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Abstract

Type 1 diabetes is caused by insulin deficiency due to the loss of beta cells in the islets of Langerhans. In severe cases, islet
transplantation into the portal vein is performed. However, due to the loss of transplanted islets and the failure of islet function,
the 5-year insulin independence rate of these patients is <50%. In this study, we developed a long-term, insulin-secreting, 3D-
bioprinted construct implanted subcutaneously with the aim of preventing islet loss. The bioprinted construct was fabricated
by the multi-layer bioprinting of beta-cell (mouse insulinoma-6: MIN-6)-encapsulated alginate bioink and poly(caprolactone)
biodegradable polymer. A glucose response assay revealed that the bioprinted constructs proliferated and released insulin
normally during the 4-week in vitro period. Bioprinted MIN-6 generated clusters with a diameter of 100-200 wm, similar to
the original pancreatic islets in the construct. In an in vivo study using type 1 diabetes mice, animals implanted with bioprinted
constructs showed three times higher insulin secretion and controlled glucose levels at 8 weeks after implantation. Because
the implanted, bioprinted constructs had a positive effect on insulin secretion in the experimental animals, the survival rate
of the implanted group (75%) was three times higher than that of the non-implanted group (25%). The results suggest that
the proposed, 3D-bioprinted, subcutaneous construct can be a better alternative to portal vein islet transplantation.
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Introduction

Diabetes, characterized by a loss of glycemic control, affects
more than 400 million people worldwide [1, 2]. Importantly,
in 2017, approximately 4 million people between the ages of
20 and 79 years died due to health complications resulting
from diabetes, which is 10.7% of global mortality [3]. Fur-
thermore, the rapid increase in the number of obese people
has led to a sharp increase in the risk of diabetes in devel-
oped countries, including in the USA. Diabetes is considered
a serious disease that needs to be addressed with a sense of
urgency worldwide.

Diabetes results from the malfunction of the beta cells
present in the islets of Langerhans in the pancreas due to
either an autoimmune-mediated disorder (type 1) or insulin
resistance in the peripheral tissues (type 2). Diabetes manage-
ment is based on diet (type 1 and 2) and exercise therapy (type
2), and drug therapy is initiated if blood glucose is not con-
trolled through the former methods. Depending on the state
of glycemic control, the use of an oral hypoglycemic agent
(type 2), glucagon-like peptide-1 receptor agonist (type 2)
or an insulin treatment (types 1 and 2) is considered. Insulin
is administered either by daily injections or by an insulin
pump that delivers a continuous insulin infusion. However,
when blood glucose control using insulin injection is diffi-
cult because of recurrent severe hyperglycemia, a surgical
treatment is the only solution, and donor islets or pancreas
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are transplanted. Most pancreatic islet transplants are per-
formed via the portal vein, and many initial immune rejection
reactions are observed after transplantation. The 5-year inde-
pendence rate of patients has been reported to be less than
50% after transplantation [4, 5].

There are several reasons for the low survival rate of islet
transplants. First, there is an instant inflammatory reaction
induced by complement activation and the innate immune
response [5]. Second, destruction of cell-extracellular matrix
interaction occurs during cell isolation from the donor’s
pancreas. Third, islet vasculature for nutrition and oxygen
supply is damaged after transplantation [6—10]. Fourth, islets
are injured by drugs and toxins produced by the liver [11,
12]. Other causes are the immune response and recurrent
autoimmunity [4]. Furthermore, the long-term survival of
the transplanted islets seems to be difficult owing to a com-
bination of these factors.

As a solution to the low survival and functional rate of islet
transplantation, the transplantation in non-pancreatic loca-
tions, including the kidney capsule [13-15], fat pad [16],
subcutaneous sites [17-19], intraperitoneal cavity [20, 21],
and the omentum [22], has been investigated. In particular,
extrahepatic transplantation of tissue-engineered constructs
using a scaffold, which is an environment that protects the
islets, has been attracting attention. For several decades,
the porous scaffold fabrication using various biomaterials,
such as poly(DL-lactide-co-glycolide) acid (PLGA) [23-25],
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PLGA scaffolds [26], polydimethylsiloxane salt-leached
scaffolds [22, 27], and thermoformed microwell scaffolds of
poly(ethylene oxide terephthalate)—poly(butylene terephtha-
late) (PEOT/PBT) block copolymer [28], has been studied for
extrahepatic islet entrapment and transplantation. However,
it is difficult to scale up these tissue-engineered constructs to
a clinically relevant size due to limitations in the supply of
nutrients and oxygen.

