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Abstract

Objectives: To generate various polycaprolactone
(PCL) scaffolds and test their suitability for growth
and differentiation of immortalized mouse gastric
stem (mGS) cells.

Materials and methods: Non-porous, microporous
and three-dimensional electrospun microfibrous
PCL scaffolds were prepared and characterized for
culture of mGS cells. First, growth of mGS cells
was compared on these different scaffolds after
3 days culture, using viability assay and micros-
copy. Secondly, growth pattern of the cells on mi-
crofibrous scaffolds was studied after 3, 6, 9 and
12 days culture using DNA PicoGreen assay and
scanning electron microscopy. Thirdly, differentia-
tion of the cells grown on microfibrous scaffolds
for 3 and 9 days was analysed using lectin/immu-
nohistochemistry.

Results: The mGS cells grew preferentially on mi-
crofibrous scaffolds. From 3 to 6 days, there was
increase in cell number, followed by reduction by
days 9 and 12. To test whether the reduction in cell
number was associated with cell differentiation,
cryosections of cell-containing scaffolds cultured
for 3 and 9 days were probed with gastric epithelial
cell differentiation markers. On day 3, none of the
markers examined bound to the cells. However by
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day 9, approximately, 50% of them bound to N-
acetyl-p-glucosamine-specific lectin and anti-trefoil
factor 2 antibodies, indicating their differentiation
into glandular mucus-secreting cells.

Conclusions: Microfibrous PCL scaffolds supported
growth and differentiation of mGS cells into
mucus-secreting cells. These data will help lay
groundwork for future experiments to explore use
of gastric stem cells and PCL scaffolds in stomach
tissue engineering.

Introduction

Glandular epithelia of mouse and human stomachs
undergo continuous renewal. Multipotential stem/pro-
genitor cells residing in each gastric gland actively
divide to maintain themselves and to produce four main
cell lineages secreting mucus, acid, pepsinogen and vari-
ous hormones and peptides (1,2). Blocking production
of acid-secreting parietal cells in a genetically engi-
neered mouse model leads to amplification of gastric
stem cells and their immediate descendants (3). This ani-
mal model has made it possible to establish a cell line
representative of mouse gastric stem (mGS) cells (4).
Characterization of these immortalized cells has demon-
strated their undifferentiated morphology and their
expression of some stem cell-specific genes: Notch3,
DCAMKII and Oct4 (5,6).

In humans, alteration of the dynamic program of
gastric epithelial stem cells precedes development of
gastric cancer (7). This fatal tumour represents a com-
mon cancer in many countries (8). Although gastrec-
tomy has contributed to improved survival for gastric
cancer patients when diagnosed early, frequently used
reconstructions remain inadequate, quality of life is poor
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and morbidity is a major problem (9). Recent develop-
ments in tissue engineering could provide possibilities
for improving quality of life following gastrectomy (10).

The principles of tissue engineering have been con-
sidered for replacement of resected cancer tissues by
using stem cells that are capable of growth and differen-
tiation on specially designed synthetic material (scaf-
fold), to restore structure and function of the organ. An
ideal scaffold for tissue engineering is a three-dimen-
sional (3D) construct characterized by its biocompatibil-
ity, biodegradability and mechanical stability. Growth
and differentiation of cells seeded on such scaffolds will
indicate their suitability (or not) to be implanted in vivo
for tissue replacement (11,12). Polycaprolactone (PCL)
is one of these biodegradable polymers that has been
extensively studied for various biomedical applications
(13-15). PCL polymer has been found to be very prom-
ising for growth and differentiation of different types of
stem cell in both soft and hard tissues (16—18).

For gastric tissue engineering, autologous gastric or-
ganoids have been proposed (19-22). In these studies,
investigators used artificial scaffolds to support growth
and differentiation of heterogeneous populations of iso-
lated gastric mucosal fragments, made of a mesenchy-
mal core surrounded by epithelia. However, none of
them used a homogeneous population of gastric stem
cells.

The aims of this investigation were as follows: (i) to
generate and characterize various forms of PCL scaffold,
(i1) to test growth and viability of mGS cells on the
scaffolds and (iii) to assay proliferation and differentia-
tion of mGS cells on the most suitable form of PCL
scaffold for possible use in gastric epithelial tissue
engineering.

