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ABSTRACT
Nanofibrous scaffolds are considered as a new strategy for Type 1 diabetes mellitus therapy. We used
a hybrid of poly-L-lactic acid (PLLA) and polycaprolactone (PCL) as three-dimensional (3D) culture mod-
els for differentiation of human induced pluripotent stem cells (hiPSCs) to beta islet-like cluster cell
compared with routine culture (2D). Morphological changes of cells were checked by microscope.
mRNA endodermal SOX-17 on day 7 and pancreatic gene markers Pdx1, glucagon and Glut2 were eval-
uated on day 23 by qPCR. As well as, insulin and C-peptide protein expression was evaluated by
immunocytochemistry staining. In addition, insulin and C-peptide secretion in various glucose concen-
trations was evaluated by ELISA. Light and scanning electron microscopy (SEM) microscope showed
changes in induced cells. In tandem, these modifications were more evident in 3D culture. Pdx1,
Glucagon and Glut2 markers in PLLA/PCL were significantly higher in 3D culture. In addition, qualita-
tive immunochemistry showed that insulin and C-peptide were expressed in 2D and 3D culture
medium. Furthermore, evaluation of insulin and C-peptide clarified that secretion of these proteins in
PLLA/PCL scaffold were statistically different in 2D and 3D strategies. These findings suggest that
functional matured induction cells on PLLA/PCL scaffold can be used for islet beta cell therapy and
regenerative medicine.
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Introduction

Dysfunction of Beta-cells due to autoimmune reactions has
profound devastating metabolic effects which consequently
lead to Type I diabetes mellitus (T1DM). In this disease, the
destruction of insulin-secreting beta cells occurs in the islets
of Langerhans. Unfortunately diabetes is closely related to
stroke and cardiovascular diseases [1]. Its prevalence is
expanding and is resulting in devastating morbidity and
accelerated mortality in the world [2–4]. Over the past deca-
des, golden clinical standard suggested that islet cell trans-
plantation for these patients as long-term treatment is
promising in achieving insulin independence [5,6]. However,
problems such as donor organ shortage, high risks of surgery
and Immunologic transplant rejection have limited the suc-
cessful development of this treatment. Thus, the novel alter-
native strategies such as gene transfer [7] and usage of
induced pluripotent stem cell, as well as three-dimensional
(3D) culture of nanofibrous scaffolds should be developed to
overcome these limitations [8]. Nevertheless, the first method
is expensive, difficult and time consuming. Therefore to cir-
cumvent these problems, many reports proposed that a

proper choice for insulin-producing beta cells is identification
of induce human iPSCs and nanofibrous scaffolds to produce
beta cells. These processes according to cell–cell, cell–matrix
and cell–scaffold contacts are important for the regulation of
cell growth and differentiation, similar to natural Extra
Cellular Matrix [9]. Human iPS cells are specific cell types that
are ideal for differentiation and could offer as an unlimited
source for insulin producing cells which potentially will
enhance the transplantation therapy in Type I diabetes melli-
tus patients [10]. Furthermore, nanofibrous scaffolds which
were used in regenerative medicine, have a topographic
structure with wide surface, and has support structures of
natural ECM microenvironment [11]. This condition makes
them more practical than two-dimensional culture [12].
Recently, a number of studies have used various scaffolds
such as PES[7], PLLA/PVA [13] and PCL/PVA[14] to obtain
human iPSCs insulin-producing beta cells. However, some of
the applied scaffolds such as PES have limitations, like being
a non-biodegradable polymer it requested for repairing hard
damaged tissues like bone and cartilage [9,15]. Moreover,
PES has a low potential to attract cells to penetrate into the
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nanofibrous structure [7]. Another used scaffold is PCL; this
nanofibrous is highly hydrophobic thus resulting in poor cell
attachment. Therefore, it needs to be treated with O2 or
needs to be blended with other materials. The usage of pure
PLLA by the researchers is limited because of its mechanical
properties and poor biocompatibility [16,17]. Although polyvi-
nyl alcohol (PVA) is a good candidate scaffold for pancreatic
differentiation, its high price makes it difficult to use[18].
Considering this condition, many reports indicated the feas-
ible applications of PLLA/PCL blends [19]. Recently, it has
been supposed that nano-scale PLLA/PCL fibers are cost-
effective and readily available. These materials are ideal poly-
mers that could provide the most favourably spaced binding
sites and geometrical signals, because they are appropriate
nano-bio degradable, flexible and biocompatible polymers
for soft tissues. As well as, their structure is similar to a nat-
ural supramolecular arrangement in the ECM and do not
stimulate the immune system [20]. Among different methods
to construct nanofibrous, electrospinning has been widely
used because of its simplicity, low cost and potential for
large scale production of nanofibrous [21,22]. A number of
studies have used electrospin nanofibrous as scaffolds for dif-
ferent types of cells like bone, skin, nerve, cartilage, myocar-
dium, tendon and liver [23–25]. Following this pattern, PCL/
PLLA nanofibrous was used to investigate its capacity in
supporting the successful differentiation of the hiPSCs to
Insulin-Producing Islet-Like cells by evaluating expression of
biochemical and molecular pancreatic beta-cell markers. The
results showed that compared to 2D culture hybrid 3D scaf-
fold can provide a good pancreatic differentiation condition
for hiPS stem cell therapy and regenerative medicine.