Another method of Langerhans islet protection is their
encapsulation in hydrogels. In this case, beta cells embedded
in small alginate beads or mixed in bulk alginate hydrogels
are injected into the abdominal cavity or subcutaneously
[29, 30]. Ludwig et al. reported the creation of an oxy-
genated, immunoprotective, alginate-based, macro-chamber
for beta-cell transplantation in male patients. However, the
requirement of attaching an external large module for oxygen
supply is a major drawback of this strategy [31].

Recently, attempts have been made to use 3D print-
ing in regenerative medicine. 3D printing is a technol-
ogy that produces 3D objects by converting complex 3D
shapes into digital data and stacking. In particular, 3D
printing has the advantage of producing patient-customized
constructs by combining medical image data, including
computed tomography and magnetic resonance imaging,
with reverse-engineering technology. Furthermore, as a
branch of 3D printing, 3D-bioprinting technology, which
mounts cells and growth factors in bioinks and prints them
simultaneously with structural biomaterials, presents new
possibilities for the reconstruction of soft and complex
tissues.

To date, 3D printing and 3D-bioprinting technology have
been used to reconstruct human organs, such as the ears, nose,
trachea, bone, cartilage, skin, liver tissue, and myocardial
tissues, and their areas of application are expanding [32—41].
Recently, there have also been attempts to use 3D printing
for the treatment of diabetes. It was used to form a cage
containing beta cells [4] or to produce a two-dimensional
structure [42, 43]. If 3D-bioprinting technology can create a
3D structure similar to human tissue using beta-cell bioink,
it may help to improve the survival and function of islet cells.
In addition, by optimizing the composition of the bioink, it
is expected to solve the problem of mere islet transplantation
or subcutaneous implant patches.

In this study, we propose an insulin-secreting construct
using 3D-bioprinting technology that works normally for a
long time by expanding into large cell aggregates with a
diameter of 100200 pm in vitro and is easily implanted
subcutaneously. After transplanting the developed structure
into type 1 diabetes mice, the possibility of the functional
replacement of a damaged pancreas was verified by eval-
uating insulin secretion and the survival rate. Our results
demonstrate new possibilities for 3D bioprinting for the treat-
ment of diabetes.

Materials and methods
Mouse beta-cell (MIN-6) culture

Mouse insulinoma-6 cells (MIN-6) were cultured in Dul-
becco’s modified Eagle’s medium (DMEM; Gibco, Waltham,
MA, USA) containing 10% fetal bovine serum (FBS;
Gibco, Waltham, MA, USA) and 100 units/mL of peni-
cillin/streptomycin (P/S; Gibco) at 37 °C in a humidified,
5% CO, atmosphere. When the cells reached confluence,
they were removed from the culture dish using 0.25%
trypsin—ethylenediaminetetraacetic acid (EDTA; Gibco),
centrifuged, and resuspended in DMEM. The medium was
exchanged every two days. For the bioprinting and cell tests,
MIN-6 of passage number from 20 to 24 was used.

Preparation of alginate mixtures and cells
encapsulated within bulk hydrogels

The alginate solution was prepared from low-viscosity
sodium alginate (Sigma, St. Louis, MO, USA) and DMEM
with 10% FBS. The MIN-6 suspension, at a density of 2 x
103 cells, was added to the alginate solution at concentra-
tions of 1, 2, 3, and 4%. Calcium chloride (Sigma) dissolved
in deionized water at a concentration of 100 mM was added to
the well to cross-link the alginate and form a hydrogel. Half
an hour later, the cross-linked hydrogels were washed three
times, submerged in DMEM, and then incubated at 37 °C in
a humidified, 5% CO; environment. The cell medium was
exchanged every two days.