Materials and methods

Fabrication of PCL scaffolds

Synthetic PCL, molecular weight (M,) 70,000-90,000
by GPC (Sigma-Aldrich, St. Louis, MO, USA) was used
as starting material for scaffold preparation. Initially, a
homogeneous solution containing 25% PCL (w/v) in
chloroform was used as a stock solution for preparation
of three different forms of scaffold: (i) Non-porous PCL
scaffolds prepared by casting 10 ml stock solution into
a flat Petri dish which was then left in the air to dry, (ii)
Microporous PCL scaffolds prepared by casting 10 ml
PCL solution containing 50 wt% NaCl (average size of
<50 pum), as porogen, in a flat Petri dish, then air dried.
Each PCL sheet being then soaked in de-ionized water
and stirred, to leach out NaCl granules leaving behind a
microporous scaffold and (iii) Microfibrous PCL scaf-

© 2014 John Wiley & Sons Ltd

folds prepared using an electrospinning technique
(23,24). Briefly, 10 ml 25% PCL solution was spun at
12 kV, spinning distance 14 c¢m, and feed rate 0.16 ml/
min. Electrospun PCL scaffolds were kept in air to
ensure complete dryness. All scaffolds were sterilized
by immersion in 70% ethanol for 60 min followed by
60-min exposure to UV light and three washes in sterile
phosphate-buffered saline (PBS).

Characterization of PCL scaffolds

Morphologies of the prepared scaffolds were evaluated
using a scanning electron microscope (SEM; XL-30
Phillips, Amsterdam, Netherlands) at accelerating volt-
age of 15 kV. Morphological features of the non-porous,
microporous and microfibrous scaffolds were studied.
Mechanical properties of the synthetic scaffolds were
studied and compared to that of mouse stomach tissue.
Tensile strengths and fracture strains were measured for
the three types of scaffold using a 5 kN material testing
system. All tests were conducted at room temperature
and under displacement controlled conditions with
1 mm/min overhead speed. Calliper measurements were
used to determine scaffold thickness. Scaffolds were cut
into rectangular strips 5 x 2 cm. Tensile strength mea-
surements were carried out in triplicate according to
published procedures (25,26). For comparison, 6-month-
old C57BL/6 mouse stomach tissues (n = 3) were col-
lected, washed in cold PBS and immediately tested for
their tensile strength.

Experiment 1: culture of mGS cells on different PCL
scaffolds for 3 days. A frozen aliquot of mGS cells was
thawed and seeded in a tissue culture flask containing
10% serum in RPMI culture medium. Establishment and
characterization of the mGS cell line has been described
previously (4). Cells were allowed to proliferate until
semi-confluent in a 37 °C incubator adjusted to 5%
CO,, 95% O,, culture medium being changed every
other day. Cells were passaged twice to stabilize their
morphology and growth rate. The mGS cells were then
seeded (1.6 x 10° cells) on each sterilized non-porous,
microporous and microfibrous PCL scaffold (5 mm in
diameter) placed in a 96-well plate. After 3 days sub-
merged culture, cells were processed in triplicate for dif-
ferent procedures: (i) Viability assay: cells incubated for
30 min in 2 pm calcein at 37 °C. Absorbance of calcein
was detected at 485-535 nm using a VICTOR™ X3
PerkinElmer 2030 multilabel plate reader, (ii) Toluidine
blue staining for light microscopy: cells were fixed in
4% paraformaldehyde for 15 min, washed in PBS, then
incubated in 1% toluidine blue solution for 30 sec. Cells
on the different scaffolds were then washed in double-
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distilled water and examined using an inverted micro-
scope (Olympus, Tokyo, Japan) and (iii)) SEM: To
examine surface morphology of cells grown on different
PCL scaffolds, they were fixed in 4% paraformaldehyde
for 15 min, washed in PBS and post-fixed in 1%
osmium tetroxide for 10 min. Following dehydration in
ascending grades of ethanol, cells were coated with
gold—palladium and finally examined using a Phillips
SEM.

