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In vitro models for screening of drugs against type 2 diabetes are crucial for the pharmaceutical industry.
This paper presents a new approach for integration of a three-dimensionally-cultured insulinoma cell
line (INS-1 cell) incubated in a high concentration of glucose as a new model. In this model, INS-1 cells
tended to aggregate in the 3D gel (basement membrane extractant, BME), in a similar way to 3D in vivo
cell culture models. The proliferation of INS-1 cells in BME was initially promoted and then suppressed
by the high concentration of glucose, and the function of insulin secretion also was initially enhanced
and then inhibited by the high concentration of glucose. These phenomena were similar to
hyperglycemia symptoms, proving the validity of the proposed model. This model can help find the
drugs that stimulate insulin secretion. Then, we identified the difference between the new model and the
traditional two-dimensional model in terms of cell morphology, inhibition rate of cell proliferation, and
insulin secretion. Simultaneously, we developed a circular drug concentration gradient generator based
on microfluidic technology. We integrated the high-glucose 3D INS-1 cell model and the circular
concentration gradient generator in the same microdevice, tested the utility of this microdevice in the
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Introduction

Type 2 diabetes is a long-term metabolic disease that is char-
acterized by high blood sugar, lack of insulin (type I diabetes),
insulin resistance (type II diabetes), etc.* Type 2 diabetes
occurs frequently in obese people** or middle and upper age
groups, who often have been diagnosed with congenital genes,
or lack physical activity. As the obesity rate increased,® by the
year 2013, the number of people with type 2 diabetes increased
to 368 million.® Later stages of type 2 diabetes are often
accompanied by heart disease, stroke, diabetic retinopathy,
kidney failure, poor circulation and the need for amputation,
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etc.,” and they are associated with a ten-year-shorter life
expectancy.

Development of drugs against type 2 diabetes always is
a significant area of development in the pharmaceutical
industry. In vivo and in vitro models of type 2 diabetes have been
widely used in this field. I vivo models mainly are experimental
animals, like mouse®® and rat.®** In vitro models include iso-
lated B-cells, pancreatic islets, insulin-secreting cell lines,
hepatocyte, muscle and adipose cell lines, etc. In vitro models
are majorly used in large-scale, high throughput, high-efficiency
preliminary screening.'> For example, pancreatic islets isolated
from adult mice and rats have been used to compare the
insulin-releasing activity of novel (nonsulphonylurea) insulin
secretagogues to various sulphonylureas.****

Insulin-secreting cell lines, such as insulinoma cell line (INS-
1 cell),***” have been previously used to develop in vitro models
for drug development against type 2 diabetes. INS-1 cell is
derived from a rat insulinoma induced by X-ray irradiation,
which is responsive to glucose within physiological range, and
of relatively high insulin content.’® Traditionally, INS-1 cells
were two-dimensional cultured in the Petri dish or well plate, in
which the cells adhered and spread on the bottom surface.*
However, currently, many studies revealed three-dimensional
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culture of cells were advantageous over the two-dimensional
cultures.”?® General protocols for 3D culture included
spheroid culture** and forming cell-laden hydrogel either by
mixing* or 3D-printing.”® For example, hepatocytes spheroids
have been established as a cutting-edge model for evaluation of
drug-induced hepatotoxicity, taking over the two-dimensional
culture of hepatocytes.*

In this study, we cultured the INS-1 cells in a hydrogel matrix,
as well as performed 2D biofilm cell culture in a Petri dish, and
studied the differences between two-dimensional culture and
three-dimensional culture of INS-1 cells as models for screening
of drugs that stimulates insulin secretion. We validated that our
three-dimensionally-cultured cell models indeed produced
more insulin production response than comparable two-
dimensionally-cultured models. On the basis of this observa-
tion, we developed a novel drug screening device, incorporating
a 3D INS-1 cell culture model and a microfluidic concentration
gradient generation platform.