3D-bioprinting system for the fabrication
of the cell-laden subcutaneous construct

3D constructs were fabricated using a multi-head, deposition-
based 3D-printing system (Geo technology, Incheon, Korea).
This system is equipped with controller for x—y—z motion,
temperature, and pneumatic (Musashi Engineering Inc,
Tokyo, Japan). Two isolated heads assembled with a heater
and syringe enabled the fabrication of hybrid constructs with
various combinations of biomaterials. The pressure and tem-
perature of each head were individually controlled to 800 kPa
and 300 °C, respectively. A linear motor, linear encoder,
and linear guide were installed to control the x- and y-axis
motions with an accuracy of 0.5 pm and repeatability of
2 wm. To control the z-axis, ball-screw motors with encoders
were installed. The accuracy and repeatability of the z-axis
were both 5 wm. The maximum product size of this system
was 400 x 400 x 250 mm.
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Fabrication of 3D-bioprinted constructs

3D-bioprinted constructs were fabricated using the devel-
oped 3D-printing system. In brief, the biodegradable poly-
mers in the syringe, PCL, and MIN-6-laden alginate bioink
were printed to the specified location by operation codes
from a computer-aided design (CAD) file, and the printed
alginate hydrogels were hardened using a calcium chloride
solution. After printing a single layer, the printer head moved
to the next position and printed the PCL frame and alginate
bioink. Using the layer-by-layer process, we fabricated a 3D
construct. The printing conditions for the PCL strut were as
follows: a printing speed of 200 mm/min, an air pressure of
600 kPa, and a syringe temperature of 65 °C. The printing
conditions for the MIN-6-encapsulated, alginate bioink were
as follows: a printing speed of 50 mm/min, an air pressure of
150 kPa, and a syringe temperature of 22 °C.

Cell viability assays

MIN-6 cell-encapsulated scaffolds with a density of 2 x
103 cells/alginate scaffold were cultured in a 24-well plate
for 28 days. To assess cell survival, a live/dead fluores-
cent solution of calcein-acetoxymethyl (AM) and ethidium
homodimer-1 (EthD-1) was prepared according to the manu-
facturer’s instructions (Thermo Fisher, Waltham, MA, USA).
Then, the scaffolds were submerged in the solution and
incubated at 37 °C for 40 min, before being washed in
phosphate-buffered saline (PBS; Gibco). After being washed,
the scaffolds were observed under a fluorescence microscope
(Zeiss LSM 510, Oberkochen, Germany).

Cell proliferation assays

Cell proliferation rates were measured using a cell-
counting kit (CCK-8; Dojindo, Kumamoto, Japan). MIN-
6 cell-encapsulated scaffolds with a density of 2x 10°
cells/alginate scaffold were cultured in a 24-well plate. After
7,14, 21, and 28 days, 250 nL of CCK-8 solution was added
to each well, and the plate was incubated at 37 °C for 2 h.
After extracting the reacted solution from the well plate,
the absorbance was measured at 450 nm using an enzyme-
linked immunosorbent assay (ELISA) reader (VERSAmax,
CA, USA).

In vitro glucose-stimulated insulin secretion

The density of MIN-6 was adjusted to 2 x 10° cells/mL.
MIN-6, cell-encapsulated scaffolds with a density of 2 x 10°
cells/alginate scaffold were cultured in a 24-well plate, and
the scaffolds were divided into low-glucose (LG) and high-
glucose (HG) groups. In the MIN-6 culture period of 28 days,
the LG and HG groups were adjusted by adding DMEM con-
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taining 3.0 and 33.0 glucose, respectively [44, 45]. Insulin
production from the cell supernatants was measured using a
mouse insulin ELISA kit (ALPCO, Salem, NH, USA).