Experiment 2: culture of mGS cells on microfibrous
PCL scaffolds for 3—12 days. The mGS cells were sus-
pended in serum-containing RPMI and seeded
(2.5 x 10° cells) on to pre-sterilized microfibrous PCL
scaffolds (15 mm diameter, 0.9 mm thickness) placed in
a 12- or 24-well tissue culture plate and allowed to grow
in a 37 °C incubator containing 5% CO, and 95% O,,
culture medium being changed every other day. After 3,
6, 9 and 12 days, cultured cells were analysed using a
PicoGreen assay for quantification of DNA. Cells were
washed in PBS and stored at —80 °C in 1 ml Milli-Q
water. DNA was extracted from the samples by repeated
freeze-thaw cycles followed by ultrasonication using a
Sonic Ruptor 250 Ultrasonic Homogenizer (Omni Inter-
national, Kennesaw, GA, USA). For quantification of
DNA, Quant-iT PicoGreen dsDNA kit (Invitrogen,
Eugene, OR, USA) was used according to the manufac-
turer’s instructions. Briefly, a five-point standard curve
of 1000, 100, 10, 1 and 0 ng/ml Lambda DNA was pre-
pared. Following 5 min incubation of sonicated samples
with the PicoGreen dye at room temperature, intensity
of fluorescence was measured at 520 nm on the Perkin-
Elmer reader. Scaffolds without cells were used as blank
samples.

Experiment 3: culture of mGS cells on microfibrous
PCL scaffolds for 3 and 9 days. The mGS cells were
suspended in serum-containing RPMI and seeded on
microfibrous PCL scaffolds placed in a 12- or 24-well
tissue culture plate similar to that described in experiment
2. Cells were analysed after 3 and 9 days culture as fol-
lows: (i) SEM: To examine changes that had occurred
in their morphology when grown on microfibrous PCL
scaffolds for 9 days, cells were fixed in paraformalde-
hyde and processed for SEM as mentioned in experi-
ment 1 and (ii) Cryostat sectioning and multi-label
immuno-/lectin fluorescence cytochemistry: Cells grown
on scaffolds for 3 and 9 days were fixed in 4% parafor-
maldehyde for 15 min. Following three PBS washes,
cells attached to scaffolds were incubated in 20% buf-
fered sucrose overnight at 4 °C. Cell-containing scaf-
folds were then mounted on an aluminium stalk using
Shandon  cryomatrix ~ (Thermo  Fisher  Scientific,
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Waltham, MA, USA) and orientated perpendicular to
the plane of sectioning. Samples were then dipped into
liquid nitrogen for a few seconds. Using a cryostat, 10—
30 um-thick sections were obtained and mounted on
gelatin-coated slides. Some cryosections were stained
with haematoxylin and eosin and adjacent sections were
probed with various biomarkers. As control, mGS cells
grown on coverslips or chamber slides were probed with
lectins and antibodies.

To obtain evidence of gastric stem cell differentia-
tion, lectin binding and immunocytochemistry were per-
formed on cryosections of cells grown on scaffolds for
3 and 9 days. Following incubation with blocking solu-
tion (1% bovine serum albumin in PBS) for 60 min,
cells were incubated overnight with the following gastric
cell lineage-specific antibodies: anti-H,K-ATPase anti-
body (specific for parietal cells; Medical & Biological
Laboratories Co., Nagoya, Japan), anti-trefoil factor
(TFF) 1 antibody (for mucous pit cells; gift from Cath-
erine Tomasetto, IGBMC, Strasbourg, France), anti-
TFF2 antibody (for glandular mucous cells; gift from
Catherine Tomasetto, IGBMC), and anti-chromogranin
antibody (for enteroendocrine cells; DAKO, Glostrup,
Denmark). Probed sections were washed in PBS and
appropriate biotinylated anti-mouse or anti-rabbit immu-
noglobulin G was added as secondary antibody. Finally,
Alexa Fluor (555 or 488)-conjugated avidin was added
to visualize antigen—antibody binding sites, using fluo-
rescence Olympus or Nikon Eclipse 80i confocal micro-
scopes (Tokyo, Japan). Cryosections of the cells were
also incubated for 60 min with fluorophore-conjugated
Ulex europaeus agglutinin (UEA) I lectin (specific for
mucous pit cells), Dolichos biflorus agglutinin (DBA)
lectin (for parietal cells) or Griffonia simplicifolia (GS)II
lectin (for mucous neck cells) (27,28). All lectins were
purchased from Sigma (St. Louis, MO, USA).