Microfluidic devices have had extensive use in the field of
drug screening over the past few decades.”**” For example, Kim
et al. described the development of a fully automatic and
programmable microfluidic cell culture array that integrates on-
chip generation of drug concentrations and pairwise combina-
tions with parallel culture of cells for drug candidate screening
applications.” The advantages of microfluidic drug screening
include, on-line detection,”® automatic generation of drug
concentration gradient,” high throughput,* high-level inte-
gration,*" minute sample consumption,* etc. In particular, drug
concentration gradient can be automatically generated on
a microfluidic device. This function has been widely used in
various microfluidic applications.>*** In this study, we
proposed a circular concentration gradient generator, coupled
it with the three-dimensional INS-1 cell model in a microdevice,
and investigated the potential of the microdevice in screening
of drug against type 2 diabetes.

Materials and methods

Materials

INS-1 cells, RPMI 1640 medium and 15% fetal bovine serum
were purchased from National Infrastructure of Cell Line
Resource, Chinese Academy of Medical Sciences. Penicillin and
streptomycin were from Hyclone, USA. Basement membrane
extractant (BME) was from R&D Systems, MN, USA. Sodium
fluorescein and glipizide were from Sigma, St Louis, MO, USA.
Calcein-AM and PI dyes were from Keygen biotech, Nanjing,
China. Ultrasensitive Rat Insulin ELISA kit was from Mercodia,
Sweden. PDMS prepolymer (Sylgard Silicone elastomer 184) was
from Dow Corning, Midland, MI, USA. SU8 3035 negative
photoresist was from Microchem, Newton, MA, USA.

INS-1 cell culture in BME

We thawed BME at 4 °C in a refrigerator, trypsinized the INS-1
cells (0.25% trypsin in PBS, 2 min), centrifuged them (RMPS:
800, volume: 5 mL, duration: 5 min), and resuspended them at
10° cells per mL in the ice-cold BME (0 °C). Then cell-BME
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mixture was loaded into the cell culture chambers located in the
microdevice shown in Fig. 4 by pipetting.”> After filling the
chambers with cell-BME mixture, we moved the chambers to
room temperature for 30 min to allow the cell-BME mixture to
gel. The gel were then cultured at 37 °C with 5% CO, and 95%
relative humidity in perfused RPMI 1640 medium supple-
mented with 15% fetal bovine serum and 100 U mL ™" penicillin
and 100 U mL ™" streptomycin.

Characterization of high-glucose 3D INS-1 cell model

The RPMI 1640 media containing 5.6 mmol L™ and 25.5 mmol
L~" glucose were perfused on the surface of BME-cell gel, at
a flow rate of 1.0 uL min~* for 24 h, 36 h, 48 h, 72 h, 96 h,
respectively. 5.6 mmol L™ " and 25.5 mmol L™ * corresponded to
control and high-glucose experimental groups, respectively.
Then, we carried out MTT experiment, Calcein-AM/PI staining
experiment, and insulin secretion measurement.

MTT experiment. Dissolve the MTT powder in PBS buffer at
a concentration of 5 ¢ L' before use. Mix 100 uL of MTT
solution well with 1000 pL of INS-1 cell culture medium, and
perfuse the mixture solution on the surface of BME-cell mixture
for 5 h at a flow rate of 1.0 pL. min~ ", followed by perfusion of
DMSO for 1 h at a flow rate of 1.0 pL min . Then we collected
the solution, and measured the absorbance at 490 nm with
a spectrometer to calculate the inhibition rate of INS-1 cell
proliferation, following the equation “inhibition rate = (absor-
bance of control — absorbance of sample)/absorbance of
control”. The entire experiment was operated in dark.

Calcein-AM/PI staining experiment. 1 pL of Calcein-AM
solution and 1 puL of PI solution were dissolved in 2 mL of
PBS solution to prepare the working solution. Perfuse the
working solution on the surface of BME-cell gel for 20 minutes
at a flow rate of 1.0 uL min~ ', and then wash the gel with culture
medium for 3 times, followed by acquiring the fluorescent
images with an inverted microscope to identify the viability of
INS-1 cells (green fluorescence indicating live cells, as red
fluorescence indicating dead cells).