Materials and methods

Scaffold preparation and surface treatment

Hybrid random nanofibrous PLLA/PCL scaffolds were built up
via electrospinning in Stem Cell Technology Research Center.
To the PCL dissolved in a concentration of 8% (w/w) and
PLLA 4% (w/w) in chloroform a second solvent N, N-dime-
thylformamide (DMF) (8:2, v/v) was added, and the mixture
was homogenized. After that, a rotating cylindrical drum was
used as collector and was placed at a distance of 15 cm from
the needle. A high voltage potential (20 kV) was also applied
between the needle and the collector. The disposable syringe
containing a polymer solution was forced through the needle
and was collected as nanofibrous on the rotating cylinder.
Oxygen treatment can increase the surface of hydrophilic
polymeric nanofibres. The random nanofibrous membranes
were separated from the collector surface and treatment with
oxygen was performed using a plasma generator with low
frequency, 44 KHz, with a cylindrical quartz reactor (Diener
Electronics, Germany). Pure oxygen was introduced into the
reaction chamber at 0.4 mbar pressures, and then the glow
discharge was performed for 3min. Plasma-treated sheets
were punched with a device of 0.5 cm diameter to make a
rim which is 0.5 cm in width to the desired size and was steri-
lized under ethanol 70% for 30min, and were left overnight
in the F12 medium supplemented with 10% calf serum.

Human induced pluripotent stem cells expansion

Human induced pluripotent stem cells (hiPSCs) [26] were cul-
tured and expanded on inactive mouse embryonic fibroblasts
(MEFs) in DMEM F-12 enriched with 10% knockout serum
replacement, 100 mM nonessential amino acids, 2mM L-glu-
tamine, 100 mM 2-mercaptoethanol and 4 ng/ml bFGF, (all
from Invitrogen). The cells were incubated under standard
conditions at 95% humidity and 5% CO2 at 37 �C.

Embryonic body formation and differentiation into
insulin-producing cells

Hipscs colonies for Embryonic Body (EB) formation were
detached with collagenase IV (Gibco, 15140–122) every
5–7 days. Aggregated cells were transferred into Petridis non-
attachment plates containing iPSC medium without bFGF for
EB formation and disposed to differentiation.

For induction, EBs were divided into two groups: One
group was plated on PLLA/PCL plasma treated nanofiberous
and other group was transferred to gelatin-coated tissue cul-
ture plate in four well plates for 3 days in EB medium supple-
mented with100 ng/ml activin A (Sigma–Aldrich, St. Louis,
MO). Then, Activin A was removed and the EBs was incu-
bated for 6 h in EB medium alone. Further treatment with
1 mM Retinoic Acid and FGF (Sigma–Aldrich) was carried out
for additional 4 days. After that, for a week, the plates were
treated with 20 ng/ml EGF (R&D Systems, Inc., Minneapolis,
MN, USA) in DMEM/F12 which was supplemented with N2
and B27. Finally, the premature exocrine-like cells were
treated for additional 7 days in 20 ng/ml bFGF, 100 ng/ml glu-
cagon-like peptide-1 (GLP-1, 7–36 amide; Bachem AG,
Torrance, CA, USA), 20 ng/ml BMP4 and 10mM nicotinamide
(NA, Sigma–Aldrich) [27,28]. On the following 2 days, 0.5 and
1% insulin-transferrin-selenium (ITS, Gibco, 41400045) was
added to this medium, respectively on nanofiber PLLA/PCL
and gelatin coated palates. In control group we added
hiPSCs media for 23 days.