Statistical analysis

To test significance of data obtained from experiments 1
and 2, one-way ANOVA with Dunnet or Newman—
Keuls Multiple Comparison Test models were employed.
Graphical representation of the data (mean £+ SD) was
performed using GraphPad Prism software (La Jolla, CA,
USA).

Results

Characterization of PCL scaffolds

Scanning electron microscope examination of the non-
porous scaffolds revealed the surface morphology to
have patterned irregularities probably due to evaporation
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of the solvent during air-drying (Fig. la). In contrast,
microporous scaffolds prepared by using NaCl as poro-
gen appeared to have many homogeneously distributed
pores of variable sizes, that frequently appeared to be
interconnected (Fig. 1b). Sheets of microfibrous scaf-
folds prepared by the electrospinning technique were
approximately 0.9 mm in thickness. They appeared as a
complex meshwork of microfibres which were variable
in diameter, 820 pm (Fig. 1c). Moreover, high magni-
fication SEM micrographs clearly revealed rough surface
and porosity of the microfibres (Fig. 1d).

Table 1 demonstrates peak stress (tensile strength)
and peak strain for wall of the mouse stomach, com-
pared to the three types of scaffold. Mouse stomach tis-
sues had lower peak stress than all types of scaffold
material. Closest peak stress to that of the stomach wall
was the PCL microfibrous scaffold with 3-fold higher
peak stress and 1.1-fold higher peak strain compared to
that of stomach tissue. In contrast, non-porous and
microporous scaffolds had much higher peak stresses
(41.4 and 18.6, respectively, folds higher in value).

Table 1. Tensile performance of different polycaprolactone scaffolds
and mouse stomach tissue

Samples Peak stress (MPa) Peak strain (%)
Non-porous scaffold 6.50 £+ 1.20 13.7 £ 25
Microporous scaffold 2.93 + 0.36 28.5 + 5.0
Microfibrous scaffold 0.49 + 0.12 162.5 + 144
Mouse stomach tissue 0.15 + 0.01 147.5 £ 9.5

Data presented as mean £+ SD.

© 2014 John Wiley & Sons Ltd

Figure 1. Scanning electron micrographs
of non-porous (a), microporous (b) and mi-
crofibrous (¢, d) scaffolds showing their
surface topography. Note moderate rough-
ness of the non-porous scaffold (a). The
microporous  scaffold appeared to have
numerous pores, variable in size and fre-
quently appearing to be interconnected (b).
The microfibrous scaffold appeared as a com-
plex meshwork of microfibres which were
variable in thickness (c¢) and reveals some
surface roughness (d). Bar = 200 pm (a—),
20 pm (d).

However, non-porous and microporous scaffolds exhib-
ited much lower peak strain and lower flexibility under
tensile testing compared to microfibrous scaffolds.
Therefore, higher flexibility of microfibrous scaffolds
makes them closer to natural gastric tissues than non-
porous and microporous scaffolds. Proximity of microfi-
brous scaffolds in terms of mechanical properties, to
native stomach tissue, makes them well suited for
further study.

Viability and morphology of mGS cells cultured on
different PCL scaffolds for 3 days (Experiment 1)

When mGS cells were seeded on non-porous, micropo-
rous and microfibrous PCL scaffolds and maintained for
3 days, cell population growth varied between the dif-
ferent scaffolds. Cell viability assays, using the live-cell
stain calcein, showed that the microfibrous scaffold sup-
ported cell growth better than non-porous and micropo-
rous scaffolds (Fig. 2). Intensity of fluorescence
produced by cells attached to the scaffold clearly dem-
onstrated suitability of microfibrous scaffold for mGS
cell growth. Statistical analysis of the data showed that
cell viability was significantly higher (P < 0.0001) on
microfibrous than non-porous or microporous scaffolds
(Fig. 2).

Microscopic examination of toluidine blue-stained
cells revealed their variable appearance on the different
scaffolds used (Fig. 3a—c). On day 3, cells grown on
non-porous and microporous scaffolds appeared at low
density with only small colonies (Fig. 3a,b). However,
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Figure 2. Cell viability assay for mouse gastric stem cells after
3 days of culture on non-porous (NPS), microporous (MPS) and
microfibrous (MFS) polycaprolactone scaffolds. Note absorbance
values (cell viability) are low in case of cells growing on NPS and
MPS, but significantly increase in the case of MFS. Data expressed as
mean £ SD. ¥**P < 0.05.

on microfibrous scaffolds, cells tended to appear at high
density by day 3 (Fig. 3c).