Insulin secretion assay. Perfuse a glucose-free KRBH solu-
tion (containing 135 mM NacCl, 3.6 mM KCl, 1.5 mM CaCl,,
0.5 mM MgCl,, 0.5 mM NaH,PO,, 5 mM NaHCO;, 10 mM
HEPES, 0.1% BSA, pH = 7.4) at a flow rate of 1.0 pL min~ " for
2 h, and then perfuse KRBH solution containing 16.8 uM
glucose at a flow rate of 1.0 pL min ' for 2 h, followed by
collection of the supernatant. Insulin was assayed according to
the instruction of Ultrasensitive Rat Insulin ELISA Assay kit
(https://mercodia.com/assets/upload/files/DfU/US%20rat/10-
1251-01_10%20Insulin%2C%20USRat%20v2_0.pdf).

Microfluidic device fabrication

The microchannels and chambers in the PDMS layers of
microfluidic device were fabricated by replicate molding on the
master. The master was prepared by spin coating SU8 3035
negative photoresist (Microchem, Newton, MA, USA) onto
a plasma-treated glass wafer and patterned by photolithog-
raphy. Sylgard 184 PDMS base and curing agent (Dow corning,
Midland, MI, USA) were mixed thoroughly (10:1 by mass),
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degassed under vacuum, and poured onto the silane-treated
master. The assembly was cured in an oven (80 °C, 1 h). After
cooling, the PDMS was gently peeled from the master and
trimmed to size. Holes were punched out of the PDMS to form
reservoirs for introduction of liquid.

Testing of microfluidic concentration gradient

Driven by the syringe pump, 5 x 10° mol L™ sodium fluo-
rescein solution and sterile water were respectively injected
from the two injection ports of the chip at a flow rate of 1.0
uL min~*. Until a stable concentration gradient was formed, we
took the solution from each channel outlet to measure the
fluorescence intensity with a microplate reader.

Testing of the microdevice with glipizide

Perfuse RPMI 1640 medium containing 25.5 mmol L " glucose
through the microchannel network for 96 h at a flow rate of 1.0
uL min~", followed by loading of RPMI 1640 medium contain-
ing 0.24 uM glipizide and 25.5 mmol L™" glucose at the inlet
and perfusion for another 48 h. At 24 h and 48 h after addition
of glipizide, carry out MTT experiments and insulin secretion
assays as described previously.

Results and discussions
Three-dimensional culture of INS-1 cells

We mixed INS-1 cells with basement membrane extractant
(BME), and placed the mixture in a perfusion chamber for long-
term cell culture. It can be observed from Fig. 1B that the cells
demonstrated spheroid shape in the BME, and these cells ten-
ded to aggregate together instead of evenly distributed in the
BME. In contrast, the INS-1 cells attached to the bottom surface
and spread, when they were cultured in a two-dimensional well
plate (Fig. 1A). The aggregation of cells in three-dimensional
matrix was also reported with hepatocytes®® and tumor cells.”
In these literatures, the difference in cell morphology between
two-dimensional and three-dimensional cultures was reported
to affect the physiological behaviours of cells.”*?®

Fig.1 Observation of cell growth of INS-1 cells in three-dimensional
and two-dimensional culture conditions. (A) Fluorescence image of
INS-1 cells in well plate (6 days). Scale bar = 200 um:; (B) fluorescence
image of INS-1 cells in BME (6 days). Scale bar = 50 um.
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Characterization of high-glucose INS-1 cell model

One of the characteristics of type 2 diabetes is insulin insuffi-
ciency leading to hyperglycemia. Hyperglycemia in turn acts
back on islet cells. The effect is complex. In brief, at the
beginning, hyperglycemia promotes the proliferation of islet
cells, which in turn increases insulin secretion to lower blood
sugar levels. However, after a period of time, hyperglycemia may
damage islet cells and make diabetes more serious.