RNA extraction and real-time PCR of beta cell markers

Total RNA was extracted at days 0, 7 and 23, after starting
process from different cells cultured in two and three dimen-
tional culture, as well as control group by using TRIzol
Reagent (Gibco, 15596018)? For reverse transcription reaction
approximately 2 lg of total RNA was used with the revert aid
first strand cDNA synthesis Kit (Fermentas, k1621) and oligo
dt primers according to the manufacturer’s instructions. The
cDNA was amplified using Takara SYBR Premix ExTaq Master
Mix (RR820A). Gene expression levels were quantified by the
ABI Light Cycler (ABI step one) and analyzed by rest 2009.
Target gene expression values were normalized to the signal
obtained for housekeeping gene Beta-Actin mRNA (ActB) and
calibrated to the iPSCs. Primers and product lengths are
listed in Table 1.
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Immunofluorescence staining

Differentiated sample cells were rinsed twice with PBS and
were fixed with 4% paraformaldehyde (Sigma, 30525–89-4)
for 20min at 4 �C and 5min at room temperature (RT).
After washing, the cells were permeabilized with 3% Triton
X-100 in PBS. Then were incubated overnight, at 4 �C, with
primary-mouse antibodies against human insulin (1:100;
ab7760, abcam, Cambridge, MA) and mouse anti-human C-
peptide (1:100; ab115199). At the end of the incubation
time, the cells were rinsed three times with PBS-Tween 20
(0.1%) and incubated with the FITC labelled goat anti-
mouse IgG (1:50; #AF8032, Razi Biotech, Iran) and Texas
red-labeled goat anti-mouse IgG (1:100; #ab5884) as appro-
priate for 45min at 37 �C in the dark. Subsequently, these
subjected cells were washed with PBS-Tween 0.1%,
3� 5min. The nuclei were counterstained with 4�,6-diami-
dino-2-phenylindole [(DAPI) (1lg/ml)] (Sigma, 28718–90-3).
Cell imaging was performed with fluorescence microscope
(Nikon; Japan).

Scanning electron microscopy (SEM)

The surface of PLLA/PCL polymer that hiPS Cell-derived
Insulin-Producing Islet-Like cells is on it, was washed with
PBS and fixed in 2.5% glutaraldehyde for 20min and was
finally dehydrated in a series of graded concentrations of
ethanol. Afterward, the cells were dried overnight.
Dehydrated constructs was sputter-coated with gold using a
sputter coating unit (MED010; Baltec). Top views were
imaged at an accelerating voltage of 20 Kv using a Hitachi
Model-4500 SEM.

Insulin and C-peptide release analysis

After induction of hiPS, PLLA/PCL and gelatin coated plates
along with controls groups were washed three times with
PBS and pre-incubated in Krebs–Ringer bicarbonate (KRB)
buffer by ELISA (#10–1132-01, #10–1141-01, Mecodia,
Uppsala, Sweden) according to the manufacturer’s protocol
without the use of glucose at 37 �C for 120min. After this
time, induced cells were incubated for 90min in KRB buffer
and different glucose concentrations (2.5mM and 27.5mM)
at 37 �C. In order to evaluate the C-peptide content, induced
cells were treated with lysis buffer and total protein was
extracted, afterward Human C-peptide ELISA Kit ((#10–1132-
01, #10–1141-01, Mercodia, Uppsala, Sweden) was used for C-
peptide assay. The content of cell total protein) was detected
by a BCATM Protein Assay Kit (PIERCE). This assay was done
for three times.