Animal model and transplantation

Eight-week-old, male ICR mice weighing 30 g (Orientbio,
Gyeonggi-do, Korea) were used to induce type 1 diabetes
and were kept under controlled specific pathogen free (SPF)
conditions (22-24 °C, 55-60% room humidity) under a 12-h
light/dark cycle. During the experimental period, the mice
were allowed free access to water and a standard rodent
diet and were acclimated for 1 week. The study proto-
col was approved by the Animal Subjects Committee of
Gachon University (Approval number: LCDI-2018-0057).
After overnight fasting (the mice were deprived of food for
16 h but allowed free access to water), the mice were injected
intraperitoneally with freshly prepared streptozotocin (STZ;
180 mg/kg body weight, Sigma Chemical Co., St. Louis, MO,
USA)in 0.1 M citrate buffer (pH 4.5). After 3 days, mice with
marked hyperglycemia (fasting blood glucose>300 mg/dL)
were considered to have moderate diabetes and were used
for the animal study. A bioprinting alginate scaffold contain-
ing 2 x 10° MIN-6 cells was implanted into a subcutaneous
pocket in the dorsum of each mouse. In the experimen-
tal group, a total of eight scaffolds were transplanted into
diabetes-induced mice. In the control group, alginate scaf-
folds without cells were transplanted into diabetes-induced
mice (n = 4). The animals were sacrificed on days 28 and
56.

In vivo measurement of insulin secretion by glucose
stimulation

Once every week, blood samples were drawn from the lateral
tail vein between 09:00 AM and 11:00 AM to measure blood
glucose levels. Glucose concentrations were determined
using an Accu-Check Advantage Blood Glucose Monitor
(Roche Group, Mannheim, Germany). Plasma insulin lev-
els (ng/mL) were measured using a mouse insulin ELISA kit
(ALPCO, Salem, NH, USA).

Histological assay

Extracted mouse subcutaneous grafts were fixed in 4%
paraformaldehyde (PFA; Bioworld, Gyeonggi-do, Korea),
embedded in paraffin, and sectioned to a thickness of 4 wm.
For hematoxylin and eosin staining, slices were placed, after
deparaffinization, in hematoxylin (Sigma, St. Louis, MO,
USA) for 5 min, washed with deionized water(DI) water,
and dipped into 1% acid alcohol (HC1 + 70% EtOH) for 10 s.
After washing with DI water, the slices were dipped in eosin
(Sigma, St. Louis, MO, USA) for 3 min, washed with DI
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water, and then dipped into ammonia for 10 s. Subsequently,
they were washed with DI water and dehydrated using 70,
80, 90, and 100% ethanol (Sigma, St. Louis, MO, USA)
and xylene (Sigma, St. Louis, MO, USA). For immunohisto-
chemistry, the sections were deparaffinized and dehydrated
using xylene and ethanol in series. A staining was performed
using a peroxidase immunohistochemistry (IHC) detection
kit (Thermo Fisher, Waltham, MA, USA), insulin antibody
(Abcam, Cambridge, UK), and CD31 antibody (Santa cruz,
Dallas, USA) of a dilution of 1:100. After being washed, the
sections were treated with biotinylated anti-rabbit antibody
(diluted at 1:200; Abcam) and anti-goat antibody (diluted at
1:500; Abcam) and were then incubated in streptavidin con-
jugated with peroxidase. The staining was detected using 3,
3-diaminobenzidine (DAB), and all images were captured at
a magnification of 5x. Analysis was done by using the core
facility center for cell to in vivo (Bio) imaging of Gachon
University.

Statistical analysis

All experiments were repeated three times, and the average
values are presented unless otherwise stated. Data are pre-
sented as mean =+ standard deviation. A single-factor analysis
of variance with Tukey’s multiple comparison test was per-
formed to determine statistical significance (*P <0.05, p
<0.01, #**P <0.001).

Results
Fabrication results of the 3D-bioprinted construct

The constructs were printed using a multi-head, deposition-
based, 3D-printing system (Fig. 1). The poly(caprolactone)
(PCL) polymer frame and MIN-6 encapsulated alginate
bioink were successfully printed to the specified location
using operation codes (Supplementary Data 1). PCL struts
with a diameter of 300 pwm were fabricated using a stainless-
steel nozzle with a diameter of 300 wm at a printing speed
of 200 mm/min, air pressure of 600 kPa, and a syringe tem-
perature of 65 °C. MIN-6-encapsulated alginate bioink struts
were printed using an 800 wm diameter, plastic nozzle at a
printing speed of 50 mm/min, air pressure of 150 kPa, and a
syringe temperature of 22 °C. In addition, we incorporated a
forceps handler into the construct for ease of handling. The
3D construct was 10 x 8 mm wide and 0.6 mm thick. Fig-
ure 1 shows the control and experimental samples printed
using the proposed system.