We observed the effect of high concentration of glucose on
the viability of 3D INS-1 cells in the BME by Calcein-AM/PI
staining experiment (Fig. 2) and in the well plate (Fig. S1 in
ESI{). As shown in Fig. 2, at 24 h, 36 h and 48 h, there was no
observable difference between the control and experimental
groups; however, at 72 h and 96 h, obvious apoptosis of INS-1
cells in the experimental group occurred, while the control
still had a good viability. This phenomenon was also observed
in Fig. S1.1 This result implied that the effect of high glucose on
the 3D INS-1 cells may not be consistent over time. Thus, we
measured the high-glucose-induced inhibition of the cell
proliferation in BME. As shown in Fig. 3A (black solid line), at
24, 36, and 48 h, the inhibition rate of experimental group were
lower than that of control, which meant that high concentration
of glucose promoted the proliferation of 3D INS-1 cells within
48 h; however, at 72 and 96 h, the inhibition rate of experi-
mental group was higher than that of control, which meant
high glucose stimulation inhibited the proliferation of 3D INS-1
cells. These data can explain the phenomena in Fig. 2. In
addition, it also can be observed that, with the incubation time
increased, the inhibition rate increased. All of these
phenomena are similar to the in vivo phenomena described in
the first paragraph in this section.

As comparison, we also investigated the effect of high
concentration of glucose on inhibition rate of INS-1 cell prolif-
eration in two dimensional well plate, as shown in Fig. 3A
(dashed line). As compared to the inhibition rate in BME, that in
well plate ramped up more drastically with time. In addition, at
48 h, high glucose promoted the proliferation of INS-1 cells in
BME, however, inhibited the proliferation in well plate. These
differences implied that the phenotypes of INS-1 cells in well
plate and BME were different, and undermined the drug
screening model based on two-dimensional culture of INS-1
cells.

Subsequently, we evaluated the effect of high glucose on
insulin secretion function of INS-1 cells in BME. As shown in
Fig. 3B (solid line), at 24 and 36 h, the insulin secretion of high-
glucose experimental group was larger than control group,
which meant that high concentrations of glucose stimulated 3D
INS-1 cells to secrete insulin within 36 h; but with prolonged
culture time, we found the insulin secretion of high-glucose
experimental group was lower than control group, which
meant high concentration of glucose showed inhibitory effects
on insulin secretion of 3D INS-1 cells. In addition, with the
increase of culture time, inhibition effect increased, and maxi-
mized at the end (96 h). All of these phenomena agreed well
with the in vivo phenomena described in the first paragraph in
this section.

RSC Adv., 2018, 8, 25409-25416 | 25411
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Fig. 2 Time-resolved fluorescence images of INS-1 cells cultured
respectively. Scale bar = 50 um.

We also investigated the effect of high concentration of
glucose on insulin secretion function of INS-1 cells cultured in
two dimensional well plate, as shown in Fig. 3B (dashed line). As
compared to the insulin secretion of INS-1 cells in BME, that in
well plate ramped down more drastically with time. In addition,
at 36 h, high glucose stimulated 3D INS-1 cells to secrete
insulin; however, inhibited 2D INS-1 cells to secrete insulin.
These differences strengthened the viewpoint that the pheno-
types of INS-1 cell in well plate and BME are different, and
undermined the drug screening model based on two-
dimensional culture of INS-1 cells.

Notably, within 48 h, high concentration of glucose
promoted the proliferation of 3D INS-1 cells (Fig. 34, solid line),
however, high concentration of glucose stimulated 3D INS-1
cells to secrete insulin only within 36 h (Fig. 3B, solid line).
This fact meant proliferation of INS-1 cells in BME did not
definitely lead to increase in insulin secretion. A possible
explanation is that, long-time stimulation of high glucose
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causes stress-induced expansion of INS-1 cells, leading to cell
hypertrophy and decreased activity.

Circular drug concentration gradient generator on
a microfluidic device

Fig. 4A shows the channel design of the on-chip concentration
gradient generator. The drug was pumped into the micro-
channel network via red inlet (point b) in the center, and the cell
culture medium via white inlet (point a) in the center. After
a radial splitting-mixing-splitting-mixing process in the
microchannel network, five evenly-distributed concentrations
were produced at 20 outlets. In detail, assuming the drug
concentration at the point b was C,, the concentration at outlet
9, 10, 11, 12 were equal to that at the point ¢ which was equal to
that at the point b (=Cy). Similarly, the concentrations at outlet
1, 2, 19, 20 was equal to that at the point a (=0). The solution at
outlet 5, 6, 15, 16 were the 1 : 1 mixture of drug solution from
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(A) Time-dependence of inhibition rate of INS-1 cell proliferation in 3D BME and 2D well plate, respectively. The high glucose

concentration was 25.5 mmol L™ and 25.0 mmol L™ in BME and well plate, respectively. The control was 5.6 mmol L™%. The inhibition rates of
control in BME and well plate were same. n = 3; (B) time-dependence of insulin secretion of INS-1 cells cultured in 3D BME and 2D well plate,
respectively. The high glucose concentration was 25.5 mmol L™t and 25.0 mmol L™ in BME and well plate, respectively. The control was

