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Bioengineering approaches to regulate stem cell fates aim to recapitulate the in vivo microenvironment.
In recent years, manipulating the micro- and nano-scale topography of the stem cell niche has gained
considerable interest for the purposes of controlling extrinsic mechanical cues to regulate stem cell fate
and behavior in vitro. Here, we established an optimal nanotopographical system to improve 3-
dimensional (3D) differentiation of pancreatic cells from human pluripotent stem cells (hPSCs) by testing
gradient-pattern chips of nano-scale polystyrene surface structures with varying sizes and shapes. The
optimal conditions for 3D differentiation of pancreatic cells were identified by assessing the expression
of developmental regulators that are required for pancreatic islet development and maturation. Our
results showed that the gradient chip of pore-part 2 (Po-2, 200–300 nm diameter) pattern was the most
efficient setting to generate clusters of pancreatic endocrine progenitors (PDX1+ and NGN3+) compared
to those of other pore diameters (Po-1, 100–200 or Po-3, 300–400 nm) tested across a range of pillar pat-
terns and flat surfaces. Furthermore, the Po-2 gradient pattern-derived clusters generated islet-like 3D
spheroids and tested positive for the zinc-chelating dye dithizone. The spheroids consisted of more than
30% CD200 + endocrine cells and also expressed NKX6.1 and NKX2.2. In addition, pancreatic b- cells
expressing insulin and polyhormonal cells expressing both insulin and glucagon were obtained at the
final stage of pancreatic differentiation. In conclusion, our data suggest that an optimal topographical
structure for differentiation to specific cell types from hPSCs can be tested efficiently by using
gradient-pattern chips designed with varying sizes and surfaces.
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Our study provides demonstrates of using gradient nanopatterned chips for differentiation of pancreatic
islet-like clusters.
Gradient nanopatterned chips are consisted of two different shapes (nanopillar and nanopore) in three

different ranges of nano sizes (100–200, 200–300, 300–400 nm). We found that optimal nanostructures
for differentiation of pancreatic islet-like clusters were 200–300 nm nano pores.
Cell transplantation is one of the major therapeutic option for type 1 diabetes mellitus (DM) using stem

cell-derived b-like cells. We generated 50 um pancreatic islet-like clusters in size, which would be an
optimal size for cell transplantation. Futuremore, the small clusters provide a powerful source for cell
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Our findings suggest gradient nanopatterned chip provides a powerful tool to generate specific func-
tional cell types of a high purity for potential uses in cell therapy development.

� 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

The topographical environment of tissues contributes to the
regulation of cell fate and behavior [1]. During human organogen-
esis, developing structures are not only exposed to biochemical
soluble factors, but also receive various topographical cues from
micro- and nano-scale surface structures in the surrounding
microenvironment. These topographical factors occur in different
shapes and sizes, thereby providing a highly dynamic environment
[2–4]. The tissue microenvironment consists of various micro- and
nano-scale extracellular matrix (ECM) components such as colla-
gen, fibronectin, and laminin [5,6]. However, current in vitro cul-
ture systems have largely relied on 2-dimensional (2D) flat
surfaces with a physiologically relevant ECM coating to culture a
range of cell types, including somatic cells, cancer cells, and stem
cells. To more closely mimic the in vivo microenvironment, recent
studies have applied surface nanopatterning in combination with
biochemical factors and demonstrated that topographical features
regulate cellular functions, including self-renewal, proliferation,
and differentiation of various types of human pluripotent stem
cells (hPSCs) [7,8]. Moreover, these biomimetic topographical
materials may serve as important mediators for facilitating adhe-
sion localization, integrin clustering, cytoskeletal reorganization,
and mechanotransduction [9].

Topographical studies investigating stem cell behavior have
focused on identifying optimal conditions of shape and size using
various forms of micro- and nano-scale structures (fibers, ridges,
and pores) made of materials such as polystyrene [PS], poly-
dimethylsiloxane, titanium (II) oxide, silicon dioxide, and nickel,
to regulate differentiation of human embryonic stem cells (hESCs)
and human mesenchymal stem cells [10–13]. Adipose tissue-
derived stem cells have previously been shown to differentiate into
adipocytes and osteocytes when cultured on 200- nm nanopore-
and nanopillar-patterned chips fabricated with PS substrates
[14]. In addition, a recent study using a nanopillar gradient pattern
demonstrated that hPSCs had a propensity to remain undifferenti-
ated in the 120–170 nm range compared with other ranges tested
(170–290 nm and 290–360 nm) [7].

