagen. Recently,
it’s use in nanofibrous scaffolds has been shown to enhance
endothelial cell adhesion and proliferation.*

Electrospun nanofibers have a high area-to-volume ratio,
which provides good substrates for cell attachment.'> Thus,
gelatin nanofibers potentially represent an ideal 3D substrate

Macromol. Res., Vol. 22, No. 10, 2014

for the initial adhesion and cell proliferation, essential steps
that happen on derivation of a new primary colony of embry-
onic stem cells. This may not be a surprising observation as
it has already been shown that nanofibrous material accelerates
the adhesion and growth of mesenchimal stem cells compared
to smooth 2D material.*® The present series of experiments
shows that the addition of galactomannan significantly improved
inner cell mass adhesion to the substrate, compared to the
gelatin nanofobers alone.

It should be pointed out the fact that in the present study,
using similar culture conditions, cumulus cells adhered and
proliferated in gelatin films that were not successful for ICM
attachment, derivation and ESC colonies formation. These
results suggest that in its present form, gelatin matrices may
provide the necessary cell signaling for somatic cell adhe-
sion and proliferation, but not the required recognition sites
for the pluripotent, specialized ICMs to attach and prolifer-
ate generating a new primary colony of ESCs. On the other
hand, the fact that we observed one ICM that after attachment
to the substrate showed signs of initial colony formation for
2 days is a new promising finding indicating that the choice
of these polymers as an artificial scaffold for ESCs derivation
and culture under clinical grade manufacturing protocols may be
feasible, once the ideal manufacturing conditions for embryonic
cells are met. Studies will now focus on new gelatin concen-
trations and combinations with different molecules, which
may enhance cell adhesion and proliferation after adhesion.

Previous reports have already described successful deri-
vation under defined conditions, however, under a close and
more critical review, one can observe that most, if not all
reported work used one or more undefined component in
their ECS derivation or culture system.” A recent report on
the use of a porous membrane to separate the feeder layer
made of human endometrial cell claims successful culture
and proliferation of mouse ESCs without any contact with
the feeder layer.*” The authors demonstrate that the direct contact
of the ESCs with the substrate is not necessary for their pro-
liferation and they have the benefit of the feeder secretions,
claiming that this may be used as a putative system for clinical-
grade human embryonic stem cells generation and therapeutic
use. However, this is not a defined system, endometrial cells batches
may vary so as their secretions which are totally undefined.

To possess clinical value, new materials must be non-toxic to
cells surrounding or in contact with them and the culture medium
and supplements shall have all its components defined to allow
the exclusion of any batch variability or undesired patho-
gen, which may have an epigenetic effect on the hESCs in
culture or under differentiation.

There are several reliable cytotoxicity tests, most of them
based on time-consuming colorimetric assays and expen-
sive equipments. We chose to perform a visual analysis of
the cells placed on the different substrates based on the study of
Bhatia and Yetter, where the authors reported a high degree of
correlation between visual cytotoxicity ratings including cell
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morphology as rounding, spreading, proliferation and quan-
titative cell viability measurements such as using a 3-(4,5-
dimethylthiozol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
colorimetric assay.* The results of our visual investigation
of citotoxicity revealed good cell viability in terms of morphology
analysis. Cell survival and proliferation seems to have occurred
in the three gels tested, which encourage us to continue using
them for ICM derivation and stem cell line generation.

Conclusions

In conclusion, our present results show that laboratory
engineered gelatin nanofibers are not cytotoxic as embry-
onic inner cell masses and somatic cumulus cells can suc-
cessfully be cultured using them as matrix. Inner cell masses
show a satisfactory adherence rate, when the gelatin is sup-
plemented with galactomannan, however their expansion
and colony formation seems to be inhibited under the pres-
ent culture conditions. Cumulus cells did not show any appar-
ent decrease in viability or proliferating capacity.

Further studies are underway to improve the gel fiber to
mediate embryonic cell adhesion and proliferation for the
creation of clinical grade embryonic stem cell lineages.
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