Scanning electron microscope analysis was also used
to characterize appearance of the cells and to describe
their shape and size. On day 3, there were only few
cells, small and stellate in shape with convex surfaces,
on the non-porous and microporous scaffolds (Fig. 4a,
b). When they were grown on microfibrous scaffolds,
the cells were also small but appeared flattened
(Fig. 4c¢).

Growth of mGS cells on microfibrous PCL scaffolds for
3-12 days (Experiment 2)

To evaluate population growth of mGS cells on microfi-
brous scaffolds, DNA was extracted and quantified at
different time points using the PicoGreen assay. These
data reflected number of cells attached and grown on
the scaffolds. As shown in Fig. 5, measurements
revealed that levels of DNA increased from 539 ng/ml
(day 3) to 720 ng/ml (day 6), indicating proliferation of
the attached mGS cells. However, when the cells were
cultured for 9 days, amounts of DNA (reflecting the
number of cells) was significantly lower (P < 0.05;
Fig. 5). Reduction in the amount of DNA was also
observed in cells cultured for 12 days with insignificant
change in cell number (Fig. 5).

Morphological and immunocytochemical analysis of
mGS cells cultured on microfibrous PCL scaffolds for 3
and 9 days (Experiment 3)

Scanning electron microscope examination of the mGS
cells revealed that small size of mGS cells observed on
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Figure 3. Light micrographs of toluidine blue-stained mouse gas-
tric stem cells after 3 days culture on surfaces of non-porous (a),
microporous (b) and microfibrous (c¢) polycaprolactone scaffolds.
Arrows pointing to groups of mouse gastric stem cells stained with
toluidine blue. Bar = 50 um (a—c).

day 3 (Figs 4c,6a) was followed by their expansion and
enlargement by day 9 (Fig. 6b). To test whether reduc-
tion in cell number and associated increase in cell size
were due to cell differentiation, cryostat sectioning with
lineage-specific lectin binding and immunocytochemistry
were performed. Expressions of lineage-specific glyco-
conjugates and proteins were taken as measurement of
cell differentiation. Microfibrous scaffolds with cells cul-
tured for 3 and 9 days were sectioned at 10-30 pm and
mounted on gelatin-coated slides. Some were stained
with haematoxylin and eosin for light microscopy and
general morphology (Fig. 7a). Adjacent sections were

Cell Proliferation, 47, 553-563
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Figure 4. Scanning electron micrographs of mouse gastric stem
cells cultured on non-porous (a), microporous (b) and microfibrous
(c) polycaprolactone scaffolds for 3 days. Note stem cells (arrows)
attached to each other and to surface of the scaffolds. Bar = 20 um
(a—c).

probed with fluorophore-conjugated lectins specific for
different gastric epithelial cell lineages: surface mucous
or pit cells (UEAI lectin), parietal cells (DBA lectin)
and mucous neck cells (GSII lectin). Results showed
that the cells bound neither to UEAI nor DBA lectins,
but did bind to GSII lectin, as demonstrated with
fluorescence microscopy (Fig. 7c¢) and confirmed with
confocal microscopy (Fig. 7d). Immunoprobing using
anti-TFF2 antibodies specific for mucous neck cells (29)
revealed that after 9 days culture on microfibrous PCL
scaffolds, some cells expressed TFF2 (Fig. 7b). Number
of cells labelled with GSII lectin was counted in seven
different images of cryosections obtained from the three
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Figure 5. Estimation of DNA content of mouse gastric stem cells
cultured on microfibrous polycaprolactone scaffolds for 3, 6, 9 and
12 days, using PicoGreen assay. Note DNA concentration (reflecting
cell number) significantly increases from 3 to 6 days followed by a
significant decline by days 9 and 12. Data expressed as mean + SD.
**P < 0.05.

microfibrous scaffolds maintained in culture media for
9 days. Counts of total number of cells labelled with
Hoechst and GSII lectin showed that approximately
50% of them had differentiated into mucous neck cells.
Thus, it seems that PCL microfibrous scaffold is suitable
for supporting not only growth of mGS cells but also
their differentiation into mucus-secreting neck cells.