Stem cell-based approaches for cell therapy and in vitro drug
screening require high efficiency in production of particular cell
types from patient-derived hPSCs. We and others have demon-
strated successful differentiation of functional pancreatic b-cells,
dopaminergic neurons, and hepatocytes from hPSCs [15–18]. How-
ever, the differentiation efficiency and function of hPSC-derived
pancreatic b-cells is still relatively low compared to other cell types
both in 2D and 3D conditions using conventional culture systems
[19–21]. By applying nanotopographical control using a single
sized-nanopatterned chip, we previously showed that pancreatic
differentiation from hPSCs was significantly enhanced when
induced on a PS substrate with an array of 200 nm pores compared
with a flat surface or other pore diameters (130, 170, and 230 nm)
in 2D differentiation conditions [12]. As many studies have shown
efficiency in generating functional pancreatic cells can be
enhanced in 3D conditions compared to 2D conditions [22], there-
fore adapting nanotopographical control into 3D structure forma-
tion is desirable. In addition, single sized-nanopatterns have
limited utility for testing wide ranges of topographical cues com-
pared to a gradient nanopattern that is designed for a diverse range
of patterns on a single chip.
In this study, we developed gradient nanopatterned chips to
improve the efficiency of screening wide ranges of topographical
cues and tested them for 3D differentiation of pancreatic b-cells
from hPSCs. Our results show that the Po-2 pattern (200–300 nm
diameter) strongly promotes formation of pancreatic islet-like
clusters.
2. Experimental section

2.1. Fabrication of gradient nanopatterned substrate

Ultrapure aluminum plates (99.999%, Goodfellow, UK) were
polished electrochemically (perchloric acid; absolute etha-
nol = 1:4) at 20 V and 7 �C. Two types of anodic aluminum oxide
molds were fabricated: oxalic AAO (O-AAO) and phosphoric AAO
(P- AAO). Polished aluminum plates were first anodized in oxalic
acid (0.1 M) and phosphoric acid (deionized water:methanol:phos-
phoric acid = 59:40:1) at 40 V and 193 V for 12 h, then etched with
chromic acid solution (9 g, 193 V for 12 h, and 20.3 mL phosphoric
acid in 500 mL deionized water). The well-ordered porous AAOs
were anodized again under the same conditions for 3 min and
4 h, and modulated with a gradually increasing dipping time in
phosphoric acid solution using a tensiometer. A self-assembled
heptadecafluor0-1,1,2,2-tetrahydrodecyl- trichlorosilane (HDFS)
monolayer was coated onto the modulated gradient AAO molds.
The surface of each AAO was first hydroxylated with piranha solu-
tion (35% H2SO4:H2O2 = 7:3, v/v). The HDFS monolayer was then
assembled on the surface using a 3 mM water-free HDFS solution
of n-hexane. PS samples (polystyrene) with gradient pillar
nanopatterns were fabricated by thermal nanoimprinting with
AAO molds containing a gradient of nanometer-scale pores using
a nanoimprinting device, NANOSISTM610 (Nano & Device, South
Korea). PS polymer sheets (1.2 mm thickness, Goodfellow, UK) of
700 mm2 (35 mm � 20 mm) were heated at 130 �C for 10 min
and pressed at 3 bar for 100 s. PS sheets were detached from the
AAOmolds at room temperature. A sectioned gradient nanopattern
was fabricated by modulating the pores of second anodized AAOs
with a gradually increasing dipping time in phosphoric acid solu-
tion using a tensiometer. PS samples with gradient pore nanopat-
terns were fabricated by thermal nanoimprint with pillar
containing PMMA (polymethylmethacrylate) molds by heating PS
sheet at 135 �C for 10 min and pressed at 2 bar for 90 sec. The
PMMA mold with gradient pillar nanopatterns were fabricated by
nanoimprinting with AAO molds containing gradient pores by
heating PMMA sheet (1.1 mm thickness, Goodfellow, UK) at
190 �C for 10 min and pressed at 3 bar for 100 s. The chemical char-
acteristics of the surfaces of PS nanopatterns are the same as that
of the flat PS sheet, because PS polymer sheets are simply nanoim-
printed with the AAO and PMMA molds.

In order to determine the optimal shape and size of nanopattern
chip for efficient pancreatic cluster formation from hPSCs, six dif-
ferent gradient nanopattern chips with three different ranges of
sizes (between 100–400 nm) for two shapes (pillar or pore) were
tested. The different ranges of sizes for each gradient chips were
as follows: pillar (Pi-1, 100–190 nm; Pi-2, 190–270 nm; Pi-3,
270–360 nm) and pore (Po-1, 100–200 nm; Po-2, 200–300 nm;
Po-3, 300–400 nm). All the features in the nanopattern possess
450 nm pitch (center-to-center distance). The diameters of pores
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became larger in comparison with those of pillars during the two-
step thermal nanoimprinting using AAO and PMMA mold.

2.2. hPSC culture

Unless otherwise noted, all cell culture media and reagents
were obtained from Thermo-Fisher Scientific (Waltham, MA,
USA). H1 hESCs (WiCell Research Institute, Madison, WI, USA, pas-
sages 30–40) were maintained on mitomycin C- treated (10 lg/mL,
Roche, Mannheim, Germany) mouse embryonic fibroblast feeder
cells in a mixture of Dulbecco’s Modified Eagle Medium and Ham’s
F-12 (DMEM/F12, 1:1) supplemented with 20% KnockOut serum
replacement, 1 mM nonessential amino acids, 0.1 mM b-
mercaptoethanol (Sigma-Aldrich, St Louis, MO, USA), 100 U/mL
penicillin G, 100 lg/mL streptomycin, and 10 ng/mL human FGF2
(R&D Systems, Minneapolis, MN, USA). Every 5–6 days, hESCs colo-
nies were subcultured by treating with 1 mg/mL collagenase type
IV. For feeder-free culture, the undifferentiated hESCs colonies
expanding on feeder cells were dissociated into single cells with
TrypLE Select, plated at a concentration of 8 � 104 cell/cm2 on a
Matrigel-coated culture plates (BD Biosciences, San Jose, CA,
USA), and cultured in mTeSRTM1 medium. Cells were plated in med-
ium containing 10 lM Y27632, a ROCK inhibitor (Sigma-Aldrich),
to increase cell survival upon dissociation. The ROCK inhibitor
was removed from the medium 24 h after plating and cells were
passaged twice before inducing differentiation. All cell culture
studies were performed in a standard humidified atmosphere of
5% CO2 and 21% O2 at 37 �C.