Statistical method

T-test was used to compare mRNA expression of OCT-4 and
SOX-17 between hiPSCs and endoderm on day 7. Also, T-test
was used for analysis of relative gene expression between
2D and 3D for pdx1, Glut2 and Glucagon. Moreover, insulin
production and c-peptide secretion between 2D and 3D in
concentrations of 5.5, 15 and 25 was tested by T-test. All
studies were performed in triplicate and significance levels
was taken as �p< .05 or ��p< .01

Results

hiPSCs culture and embryoid body formation

As illustrated in Figure 1 hiPSCs formed flat colonies with
sharp edges that exhibited large nuclei and limited cyto-
plasm (Figure 1(A)). After passaging and transferring in sus-
pension culture, the hiPSCs clones formed round structures
known as embryoid bodies (EBs) (Figure 1(B)).

PLLA/PCL hybrid scaffold characterization

Randomally, a homogeneous hybrid matrix and uniform
PLLA/PCL scaffolds were synthesized by electrospinning and
were treated by plasma generator. So they were character-
ized morphologically by SEM micrographs (Figure 2(A)).
Surface hydrophilicity of nanofibrous was strongly increased

Figure 1. Phase contrast microscopy images of A) hiPSC colones on MEFs inac-
tivated feeders B) embryoid bodies (EBs) EBs in hanging culture medium (�100
magnifications).

Table 1. Primer sequences and conditions used for qPCR.

Primer
Sequences 50 30 !

F R Annealing temperature �C
OCT-4 TTC GCA AGC CCT CAT TTC AC CCA TCA CCT CCA CCA CCT G 60
SOX17 CAA GAT GCT GGG CAA GTC TGG TCC TGC ATG TGC TG 60
FOXA2 AGC GAG TTA AAG TAT GCT GG GTA GCT GCT CCA GTC GGA 58
PDX1 GTC CTG GAG GAG CCC AAC 62.8

GCA GTC CTG CTC AGG CTC
Glut-2 CCG CTG AGA AGA TTA GAC 59

CTG GAT ACA GAC AGG GAC
Glucagon ATC TGG ACT CCA GGC GTG CC 62

AGC AAT GAA TTC CTT GGC AG
Act B GTC CTC TCC CAA GTC CAC AC 60

GGG AGA CCA AAA GCC TTC AT
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after plasma treatment and the cells occupied the pores and
were penetrated well onto the surfaces of the
hybrid scaffolds.

Morphological changes of hiPCs after seeding on
gelatin coated palates (2D) or scaffolds palates (3D)

For beta-like islet inductions, embryoid bodies were seeded
in four wells of the tissue culture dishes for over 23 days. As
seen in Figure 2(B) under SEM micrographs, viability, the rate
of hiPSCs proliferation and differentiation was recorded dur-
ing the period of culture. hiPCs on the day 7 after starting
the process upon exposure to Act A, RA and FGF began to
acquire a round shape and assembled together (Figure 2(C)
and 3(A)). At the second week, the assembled cells became
aggregates and new islet-like clusters began to form (Figure
2(D) and 3(B)). Finally at the end of the differentiation pro-
cess, the matured cells formed larger masses and bunch
formed in both groups that were cultured in PLLA/PCL nano-
faiber scaffolds and differentiated in two dimensional culture
(Figure 2(E) and 3(C)).

Pancreatic gene expression

Definitive endoderm markers sox-17 and pluripotent tran-
scription factor Oct-4 were identified by quantitative real-
time PCR in the starting day and first week of islet-like cells
differentiation. We found that mRNA expression of Oct-4 was
significantly (p< .05) down-regulated in endodermal cells.
Furthermore, endoderm marker sox-17 had a significantly
higher expression on day 7 on PLLA/PCL scaffolds in com-
parison to the starting day (p< .01). No significant difference
was observed in control groups. These results demonstrated
that derived hiPSCs could be efficiently differentiated into
endoderm in vitro (Figure 4 (A)). As well as, our results deter-
mined that pancreatic specific gene markers pdx1, endocrine

hormone gene pattern of glucagon and pancreatic polypep-
tide Glut 2 expressed at 23 days after induction. A significant
up regulation in the expression of pancreatic mRNA has been
seen in mature islet like cells that differentiated in PLLA/PCL
in comparision to other group which differentiated in gelatin
palate (p< .01). (Figure 4(B)). Overall, these results indicated
that synthetic PLLA/PCL scaffolds can enhance and improve
differentiation of hiPSCs to beta-like cells (These detailed
results are shown in supplementary material).