56 mmolL™t n=3.
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(A) Illustration of channel design of the circular concentration gradient. The red and white spots in the center were solution inlets, and the

spots labelled with numbers were solution outlets. The color gradient was simple illustration to show the concentration distribution within the
microdevice; (B) plot of the concentration at each outlet, theoretical value and experimental value; n = 3. (C) Exploded view of the integrated
microdevice. The top PDMS layer was concentration gradient generator. The bottom PDMS layer embedded 20 identical chambers (indicated by
brown color), in which 3D INS-1 cells were cultured. The light green color indicated porous membrane sandwiched in between; (D) photograph

of the real microdevice.

the point b and the culture medium from point a, therefore
their concentration was C,/2. The solution at outlet 7, 8 were the
1:1 mixture of the solution from the point e (=Cy/2) and c
(=Cy), therefore their concentration was 3Cy/4. Similarly, the
solution at outlet 13, 14 were the 1 : 1 mixture of the solution
from the point i (=Cy/2) and ¢ (=Cy), therefore their concen-
tration was 3Cy/4. The solution at outlet 3, 4 were the 1:1
mixture of the solution from the point e (=Cy/2) and g (=0),
therefore their concentration was Cy/4. Similarly, the solution at
outlet 17, 18 were the 1 :1 mixture of the solution from the
point i (=Cy/2) and g (=0), therefore their concentration was Cy/
4. Experimentally, C, = 5 x 10~ ® mol L™, and its corresponding

This journal is © The Royal Society of Chemistry 2018

fluorescence intensity was 1490. Thus, the theoretical fluores-
cence intensity at outlet 9, 10, 11, 12 was 1490, outlet 7, 8, 13, 14
was 1490 x 3/4 = 1117.4, outlet 5, 6, 15, 16 was 1490/2 = 745,
outlet 3, 4, 17, 18 was 1490/4 = 372.5, and outlet 1, 2, 19, 20 was
0. These theoretical value agreed well with the measured value,
as demonstrated in Fig. 4B. In this design, each concentration
corresponded to four outlets, which meant 4 parallel experi-
ments can be carried out simultaneously in a single chip,
increasing the experimental efficiency. The concentration vari-
ation between four parallel outlets were negligible (RSD =
0.5%). The concentration at each outlet were measured by
fluorescence microscopy with sodium fluorescein as “drug”.

RSC Adv., 2018, 8, 25409-25416 | 25413
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The experimental and theoretical value was plotted in Fig. 4B. A
good agreement was observed (R> was 0.9983). This concentra-
tion gradient generator can use the space on a microdevice
efficiently, and is especially suitable for applications on
a circular chip.

Microdevice coupling high-glucose 3D INS-1 cell model and
circular concentration gradient generator for screening of
anti-diabetic drug

Fig. 4C shows the design of the integrated microdevice. 20
chambers were radially arranged on the substrate. Each
chamber was loaded with 100 pL of the mixture of INS-1 cells
and BME. The top of the chamber was covered with a porous
polycarbonate membrane. The polycarbonate porous
membranes (10 pm pore size, Whatman, cyclopore™) were
aligned with the exit microchannels of the concentration
gradient generator above. The real microdevice was shown in
Fig. 4D. The blue color indicated concentration gradient of blue
dyes, and the red colors indicated the locations of culture
chambers.

We tested the efficacy of this microdevice in the field of
screening drugs that stimulates insulin secretion with glipizide
as model drug. Physiologically, glipizide binds to the sulfonyl-
urea receptor on the cell membrane of pancreatic B-cells,
resulting in the K" channel closure on the cell membrane and
depolarization of the cell membrane, which in turn opens Ca**
channels on the cell membrane and promotes the Ca>" flux,
triggering insulin release.