2.3. Differentiation into pancreatic islet-like cells using gradient nano
pattern chips

A schematic diagram illustrating the overall strategy to gener-
ate pancreatic islet-like cells on a gradient nano pattern chip is pre-
sented in Fig. 2. The detailed protocol is described below.

Stage I: Undifferentiated hESCs. Single-cell suspensions of
hESCs were seeded at 2 � 105 cells/cm2 on Matrigel-coated culture
dishes, without a feeder layer, in mTeSR1 medium supplemented
with the 10 lM Y27632. Twenty-four hours after replating, the
ROCK inhibitor was removed from the medium and cells were cul-
tured for 1 day.

Stage II: Definitive endodermal cells. hESCs were differentiated
into mesendodermal cell by treating with 100 ng/mL Activin A
(R&D Systems) and 25 ng/mL Wnt3a (R&D Systems) for one day
and further differentiated into definitive endodermal cell in the
presence of Activin A with 0.2% fetal bovine serum (FBS) for 2 days.

Stage III: Pancreatic progenitors. Differentiated cells were disso-
ciated by treatment with TrypLE select (Invitrogen) for 5 min and
the 1 � 106 cells were seeded on each gradient chip. The six gradi-
ent chips and flat surface culture dishes were pretreated with
10 lg/mL fibronectin (Roche, Mannheim, Germany) for overnight
at 4 �C prior to use. Single dissociated definitive endodermal cells
(stage II) were cultured for 6 days in DMEM supplemented with
B27, 2 lM retinoic acid (RA), 50 ng/mL Noggin, and 30 ng/mL
FGF7 (R&D Systems).

Stage IV: Pancreatic endocrine progenitors. Pancreatic progeni-
tors (stage III) were cultured for 6 days in DMEM containing 1 ng/
mL FGF2, 50 ng/mL Activin bB (R&D Systems), 30 ng/mL vascular
endothelial growth factor (VEGF) (R&D Systems), and 100 lM
ascorbic acid (Sigma- Aldrich). Cell aggregates, which were � 100
um in diameter and positive for both PDX1 and NGN3 were con-
sider hPSC-derived islet-like clusters. The average number of
islet-like cluster per a microscopic filed was obtained under 10X
magnification.

Stage V: Pancreatic endocrine cells. Cell clusters at the end of
stage IV were treated with collagenase IV (200 units/ml, Invitro-
gen) at 37 �C for 10 min and detached individual cells and clusters
were separated by consecutive passaging through sterile 50 and 70
um nylon cell strainers. The harvested cell clusters were cultured
in CMRL-1066 medium containing B27 and Exendin 4 (50 ng/ml,
Sigma-Aldrich) for 12 days.

2.4. Real-time quantitative PCR (qRT-PCR)

Differentiated cells were analyzed by qRT-PCR using the iQTM
SYBR� Green Supermix (Bio- Rad, Hercules, CA, USA) system. Pri-
mer sequences (Applied COSMO Genetech, Seoul, Korea) are listed
in Table 1. Briefly, 20 ll of the qRT-PCR mixture contained 10 ll
2 � iQTM SYBR� Green Supermix, 50 ng cDNA, and 1 ll of the
20 � SYBR� Green expression assays. The threshold cycle (CT) of
target genes was analyzed with the CFX-96 real-time PCR system
(Bio-Rad). The comparative CT method (2-DDCt) was used to
determine the relative expression levels of target genes, normal-
ized to GAPDH.

2.5. Western blotting analysis

Cells were harvested in RIPA lysis buffer (Upstate, Char-
lottesville, VA, USA) supplemented with a protease inhibitor cock-
tail tablet (Roche). Equal amounts of protein (50 lg/lane) were
separated by electrophoresis on NuPageTM 4–12% Bis-Tris poly-
acrylamide gels and transferred to PVDF membranes. Membranes
were incubated with primary antibodies against PDX1 (1:200;
AF2419, R&D Systems) and b-actin (1:200, sc-1615, Santa Cruz
Biotechnology) overnight at 4 �C. The membranes were then rinsed
with 1 � Tris-buffered saline supplemented with 0.05% Tween 20
and incubated with the appropriate horseradish peroxidase-
conjugated secondary antibodies (1:10,000; sc-2020, Santa Cruz
Biotechnology) for 1.5 h at room temperature. Immunoreactive
proteins were detected using ECL Plus reagents (GE Healthcare,
Chalfont St. Giles, UK).