Discussion

This study describes an in vitro model system for popu-
lation growth of mGS cells on synthetic biodegradable
scaffolds, that support their differentiation into glandular
mucous cells. This system is an advance toward estab-
lishing an engineered gastric mucosal tissue for use in
regenerative treatment of gastric cancer/ulcer patients
undergoing gastrectomy. As complete or even partial
loss of the stomach may lead to devastating and life-
threatening sequelae, the long-term plan of this research
is to provide the basis for autologous or syngeneic trans-
plantation of engineered gastric tissues.

Adult stem cells have already shown promise for tis-
sue engineering application, but it is important to char-
acterize culture conditions, properties of scaffold
platforms and growth of the seeded cells to result in a
new functional tissue (10,30).

Preferential growth of mGS cells on microfibrous PCL
scaffolds

In this study, population growth of mGS cells on the
surface of PCL scaffolds with different morphologies
was first evaluated. PCL material was chosen here
because it is a well-known biodegradable polymer that
has long been used in tissue engineering (13—15). When

Cell Proliferation, 47, 553-563
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Figure 6. Microscopic analysis of mouse gastric stem cells growing on microfibrous polycaprolactone scaffolds. (a) Scanning electron micro-
graph of mouse gastric stem cells cultured for 3 days. Cells appear polyhedral or stellate (arrows) and adhere to the microfibres. (b) Scanning elec-
tron micrograph of mouse gastric stem cells (arrows) after 9 days culture. Cells expand and fill many of the spaces between microfibres.

Bar = 20 pum (a, b).

Figure 7. Microscopic analysis of mouse
gastric stem cells growing on microfibrous
polycaprolactone scaffolds for 9 days. (a)
Light micrograph of cryostat section of mouse
gastric stem cells stained with haematoxylin
and eosin. (b) Fluorescence micrograph of
cryostat section of mouse gastric stem cells
probed with anti-TFF2 antibodies (red) and
counterstained with Hoechst (blue). Arrows
indicate TFF2-expressing cells. (c) Fluores-
cence micrograph showing GSII (green) bind-
ing and Hoechst (blue) nuclear labelling.
Arrows indicate GSII-labelled cells. (d) Con-
focal micrograph confirming the cytoplasmic
GSII (green) binding to cultured cells. Arrows
indicate GSII-labelled cells. Bar = 50 pm (a—d).

mGS cells were equally seeded on different forms of
PCL scaffold and incubated under the same conditions,
cell viability assay (Fig. 2) and toluidine blue staining
(Fig. 3) revealed that the microfibrous scaffold was
better for cell population growth, than non-porous and
microporous scaffolds. Having a scaffold made of PCL
in a fibrous form provides all the virtues of high surface
area on which cells can grow. In addition, having a
non-woven fibrous scaffold of biodegradable PCL
further provides interconnected porosity for cells to inte-
grate and eventually form organized tissue.

The question arises whether the small number of
cells growing on non-porous and microporous scaffolds
would be associated with cell detachment and growth in
suspension. To quantify both attached and possibly sus-
pended viable mGS cells, MTT assay has been used
(31). mGS cells were equally (1.6 x 106) seeded on
0.5 ml scaffolds (non-porous, microporous and micro-

© 2014 John Wiley & Sons Ltd

fibrous) and cultured for 3 days in 10% FBS-containing
RPMI media in a 96-well plate. Formation of formazan,
as a result of reducing tetrazolium salt by metabolically
active mGS cells, was measured by spectrophotometry.
Intensity of formazan provided a measure of total (float-
ing and attached) viable mGS cells (Fig. 8). A pattern
similar to that demonstrated with calcein assay was
obtained; wells with microfibrous scaffolds had more
viable cells than in non-porous or microporous scaffolds.
These data support the results of the calcein assay and
confirmed that microfibrous scaffolds enhance growth
and proliferation of mGS cells. To further quantify cells
attached to the surface of scaffolds and those in superna-
tant, the PicoGreen assay (described in the Materials
and methods section) was used to estimate amounts of
DNA of cells attached to the three different types of
scaffold, after 3 days culture, compared to DNA of liv-
ing or dead cells floating in the media. Amounts of

Cell Proliferation, 47, 553-563
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Figure 8. Estimation of total (attached and unattached) viable cells
3 days after their seeding on non-porous (NPS), microporous
(MPS) and microfibrous (MFS) polycaprolactone scaffolds using
MTT assay. Data plotted using Graph Pad Prism software and
expressed as mean + SD. ***P < (0.0001; **P < 0.05.