Immunofluorescence

Immunostaining analysis was conducted to test if insulin
and C-peptide that are endocrine markers were secreted on
the 23th day of differentiation. As confirmed in Figure 5, in
both groups of 2D and 3D, protein marker insulin and C-
peptide began to appear and positive for insulin and C-pep-
tide secretion in all the induced cells. Briefly, we don’t see
any pancreatic secretion marker in the control group (data
not shown).

Glucose-induced insulin and C-peptide
secretion quantity

We found that insulin secretion increased in the high glucose
medium of 15 and 25mM compared to the low glucose con-
centration (5.5mM) and higher level in islet-like cells that dif-
ferentiated in 3D culture (p< .01) (Figure 6). Furthermore, C-
peptide release by the differentiated insulin-producing cells
was increased by high glucose treatment (p< .01) in a man-
ner comparable to low glucose (p> .05) (Figure 6). Thus,
these results showed that maturated cells in 3D group could
produce significant amount of insulin and C-peptide when
compared to the gelatinated group. Details of results are
shown in the Supplementary material.

Figure 2. Three-dimensional electron micrograph images of (A) unseeded hybrid PLLA/PCL scaffolds (B) hiPSCs-seeded scaffold on starting day (C) induction cells to
assembling (D) induced cells became to aggregate (E) islet-like clusters. Scale bars are A: 10 mm- B, C, D, E: 100 mm.

Figure. 3 Morphological changes of hiPSCs during differentiation on gelatin coated palates (A) began to assembled hiPSCs (B) aggregated induced cells (C) differen-
tiated beta- like pancreatic cells. (�100 magnifications).
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Discussion

The connection between cells and their extracellular micro-
environment matrix is vital for cell-cell interaction, prolifer-
ation and differentiation. Nanofibrous scaffolds are being
used increasingly in tissue engineering and have built broad
three dimensional structures that mimics the structures of
the natural microenvironment’s extra cellular matrix (ECM)
[29,30]. Aloysius and Nair, 2014 reported that using 3D cul-
ture for various cell types’ differentiation is much better than
two-dimensional (2D) culture for the cells differentiation [31].
Up to recently, Enderami, Abazari and Nassiri Mansour
reported that beta-like cells can be differentiated from hiPSCs
on PLLA/PVA, PCL/PVA and PES scaffolds. But our result
showed that pancreatic markers are markedly expressed well
in PLLA/PCL hybrid scaffold than they reported. Poly (e-capro-
lactone) (PCL) is a bioresorbable, biocompatible and inexpen-
sive nanofiber, having native tissue like properties that are

generally used for tissue regeneration, as a reported, because
of low bioactivity, use of pure PCL in tissue engineering is
limited [7,15,16] . Zhang et al., reported that in order to
enhance adhesion, proliferation and encourage of cell to
growth into the PCL scaffolds, this nanofibres need effective
hybridization with other bioactive molecules compared to
single PCL [32]. PLLA, the L-form of poly-lactic acid (PLLA), is
FDA approved polyester that has been studied extensively as
a biodegradable material and has long term stability [17,29].
More importantly, L-lactic acid is the final product of PLLA
scaffolds degradation which is harmless for the body [33].
Moreover the fibrous porous structure produced by blending
is one of the several efforts used to enhance Polymer hydro-
philicity [34] that introduced them as a good candidate for
tissue engineering applications, stem cell proliferation and
differentiation. Moreover, hybrid scaffold is energy-cost and
labor saving without having the disadvantages of single poly-
mer [35] Many studies show that embryonic cells and hiPSCs

Figure 4. (A) Quantitative transcriptional analysis of pluripotent and endodermal markers. (B) Relative pancreatic gene expression in end stage derived IPCs.�Significance was defined as p< 0.05 and values represent means ± SD.