2.6. Immunofluorescence staining

Cells were fixed in 4% paraformaldehyde in phosphate-buffered
saline (PBS). After permeabilization in 0.3% Triton X-100 in PBS
and blocking in 10% donkey serum with 0.1% bovine serum albu-
min (BSA) in PBS, sections were incubated with primary antibodies
at 4 �C overnight. Isotype mouse IgG or normal donkey serum
(Sigma-Aldrich) were used as negative controls. The primary anti-
bodies were human Oct4 (1:400 sc-5279, Santa Cruz Biotechnol-
ogy), Nanog (1:200, AF1997, R&D Systems), SSEA4 (1:200,
MAB4304, Millipore Billerica), Sox17 (1:400, AF1924, R&D Sys-
tems), PDX1 (1:200, AF2419, R&D Systems), Neurogenin3 (1:300
sc-136002, Santa Cruz Biotechnology), Islet1 (1:200, AF1837,
R&D Systems), insulin (1:500, 4011-0F, Linco, St Charles, MO),
and glucagon (1:500, G2654, Sigma-Aldrich). Samples were then
washed with PBS and probed with appropriate fluorescence-
tagged secondary antibodies (1:400; A21207, A21230, A11016,
A21202, and A11055, Invitrogen) in 0.1% BSA/PBS at room temper-
ature. An Apotome-Axiovert 200M fluorescence microscope (Carl
Zeiss, Jena, Germany) and confocal laser scanning microscope (Carl
Zeiss) were used to visualize cells after counterstaining of nuclei
with 40,6-diamidino-2-phenylindole (DAPI; 1:1000; 100-43-6,
Sigma-Aldrich).

2.7. Flow cytometry

hESC-derived pancreatic cells were assessed by flow cytometry
to evaluate the efficiency of differentiation. Surface marker stain-
ing was accomplished by washing the cells with PBS supplemented
with 1% FBS, followed by incubation for 30 min at 4 �C with



Table 1
Primers and reaction conditions for qPCR.

Gene Forward (50?30) Reverse (50?30) Product size (bp) Annealing temperature, cycle number

SOX17 cgcacggaatttgaacagta ggatcagggacctgtcacac 181 60 �C, 30
CXCR4 cactacttcagaatttcctg gcccatttcctcggtgtagtt 80 60 �C, 30
FOXA2 ttctccatcaacaacctcatgtcc gtagtgcatcacctgttcgtagg 107 57 �C, 30
MNX1 gcaccagttcaagctcaac gctgcgtttccatttcatcc 127 58 �C, 30
PDX1 accaaagctcacgcgtggaaa tgatgtgtctctcggtcaagtt 200 64 �C, 35
NKX6.1 ggcctgtacccctcatcaag ccggaaaaagtgggtctcgt 78 57 �C, 30
NEUROD 1 tacatctgggctctgtcgga ccttgcaaagcgtctgaac 79 60 �C, 30
GAPDH agccacatcgctcagacac gcccaatacgaccaaatcc 60 58 �C, 35
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anti-CXCR4 (BD Biosciences) and anti-CD200 (BD Biosciences).
Data were acquired using a BD-FACS Calibur (BD, San Jose, CA,
USA). Three independent biological experiments were performed
for each marker. Data were analyzed with CellQuest software (ver-
sion 7.2, BD).

2.8. Dithizone (DTZ) staining

The cells were incubated with 10 lg/mL DTZ (Merck, White-
house Station, NJ, USA) at 37 �C for 15 min. After the dishes were
rinsed three times with Hank’s Balanced Salt Solution, clusters
stained crimson red were examined under a stereomicroscope.

2.9. Statistical analysis

Data represent means ± standard deviation of at least three
independent experiments performed in triplicate. Group means
were analyzed using a Student’s t-test for pairwise comparisons.
For multiple comparisons, one-way ANOVA followed by a Tukey’s
test and GraphPad PRISM 5 was used. Significant differences were
reported when the p value was less than 0.05.
3. Results

3.1. Fabrication of the pillar/pore type polystyrene (PS) G-NP substrate

Three sections of AAO molds with regular arrays of pores were
fabricated via two-step anodization in phosphoric acid. AAOs with
nanometer-scale pore gradients were achieved by slowly increas-
ing the dipping time in phosphoric acid solution at 30 �C to widen
the pores. The pore diameter of the three sections of AAO molds
increased linearly as a function of dipping time (Fig. 1A, B). The iso-
tropic etching ratio was 0.65 nm/min, which was similar to previ-
ously reported values. Patterning of the pillar/pore type G-NP was
achieved by thermal nanoimprinting of three-sectioned AAOmolds
with a nanopore gradient. PS was selected as the base material
because it is the most commonly used material for cell culture
dishes. A pillar type PS G-NP was achieved via one-step thermal
nanoimprinting of three- sectioned AAO molds (Fig. 1B). In the first
nanoimprinting, a PS nanopillar array was constructed using three-
sectioned gradient AAO molds. A pore type PS gradient surface was
also achieved via two-step thermal nanoimprinting of three-
sectioned AAO molds (Fig. 1C). In the first nanoimprinting, a poly
(methyl methacrylate) (PMMA) nanopillar array was constructed
using three-sectioned gradient AAO molds on a PMMA sheet. The
second nanoimprinting was carried out by thermal nanoimprinting
using the PMMA nanopillar array to PS sheet. The diameter of the
pillar type G-NP was confirmed by measuring average diameters in
scanning electron microscopy (SEM) images (Fig. 1D). The diame-
ters of the three-sectioned pore type G-NP were also well-
matched to diameters of pillar type G-NP (Fig. 1e). These results
demonstrate that pillar/pore type G-NP can be successfully con-
structed by using thermal nanoimprinting for optimization of cell
responses to nanostructured substrates. Neither the control nor
the measurement of the height of pillars and the depth of pores
was performed. This is because the height of pillars and the depth
of the pores appears to be not important unless cell membrane
sinks deeply inside the nanometer scale features. In our observa-
tion, the cell membrane did not sink deeply between the pillars
or inside the pores when we did experiments in the range of lateral
dimension in this study due to the tension of the cell membrane
(data not shown).
3.2. Endodermal induction and pancreatic cell differentiation