DNA from attached cells of microfibrous scaffolds was
more than double of that of non-porous or microporous
scaffolds. However, amounts of DNA of floating cells
with non-porous scaffolds was more than triple those of
DNA of microfibrous scaffolds. A summary conclusion
of these assays after 3 days culture is diagrammatically
presented in Fig. 9.

By using different cell viability assays and DNA
quantification methods, it was possible to demonstrate
and confirm preferential growth of mGS cells on micro-
fibrous scaffolds. Non-porous PCL scaffold provided
surface roughness which allowed adhesion and moderate
proliferation of cells (32). Microporous scaffolds
prepared with the salt-leaching method led to formation

Day 0

Nonporous

Microporous

Microfibrous

of pores that appeared to moderately facilitate growth
and integration of cells on their surfaces (33). Microfi-
brous scaffolds fabricated by the electrospinning tech-
nique were the most suitable for growth of mGS cells
for several reasons: (i) scaffolds acquired microsize
pores with interconnectivity that aid communication
between cells during their growth and proliferation, (ii)
microfibres acquired surface roughness due to evapora-
tion of solvent during their deposition, with high surface
area under the effect of high voltage (32). This surface
roughness enhances cell adhesion, (iii) the microfibrous
scaffold offered a 3D construct with larger surface area
than that of non-porous or microporous scaffolds, due to
interlocking between the non-woven microfibres leading
to various shapes and sizes of interconnected pores, (iv)
the microfibrous scaffold had closer similarity in
mechanical performance, when subjected to tensile
forces, to that of natural stomach tissues and (v) this
similarity could be attributed to the morphological
appearance of microfibres of the scaffold which resem-
ble fibres of extracellular matrix in connective tissue of
the stomach wall (34). In this study, the average diame-
ter of the fibres fabricated in the microfibrous scaffolds
is within the normal range of collagen type 1 fibres of
natural extracellular matrix.

Preferential growth of mGS cells on microfibrous
scaffold is not surprising. Recently, Carlson et al. found
that fibrous architecture of synthetic polymer scaffolds
allows stem cells to develop a self-contained microenvi-
ronment that supports their proliferation, self-renewal
and even differentiation, in combination with soluble

Day 3

2 W e a

Figure 9. Schematic representation of mouse gastric stem (mGS) cell growth on non-porous, microporous and microfibrous polycaprolac-
tone scaffolds for 3 days. Initially (day 0), equal number of mGS cells were seeded on the three scaffolds. By day 3, more cells were attached to
the microfibrous scaffold than those on non-porous or microporous. However, numbers of floating (unattached) cells in culture media of non-porous
scaffold are higher than those on microporous or microfibrous scaffolds. Thus, mGS cells appear to preferentially attach and grow on microfibrous
polycaprolactone scaffold. This could be explained by increased surface area provided by random arrangement of microfibres that allows cell attach-
ment and integration.
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cues (35). They predicted that their findings would make
it possible for stem cells to bypass the need for incorpo-
ration of matrix proteins or feeder cells.