As shown in Fig. 5A, after addition of glipizide into the INS-1
cell culture medium at 96 h, the increase of inhibition rate of 3D
INS-1 cell proliferation became slower than that from 24 h to
96 h, indicating that glipizide had the effect of promoting the
proliferation of 3D INS-1 cells. We also tested the traditional
high-glucose 2D INS-1 cell model. As shown in Fig. 5B, after
addition of glipizide into the INS-1 cell culture medium at 72 h,
the increase of inhibition rate of 2D INS-1 cell proliferation also
became slower than that from 24 h to 72 h, indicating that
glipizide had the effect of promoting the proliferation of 2D INS-
1 cells. However, it can be easily observed from Fig. 5A and B
that, the variation of inhibition rate with glipizide concentra-
tion in 3D model was higher than that in 2D model. We quan-
titatively plotted the relationship between inhibition rate and
glipizide concentration in Fig. 5C and D. At 24 h after addition
of glipizide, the decrease rate of inhibition rate with glipizide
concentration was 0.5916 and 0.3183 for 3D and 2D models,
respectively (Fig. 5C). At 48 h after addition of glipizide, the
decrease rate of inhibition rate with glipizide concentration was
0.9133 and 0.4817 for 3D and 2D models, respectively (Fig. 5D).
No matter at 24 or 48 h after glipizide addition, the decrease rate
of 3D high-glucose INS-1 cell model was larger than that of 2D
model, which meant that the 3D high-glucose INS-1 cell model
is more sensitive than the traditional 2D high-glucose INS-1 cell
model in the field of drug screening against diabetes.

As shown in Fig. 5E, after addition of glipizide into the INS-1
cell culture medium at 96 h, the decrease of insulin secretion of
3D INS-1 cell incubated in high glucose became slower than that

25414 | RSC Adv,, 2018, 8, 25409-25416

View Article Online

Paper
100
A 1004 —=—Oum 3D culture B ——OuM 2D culture
——0.06uM 4 —=0.06uM
~ ] 012 2 ——0.12uM
2 ——0.18uM S 6o ——018uM
% 604 —+—0.24uM © —<—0.24uM
c s
S 5
= E 0
€ 20 £
0
04
T r T T T T T T T T T
24 48 72 98 120 144 o 24 48 72 % 120
C Time (h) D Time (h)
757 N, = 2D culture NS = 2D culture
N *® 3Dculture 01 * N3 ® 3Dculture
o NS~
-~ Ne, ~ N N |
® 704 N R85 N B,
s Teal S 2 Fixge S
® ~ S sl ~ ~o
s ~ o 5 N -~
3 o1 ~v3s £ J
2 N 2 75 ~
< s o £ S
— — y=0.6902-0.3183x ™ :_\‘ w5 == y=0.9128-0.4817x o
609~ - y=0.7412-0.5916x o - - y=0.9198-0,9133x ki
T T T T T T T T T T
000 006 012 018 024 0.00 0.08 0.12 018 024
Glipizide concentration (M) Glipizide concentration (uM)
Eo.12 { 3patue Fosid 20cuture
% g
= 20.18 4
Zo.10 2
c
8 2 0151
T g
£008 <
] —e—OuM 80129 o g
§ —e— 0.06pM 8 —o—0.06pM
20081 ——0.12uM £ 0094 ——0.12uM
% ——0.18uM @ ——0.18yM
L ——0.24uM £ 0064 ——0.24m
T T T T T T T T T T T
24 48 72 9% 120 144 24 48 72 96 120
G Time (h) H Time (h)
.
— — logistic fitting 4 = = loglsic iing -
0114 = - y=0.0654+0.0916x Pt 0084 = — y=0.0476+0.14x E ;_,
= = 2D culture »7 2 = 2D culture PRt
o0 o wcuiue 3 2 © 3D culture o s
= %105 20,07 2 5w
S £ S 7
® e g 2
goood _ . _ - 3 £ w
g - - 80.06 -] g oW
§ 0.08 an g _-%°
80.00 o 8 = ==
£ - £ -
3 - 0.05-] -
2 0.07 e 2 P
£ o 5
T T T T T T T T T T
0.00 0.06 0.12 018 024 0.00 0.06 0.12 0.18 024
Glipizide concentration (M) Glipizide concentration (uM)
Fig. 5 (A) Variation of inhibition rate of 3D INS-1 cell proliferation with