Pancreatic cell differentiation was performed using the follow-
ing four differentiation steps: induction of definitive endodermal
cells (stage II), pancreatic progenitors (stage III), pancreatic endo-
crine progenitors (stage IV), and pancreatic endocrine cells (stage
V). The differentiation medium was supplemented with multiple
combinations of biosoluble factors, including Wnt3a, Activin A,
RA, Noggin, FGF2, Activin bB, VEGF, and Exendin-4 at respective
stages (Fig. 2A). Stage I conditions involved the maintenance of
hESCs in feeder-free conditions. Cells were plated and cultured
for 3 days in mTeSR1 medium, which supports the formation of
compact undifferentiated colonies. Under this culture condition,
hESCs expressed a high level of key pluripotency regulators such
as OCT4, NANOG, and SSEA4 (Fig. S1A). Activation of Activin and
Wnt signaling was previously shown to induce specification of
anterior definitive endoderm from hPSCs by upregulating expres-
sion of SOX17, FOXA2, and CXCR4 [23,24]. For stage II, differentia-
tion to definitive endodermal cells was induced by treatment
with Wnt3A and Activin A on Matrigel-coated conventional flat-
bottom dishes for 3 days. Immunocytochemical analyses revealed
significantly increased expression of SOX17 in almost all the cells
on day 3 without detectable PDX1 expression, demonstrating that
cells were differentiated to definitive endoderm in a highly con-
trolled manner (Fig. S1B). qRT-PCR analysis showed that the
expression of SOX17, FOXA2, and CXCR4 in differentiated cells was
at least 20-fold greater than in undifferentiated hESCs (Fig. S1C).
Additionally, flow cytometric analyses revealed that 88.75% of dif-
ferentiated cells expressed CXCR4 (Fig. S1D). These results demon-
strate that treatment with Activin A and Wnt3a for 3 days
produces a high percentage of definitive endodermal cells without
any purification steps. These populations were then used to gener-
ate pancreatic endodermal cells.
3.3. Optimal nanopattern conditions for pancreatic endocrine cluster
formation

We next investigated the nanotopographical conditions that
regulate differentiation of definitive

endodermal cells into pancreatic cells (stage III) by testing three
different chips of gradient nanopillar patterns (Pi-1,2,3) and three
different chips of gradient nanopore patterns (Po-1,2,3), as well
as conventional flat surface dishes coated with fibronectin



Fig. 1. Characterization of pillar- and pore-type gradient nanopatterns. (A) Schematic illustration of wet etching process for making phosphoric gradient AAO mold. (B, C)
Schematic illustration of the thermal nanoimprinting process for the generation of pillar (pi)- and pore (po)-type PS nanopatterns. (D, E) Graph illustrating the size variation
of pillar and pore types of three-sectioned phosphoric gradient nanopatterns. . Scale bars, 200 nm (all panels in D and E).
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(Fig. 2A). There was no difference of fibronectin adsorption among
the nanopatterns when observing the surfaces with SEM (data now
shown). The definitive endoderm cells differentiated in stage II
were dissociated and attached to the substrates to determine the
induction efficiency of pancreatic bud-like formation. The pancre-
atic bud in early embryos consists of foregut endoderm cells
(PDX1+), which gradually develop into pancreatic progenitors
and endocrine progenitors [25,26]. Nuclear staining (DAPI) showed
that the dissociated definitive endoderm cells adhered successfully
under all conditions 24 h after plating (Fig. 2B). No significant dif-
ferences were found in the number of cells that adhered to differ-
ent nanopatterned surfaces (Fig. 2C).

Our protocol for pancreatic differentiation was established
based on in vivo embryonic development, including the formation
of dorsal foregut endoderm to dorsal pancreatic bud and islets [27].
We further investigated the effect of nanotopography in conjunc-
tion with treatment with the developmental signaling factors RA
and Noggin for 6 days (stage III). Morphological analysis at the
end of stage III showed that the gradient Po-2 pattern significantly
induced the formation of out-growing bud-like structures, com-
pared with other types and the flat surface dish. The bud-like struc-
tures displayed thin and linear margins between cell aggregates
(Fig. S2A, red dashed box). Many of the pancreatic bud-like clusters
that differentiated on the gradient Po-2 pattern chip expressed
high levels of PDX1. Expression of a pancreatic progenitor marker
NKX6.1 was also detected in a subset of the PDX1-expressing pop-
ulation (Fig. S2B).