Figure 5. Immunocytochemistry staining showed (A) insulin and C-peptide expression in end stage derived pancreatic cells on hybrid scaffold. (B) Insulin and
C-peptide protein, the main markers of beta- like pancreatic cells in matured cells in 2D group. Nuclei were stained with DAPI. Data are presented as mean ± SEM.
(� 100 magnifications).
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can differentiate into beta like-cells by cytokine growth fac-
tors, microRNA and on gelatin-coated plates or nanofibrous
scaffolds, but so far, sufficient studies on differentiation of
hiPSCs to pancreatic islet cells on the surface of nano-scaffold
hybrids have not been performed. Therefore, in this work
hiPSCs were used as sources of stem cells to pancreatic dif-
ferentiation on these hybrids. In our study we: (1) made poly-
mers that support long-term attachment, proliferation and
differentiation of hiPSCs (2) successfully generated the insu-
lin-producing cells from hiPSCs on hybrid scaffold. Similar to
Enderami et al [13] our result showed that hiPSCs can tightly
stick to scaffolds and penetrate to this hybrid. Also higher
expression of pluripotent stem cell marker OCT-4 confirmed
the intact characterization of these cells on hybrid scaffold in
compared to gelatin coated cells was shown. We examined
the ability of hiPSCs to differentiate into endoderm lineages.
Similar to our previous reports [26,36] as a showed in Figure
4, endodermic marker sox 17 was successfully expressed on
day 7, also this marker was increased in scaffold hybrid
accompanied to Abazari research. In days 7, 14 and 23 after
this process, we evaluated the potential of hiPSCs to gener-
ate morphologically pancreatic islet-like structures by light
and SEM microscope. To agree with Abazari et al. [14]

literatures, as illustrated in Figures 2 and 3 in both differenti-
ated groups the cells proceeded from endoderm to final
stage, gradually changed to assemble and granulate the
shape. Furthermore, in final stage, our research team tested
the expression of gene markers Pdx1, Glut-2 and Glucagon
hormone. Our findings parallel to Lahmy et al. [37] revealed
mRNA of pancreatic factors made a strong change in differ-
entiated cells and can induced its differentiation to a pancre-
atic lineage. As well as in line with enderami and mansuor in
3D culture, these markers were significantly more expressed
than cells which were induced in two dimentional. Similar to
our finding, Mahmoodinia et al. [38] performed differentiation
of human iPSCs on IPCs on hybrid nanofibrous scaffold and
they showed successful expression of protein marker C-pep-
tide in IPS Cell-derived Insulin-Producing Islet-Like cells.
Additionally, similar to Lahmy, in this work we demonstrated
that endocrine marker of insulin was secreted from induced
cells. Briefly, our findings were similar to Enderami [13], who
showed that insulin secretion and C-peptide releasing in 3D
medium is higher than 2D culture in 25Mm glucose. As well
as, our result is opposite to that of Enderami and Abazari
(authors) who revealed that pancreatic marker Glut-2 has
higher level in 3D compared to 2D it can be due to

Figure 6. Insulin and C-peptide production in response to glucose in end stage of differentiation. (A) Insulin production and (B) C-peptide release pattern in the
studied cultures and control group in response to different concentrations of glucose (C) Insulin normalized with total cellular protein D) C-peptide normalized with
total cellular protein. �Significance was defined as p< .05 and values were presented as means ± SD.

S690 N. MOBARRA ET AL.



significant expression of Glut-2 gene between the two
groups. With regards to this contradiction in result, we found
that cell-scaffold interaction in PLLA/PCL for proximity adja-
cent physiological conditions to beta-like cells is better than
PCL/PVA and PLLA/PVA scaffolds and altered due to the cel-
lular signalling and extracellular matrix and in confirmation
of our study several reports [39,40] have described the role
of ECM in islet differentiation. Our study has limitations,
although we analysed the potency of IPS Cell-derived Insulin-
Producing Islet-Like cells on PLLA/PCL scaffolds, the high cost
and time didn’t allow our team to check the differentiation
potency of PLLA and PCL separately. Also more research is
needed to obtain a good biodegradable, efficient and desir-
able methods for in vivo transplantation.

Conclusions

We introduced a new approach for the differentiation of
hiPSCs to insulin-producing cells by PLLA/PCL scaffold that is
highly flexible for the first time. These finding suggest that
functional matured induction cells on PLLA/PCL scaffold can
be used as a successful method for soft tissue engineering of
islet beta cell therapy and regenerative medicine.
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