culture time in the presence of high glucose (25.5 mmol L™1). At 96 h,
glipizide was added into the culture medium; n = 4. (B) Variation of
inhibition rate of 2D INS-1 cell proliferation with culture time in the
presence of high glucose (25.5 mmol L™%). At 72 h, glipizide was added
into the culture medium; n = 3. (C) Variation of inhibition rate with
glipizide concentration in 3D and 2D high-glucose models at 24 h after
addition of glipizide; (D) variation of inhibition rate with glipizide
concentration in 3D and 2D high-glucose models at 48 h after addition
of glipizide; (E) variation of insulin secretion function of 3D INS-1 cells
with culture time in the presence of high glucose (25.5 mmol L™Y). At
96 h, glipizide was added into the culture medium; n = 4. (F) Variation
of insulin secretion function of 2D INS-1 cells with culture time in the
presence of high glucose (25.5 mmol L™Y). At 72 h, glipizide was added
into the culture medium; n = 3. (G) Variation of insulin secretion with
glipizide concentration in 3D and 2D high-glucose models at 24 h after
addition of glipizide; (H) variation of insulin secretion with glipizide
concentration in 3D and 2D high-glucose models at 48 h after addition
of glipizide.

from 24 h to 96 h, indicating that glipizide had the effect of
stimulating 3D INS-1 cells to secret insulin. We also tested the
traditional high-glucose 2D INS-1 cell model. As shown in
Fig. 5F, after addition of glipizide into the INS-1 cell culture
medium at 72 h, the decrease of insulin secretion of 2D INS-1
cells incubated in high glucose also became slower than that
from 24 h to 72 h, indicating that glipizide had the effect of
stimulating 2D INS-1 cells to secret insulin. However, it can be
easily observed from Fig. 5E and F that, the variation of insulin

This journal is © The Royal Society of Chemistry 2018
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secretion with glipizide concentration in 3D model was higher
than that in 2D model. We quantitatively plotted the relation-
ship between insulin secretion and glipizide concentration in
Fig. 5G and H. At 24 h after addition of glipizide, insulin
secretion varied linearly with glipizide concentration in 3D
high-glucose model, and the slope was 0.0916 (red line, Fig. 5G).
As compared, at 24 h after addition of glipizide, insulin secre-
tion varied with glipizide concentration in an S-shape curve in
2D high-glucose model (black curve, Fig. 5G). At 48 h after
addition of glipizide, insulin secretion varied linearly with gli-
pizide concentration in 3D high-glucose model, and the slope
was 0.14 (red line, Fig. 5H). As compared, at 48 h after addition
of glipizide, insulin secretion varied with glipizide concentra-
tion in an S-shape curve in 2D high-glucose model (black curve,
Fig. 5H). No matter at 24 or 48 h after glipizide addition, the
increase rate of insulin secretion in 3D high-glucose model was
larger than that of 2D model, especially at high concentration of
glipizide, which strengthened the viewpoint that the 3D high-
glucose INS-1 cell model is more sensitive than the traditional
2D high-glucose INS-1 cell model in the field of drug screening
against diabetes. Notably, in 3D high-glucose model, both
inhibition rate and insulin secretion are linearly related to the
glipizide concentration, which facilitate the evaluation of effi-
cacy of an anti-diabetic drug candidate.

Conclusion

We developed a 3D high-glucose insulinoma cell line (INS-1)
model to screen the drug that stimulates insulin secretion.
Further, we developed an integrated microdevice enabling high-
throughput screening of anti-diabetic drugs, featuring the 3D
INS-1 cell model. In a single run on a single chip, we can test 5
concentrations and implement 4 parallel experiments. Experi-
mental data showed that the microdevice developed produced
a greater insulin production response than a comparable two-
dimensionally-cultured well plate.
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