Pancreatic b-cells develop sequentially from definitive endo-
derm cells to pancreatic progenitors, endocrine progenitors, and
endocrine cells. We next induced pancreatic endocrine cluster for-
mation by supplementing the culture medium with FGF2, Activin
bB, and VEGF for 6 days (stage IV). The gradient Po-2 pattern pro-
foundly enhanced 3D cluster formation, as determined by counting
the number of cell clusters in the seven different patterns (Fig. 2D,
E). PDX1 and NGN3 play important roles in the differentiation of
pancreatic progenitors into endocrine progenitors [28]. Multipo-
tent NGN3-expressing cells differentiate into unipotent islet pre-
cursors and pancreatic hormone cells [29]. Co-expression of



Fig. 2. Generation of pancreatic islet-like clusters on different gradient nanopatterns. (A) Schematic representation of culture conditions at each stage of differentiation
illustrating the morphological changes from stage I (hESCs) to V (3D islet-like spheroids). Definitive endodermal cells (Stage II) obtained from differentiation of hESCs were
cultured on flat or different gradient nanopatterns in Stages III and IV. (B and C) Quantification of attached cells on the six different gradient patterns or the flat surface at the
end of stage II. Cells were stained with DAPI (blue) in (B) and quantified in (C). (D) Phase-contrast images of cells at stage IV illustrating the pancreatic endocrine cluster-like
formation on seven different surfaces following treatment with FGF2, Activin bB, and VEGF. (E) Quantitative analysis of endocrine cluster-like formation on six gradient-
pattern chips and one flat surface. *p < 0.05, **p < 0.01 vs. flat surface. Scale bars, 150 ㎛ (all panels in B and D). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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PDX1 and NGN3 protein was significantly higher in the differenti-
ated 3D clusters on the Po-2 pattern compared with the other
nanopattern chips (Fig. 3A, C). The gradient Po-2 pattern chip
induced significantly higher mRNA expression of the pancreatic
progenitor genes PDX1 and NKX6-1, as well as endocrine islet pro-
genitor genes MNX1 and NEUROD1 relative to the other nanopat-
tern chips (Fig. 3D). Importantly, the highest level of PDX1
protein expression was observed in cells grown on the gradient
Po-2 pattern at stage IV (Fig. 3E). These data show that the gradient
Po-2 pattern most efficiently induced PDX1 and NGN3 expression
in endocrine clusters compared with the other gradient patterns
and indicate that pancreatic bud-like cluster formation was suc-
cessfully induced from definitive endoderm cells by the gradient
Po-2 pattern.



Fig. 3. Identification of pancreatic endocrine progenitors on gradient nanopattern chips. (A-C) Immunofluorescent staining of double-positive PDX1 (red) and NGN3 (green)
cells, representing pancreatic progenitors differentiated on seven different surfaces in the presence of RA and Noggin at the end of stage IV. Cells were counterstained with
DAPI (blue). (D) qRT- PCR showing the relative expression levels of markers of definitive endoderm (SOX17 and FOXA2), pancreatic progenitors (PDX1 and NKX6-1), and
pancreatic endocrine progenitors (MNX1 and NEUROD1). (E) Western blots showing the expression level of the pancreatic progenitor marker PDX1 in cells cultured on the
indicated surfaces. *p < 0.05, **p < 0.01 vs. flat surface (F). Scale bars, 150 mm in all panels of A-C except for the magnification shown in the right panels of Po-2 in C
representing 50 mm (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.4. Formation of pancreatic islet-like clusters and polyhormonal
spheroids

Less than five cell clusters per a microscopic filed were seen on
the flat substrate as shown in Fig. 2E and the numbers were too
small to proceed for further differentiation to the pancreatic pro-
genitors or islets as 3D spherical clusters. We thus next tested
the formation of islet-like spheroids from the gradient Po-2
pattern-derived endocrine clusters (PDX1+ and NGN3+) by further
differentiating them in the presence of Exendin-4 for 12 days
(stage V). The average diameter of endocrine clusters grown on
the gradient Po-2 pattern at the end of stage IV was
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47.6 ± 10 lm, which is comparable to a human adult pancreatic
islet (Fig. 4A,B). These endocrine clusters were enzymatically iso-
lated and cultured in suspension with Exendin-4 treatment
(Fig. 4C). Previously, our reports and other studies demonstrated
Fig. 4. Differentiation of hESC-derived pancreatic endocrine progenitors into 3D islet-lik
cluster (white arrows) formation on the one-chip gradient Po-2 pattern. (B) Quantification
chip. (C) Phase contrast Images of spheroids harvested from the Po-2 pattern chip after tr
with Exendin-4 for 4 days. (E) Flow cytometry plots showing the percentage of cells
Immunofluorescent staining of DTZ+ aggregates with anti-PDX1 (red), NKX6.1 (green)
Immunofluorescent staining of pancreatic endocrine markers for Islet1 (red) and NKX6.1
panels. Cells were counterstained with DAPI (blue). Scale bars, 100 mm (A, C, and D); 200
reader is referred to the web version of this article.)
that pancreatic endocrine cells containing zinc in insulin-
containing secretory granules stain red with dithizone (DTZ), and
this characteristic can be used to identify a mature islet [17,30].
Most spheroids produced from hESC-derived pancreatic endocrine
e spheroids. (A) A representative phase-contrast image showing pancreatic bud-like
and size distribution of pancreatic endocrine clusters produced on the Po-2 pattern

eatment with collagenase IV. (D) Image illustrating DTZ+ aggregates after treatment
expressing the pancreatic endocrine cell marker CD200 in DTZ+ spheroids. (F)