Differentiation of mGS cells on microfibrous PCL
scaffolds

Increased DNA content (proliferation) of mGS cells
from 3 to 6 days culture on PCL scaffolds was followed
by a significant reduction of DNA by day 9, suggesting
a reduction in cell proliferation rate (Fig. 5). This was
associated with increase in cell size of 9-day-cultured
mGS cells compared to those of day 3 (Fig. 6). This
change in cell size and cell number in day 9-cultured
cells suggests a change in phenotype or differentiation
of the mGS cells, with loss of some of these differenti-
ated or end cells. To further clarify this observation,
cryosections of cells cultured for 3 and 9 days were pro-
cessed for lectin- and immunocytochemical probing. At
3 days culture, cells did not react with any of the gastric
epithelial cell lineage-specific biomarkers examined.
However, the situation was different for cells cultured
for 9 days. Of the various lectins that are known to be
markers for different gastric epithelial cells, GSII had
reactivity with some of the cultured cells (Fig. 7). Lectin
probing using UEAI and DBA were both negative (data
not shown). It is well established that GSII binds to
N-acetyl-p-glucosamine of mucous granules in glandular
cells of the oxyntic/pyloric regions of the mouse stomach
(29). Furthermore, when antibodies specific for TFF1,
TFF2 and alpha/beta subunits of H,K-ATPase (respec-
tively specific for pit, neck and parietal cells) were used
for immunofluorescence probing, only anti-TFF2 antibod-
ies reacted with some of the cells cultured for 9 days
(Fig. 7). Immunoprobing analyses using anti-TFF1 and
anti-H,K-ATPase antibodies were negative (data not
shown). Also, cells grown on coverslips or chamber slides
did not bind to any of the biomarkers examined. As both
GSII lectin and anti-TFF2 antibody are known markers of
glandular mucous cells, it appears that the mGS cells had
differentiated into mucus-secreting cells.

These results could certainly be strengthened with
quantitative RT-PCR using primers specific for TFF2
and Muc6 genes. However, it might be challenging to
extract RNA from mGS cells cultured on hydrophobic
PCL microfibrous scaffold (specially from those cells
integrated deeply into the interconnected 3D spaces
between microfibres). Such assay will require careful
standardization and may even complicate the study, as it
is well documented that positive RT-PCR will not
always correlate with levels of protein (36) and we have
already confirmed mGS cell differentiation into glandu-
lar mucous cells using different techniques. Results of

© 2014 John Wiley & Sons Ltd
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Figure 10. Confocal laser scanning micrograph demonstrating
binding of GSII lectin (green) to cytoplasm of 9-day-cultured
mouse gastric stem cells on microfibrous polycaprolactone scaffold.
High magnification image demonstrates granular nature of labelled
areas of cytoplasm, as expected from a mucus-secreting cell. Arrows
indicate GSII-labelled cytoplasmic granules. Bar = 25 pm.

both immunohistochemisty and lectin histochemistry
demonstrated binding of two very well-characterized
biomarkers, anti-TFF2 antibody (29) and GSII lectin
(27,28). It is also known that gastric stem cell differenti-
ation into a glandular mucous cells involves increase in
cell size due to development of the machinery necessary
for production of secretory granules (36). Indeed in this
study, not only SEM revealed an increased cell size
(Fig. 6) but confocal microscopy also showed develop-
ment of GSII-positive secretory granules (Fig. 10) char-
acteristic of mucous cells. All these findings together
provided strong evidence for differentiation of the mGS
cells into glandular mucous cells.

Little is known concerning molecular mechanisms
involved in differentiation of mucus-secreting cells. In
the corpus region of the mouse stomach, differentiation
of stem cells into mucus-secreting neck cells is followed
by their transformation into pepsinogen-secreting chief
(zymogenic) cells (37). The transcription factor Mistl has
been identified as a regulator of differentiation of mucous
neck cells into zymogenic cells (38). In addition,
transcription factor XBP1 is required for turning off pro-
genitor features of neck cells and induction of Mistl (39).

Cell Proliferation, 47, 553-563
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There is indication supporting the view that transcription
factor Blimpl is an upstream regulator of, and is required
for, XBP1 expression (40). In the mouse antrum and cor-
pus, transcription factor Spdef is expressed in mucus-
secreting gland/neck cells and is required for terminal dif-
ferentiation of antral gland mucous cells (41). Whether
Spdef or other molecules are involved in differentiation of
mGS cells into mucus-secreting cells requires further
analysis. This 3D culture system will, hopefully, help in
defining molecular mechanisms involved in differentiation
of gastric stem cells to mucus-secreting cells, as well as
other gastric cell lineages.

Collectively, results of this study indicate that micro-
fibrous PCL scaffolds support growth of mGS cells and
trigger their differentiation into mucus-secreting glandu-
lar cells. This 3D culture system which utilizes microfi-
brous PCL scaffolds and normal culture media, without
any additional growth factors, will help in establishing a
model for gastric epithelial tissue engineering.
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