, and NKX2.2 (green) antibodies. Cells were counterstained with DAPI (blue). (G)
(green) in upper panels and for insulin (INS, red) and glucagon (GCG, green) in lower
mm (F and G). (For interpretation of the references to colour in this figure legend, the
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progenitors stained positive for DTZ at 4 days after enzymatic iso-
lation and Exendin-4 treatment, whereas hepatic spheroids were
not stained by DTZ (Fig. 4D). The pancreatic endocrine cells express
CD200 and give rise to functional insulin- producing cells [31]. Fur-
thermore, NKX2.2 encodes a homeodomain transcription factor,
which is detected in early endocrine cells, but not in pancreatic
hormonal cells [32]. As expected, flow cytometric analysis revealed
that a high percentage of cells (32.1% ± 5%) derived from dissoci-
ated DTZ-positive spheroids expressed CD200 (Fig. 4E). Immunocy-
tochemical studies showed that islet-like spheroids treated with
Exendin-4 for the first 4 days contained few cells positive for pan-
creatic progenitor marker PDX1, but a high number of cells
expressing the endocrine cell markers NKX6.1 and NKX2.2
(Fig. 4F). Further induction with Exendin-4 for an additional 4 days
decreased the number of NKX6.1 cells in spheroids, which con-
tained a high number of cells expressing Islet1, a marker of pancre-
atic islets. These results suggest that spheroids grown on the
gradient Po-2 pattern successfully differentiate into pancreatic
endocrine cells, although these pancreatic islet-like spheroids still
contained early polyhormonal cells that coexpressed insulin and
glucagon (Fig. 4G).
4. Discussion

Nanotopographical features can serve as an in vivo-like
microenvironment and support cell differentiation and maturation
in vitro. In this study, we demonstrate that a gradient nanopat-
terned chip can identify optimal nanostructures for pancreatic dif-
ferentiation from hPSCs. We tested different shapes with various
sizes of nanopatterns, which were constructed in separate cell cul-
ture dishes and found that the pore shape with gradient pattern in
200–300 nm ranges were most optimal for generation of 3D pan-
creatic clusters from hPSCs.

Nanopatterned chips designed for each type of nanostructure in
a chip may not be an efficient tool to find optimal conditions for
specific cell types among various nanostructures. Our gradient pat-
tern chips consisting of a range of different gradient diameters in a
single chip providing a great advantage over single sized-patterned
chips for efficiently screening multiple nanotopographical condi-
tions. In the present study, we optimized the nanotopographical
conditions for induction of pancreatic islet-like clusters by testing
different types of gradient-patterned chips. The gradient nanopat-
terns did not influence differentiation of high-quality CXCR4
+ definitive endoderm cells in the presence of Activin A, Wnt3a,
and CHIR99021 (GSK-3 inhibitor), which are potent inducers of
endodermal differentiation. Cells were dissociated and plated at a
high density in fibronectin-coated gradient nanopatterns, which
is crucial for formation of pancreatic bud structures since spheroid
formation is enhanced by cell–cell interactions of definitive endo-
derm cells [33].

Our findings are consistent with previous studies demonstrat-
ing that the shape and density of nanostructures regulates stem
cell fate [34]. A substrate featuring 200 nm pillars induced osteo-
cyte differentiation of human mesenchymal stem cells, while
200 nm pores induced adipocyte differentiation [14]. The size of
nanostructures also influences stem cell differentiation into pan-
creatic cells. We previously demonstrated that, during pancreatic
differentiation of hESCs, cells grown on a 200 nm pore pattern
showed significant upregulation of PDX1 expression compared
with cells grown on pores of 130, 170, or 230 nm [12]. Our previ-
ous study also showed that 200 nm nanopore-patterned surfaces
highly downregulated the expression of TAZ, which led to inhibi-
tion of pSmad 2/3 signaling and upregulation of both NGN3 and
PDX1 [12]. In the present study we extended this previous obser-
vation using gradient chips by testing two different shapes, pillar
and pore, and different sizes of the nanopattern for each shape.
The result was comparable with our previous finding, showing that
the gradient chips with sizes ranging from 200–300 nm nanopores
were most useful for pancreatic differentiation. In addition, we also
found that pore gradient 200–300 nm pattern was most optimal
for 3D islet-like cluster formation among nanopatterns we tested.
We observed that distribution of PDX1 and NGN-double positive
progenitors was confined to clusters, while these cells were
observed throughout the cell layer in our previous study [12]. Con-
ventional studies of embryonic development showed that the same
lineage of cells expressed common adhesion molecules, recogniz-
ing and adhering one another [34]. Thus the different spatial distri-
bution of progenitors could be explained by a potential homotypic
aggregation of cells in the dissociation and replating step of defini-
tive endoderm at the end of stage II, which was not involved in our
previous study. The exact mechanism by which 200–300 nm nano-
pores enhance the formation of islet-like cluster is presently
unknown and remains to be elucidated. However, nanotopography
affects many cellular processes, including cell adhesion, integrin
clustering, and cytoskeletal reorganization [9]. Therefore it will
be interesting to investigate how mechanical stimuli from nano-
pores regulate TAZ expression and determine the potential link
between TAZ and PDX in pancreatic differentiation and islet cluster
formation.

Two issues can also be discussed in relation with the enhancing
mechanism of 200–300 nm nanopores for the formation of islet-
like cluster. The first issue is the stiffness of the nanometer scale
features inside the nanopattern. In the cases of pillar nanopatterns,
the height may affect to the stiffness of pillar structures. However,
in this study, meaningful results were obtained not from the pillar
nanopatterns but from the pore nanopatterns. This means that the
stiffness of nanometer scale features is not closely related with the
biological results of this study. The second issue is the conforma-
tion of adsorbed fibronectin on the surfaces of nanopatterns. As
mentioned in the experimental section, fibronectin is coated prior
to the usage of nanopatterns in the stage III process for the pancre-
atic differentiation. We are not sure that the conformation of
adsorbed fibronectin is the same among the nanopatterns. The
conformation of adsorbed fibronectin may affect the results of this
study. However, the conformation analysis may be another big
topic, because the conformation analysis of adsorbed fibronectin
on the surface of the nanopatterns is very sophisticated work. This
issue may be an interesting topic for a further study.

Islet-like 3D clusters are important structures that increase
functional b-cell activity [35,36]. Previously, we showed that the
combination treatment of FGF2, Activin bB, and VEGF increases
the number of pancreatic progenitor cells and endocrine progeni-
tors in adherent cultures after embryoid body formation [17].
However, embryonic body formation produced PDX1-expressing
clusters with a low efficiency. Pancreatic endoderm cells (FOXA2
+, PDX1+, and NGN3-) cultured on the gradient Po-2 pattern differ-
entiated into predominantly endocrine progenitor cells (PDX1+
and NGN3+) during bud-like formation following RA treatment,
and subsequently formed larger clusters after treatment with
FGF2, Activin bB, and VEGF. Pancreatic buds and endocrine clusters
were also found on the gradient Po-3, but at a significantly lower
efficiency than those on the gradient Po-2, and were absent from
the other nanopatterns. These findings suggest that the specific
shape and size of nanostructures in conjunction with appropriate
growth factors generate highly pure pancreatic endocrine clusters.
Importantly, the result of gradient Po-2 pattern in our study con-
firms the previous report of the 200 nm pore pattern, which
showed enhanced differentiation into pancreatic differentiation
from hESCs [12]. In the present study, production rates of clusters
were quite low in other substrates except the gradient Po-2 pat-
tern. Moreover, after enzymatic treatments and consecutive
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passaging through strainers, the number of clusters harvested in
other substrates was not enough for the next final step of differen-
tiation into clusters consisting of terminal endocrine cells. How-
ever, clusters generated on the gradient Po-2 pattern showed
successful differentiation into pancreatic islet-like clusters, result-
ing in a highly pure population of small human islet-like spheroids
(�50 lm).

The different diameters of pillar nanopatterns may provide not
only the different cell attachment areas but also the different stiff-
ness of matrix. But, in our study, pillar nanopatterns showed no
significant results. Only the pore gradient 200–300 nm pattern
showed the formation of islet-like 3D clusters. This implies that
the results are related with not the stiffness of matrix but the sur-
face topology. Further studies using a pore nanopattern possessing
a gradient of narrower range or possessing an optimal specific pore
diameter will be required in the near future.

The diameter of the islet spheroids was comparable to human
islet spheroids (50 ± 29 lm), which is considerably smaller com-
pared with other species, such as rabbit (64 ± 28 lm) and mouse
(116 ± 880 lm) [37]. Small islet clusters (<150 lm) are reported
to secrete a high level of insulin per cell compared with large islet
clusters (>150 lm), and do not require large nutrient and oxygen
uptake for survival [38]. In addition, these clusters stained positive
for DTZ, widely used to detect human insulin-producing pancreatic
islets, suggesting that the small spheroids generated in this study
may be appropriate for transplantation to treat type 1 diabetes.
Although our study provides evidence that the formation of pan-
creatic islet-like 3D structure can be significantly increased using
gradient nanopattern chips, many polyhormonal cells were seen
in the clusters, suggesting that the cluster were still immature
and showed the phenotype of fetal pancreatic islet [39]. Thus fur-
ther investigation focusing on biophysical and biochemical cues
that regulates cellular maturation will be required to obtain func-
tional pancreatic islets from hPSCs.

5. Conclusions

In summary, we have developed gradient-nanopatterned chips
to screen various surface nanostructures efficiently and identified
that a specific range of 200–300 nm nanopores (Po-2) favors pan-
creatic islet cluster differentiation in the presence of widely known
soluble inducers. The clusters differentiated on the Po-2 pattern
were able to further develop into pancreatic islet-like clusters with
average size of 50 um, which would be an optimal size for cell
transplantation. This result shows that providing optimal nanoto-
pographical cues at specific differentiation steps can facilitate the
production of homogeneously-sized clusters consisting of highly
pure pancreatic endocrine cells. Thus, we suggest the gradient-
nanopatterned chip provides a powerful tool to identify optimal
nanostructures for specific cell types, which leads to efficient pro-
duction of desired cells for cell therapies.
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