Optimization of hydrogel concentration for beta-cell
proliferation

To set the optimal concentration of hydrogel for the fab-
rication of a 3D-bioprinted construct, a cell culture was
performed by the encapsulation of MIN-6 in alginate at
1, 2, 3, and 4% concentrations. As shown in the live/dead
images, the construct at 1% concentration had few cells after
7 days, and at 2% concentration, the number of cells increased
slightly on day 7 compared to day 1 (Figs. 2a and 2b). Cell
growth was noticeable at concentrations of 3 and 4%. The
lower light intensities of samples with concentrations of 1
and 2% were due to the loss of cells caused by the decom-
position of the alginate hydrogel during the experiment time
of 7 days. However, cell viabilities were maintained above
85% at all alginate concentrations, regardless of the incuba-
tion time (Fig. 2c).

To observe these decomposition phenomena in more
detail, hydrogel beads were prepared, and the decomposi-
tion status over time was examined. At 1% concentration,
most of the hydrogel beads were decomposed on day 7, and
most of the beta cells inside the hydrogel flowed out. At 2%
concentration, on day 7 the hydrogel beads were cracked and
divided, and only dead cells increased without increasing the
total number of cells. From day 10, the bead at 3% concen-
tration did not maintain the bead structure due to swelling
by hydration, and the hydrogel bead became transparent
over time. However, the alginate beads at 4% concentration
retained their spherical shape for 10 days (Fig. 3). When we
observed the degradation of alginate over a period of time,
we confirmed that 4% alginate maintained the bead structure
for more than 30 days in phosphate-buffered saline. It was
confirmed that a 4% alginate concentration is required for
long-term cell culture.

Based on the above results, constructs that were fabri-
cated using 4% alginate were cultured in vitro for 4 weeks.
At the live/dead assay result, the number of beta cells con-
tinuously increased over the entire period (Fig. 4a). During
the entire culture period of 28 days, the bioprinted constructs
maintained a cell viability of more than 85% (Fig. 4b). In
particular, from day 21, we confirmed that the cell-laden
hydrogel constructs extended to large cell aggregates of
100-200 pm in diameter, such as pseudo-islet structures.
The quantitative evaluation of cell proliferation using CCK-
8 also confirmed the increase in beta-cell populations over
time (Fig. 5).

Insulin secretion from the 3D-bioprinted construct
Although the growth of beta cells inside the fabricated con-
struct is important, their normal function is more important.

To this end, insulin secretion for glucose stimulation in
MIN-6 cells encapsulated in alginate was observed using an

@ Springer
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(b)

controller

Control group (without p-cells)

Fig. 1 Fabrication procedures for a p-cell (MIN-6)-laden, 3D-
bioprinted construct. a Design and fabrication process for a 3D construct
using a 3D-bioprinting system (center image). b Optical image of a -

Fig.2 Optimization of alginate density on the 3D-bioprinted, B-cell
(MIN-6) construct. a Live/dead images of p-cells at various alginate
densities (day 1). b Live/dead images of B-cells at various alginate

ELISA. As shown by the result of measuring insulin secretion
from day 1 to day 28, it was increased by up to 2 times (215%)
in the high-glucose state compared to the low-glucose state
(Fig. 6). In other words, the developed, 3D-bioprinted con-
struct secreted insulin in response to the amount of glucose
injected.
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3D bioprinted construct

B-cells

Experimental group (with p-cells)

cell (MIN-6)-laden, bioprinted construct. ¢ Optical microscopic images
of a B-cell loaded and unloaded alginate with a 3D-printed PCL frame

85%
80 4

Day 1 92.5:08 91.220.2 928101 935205
Day7 90.0:04 864:05 886:0.1 87.3:0.5

Alginate density

densities (day 7). ¢ Cell viability analysis results at various alginate
densities. (Sample size: 10 mm (W) x 8 mm (D) x 0.6 mm (H), scale
bar: 200 pm)

Specifically, there was no significant increase from the
beginning of construct construction to seven days. When
compared to days 7, 14, and 21, insulin secretion increased by
approximately 60% every 7 days as follows: 22+ 1.39 (day
7), 36 £0.82 (day 14), and 48 £0.23 (day 21) under high-
glucose conditions. Under low-glucose conditions, insulin
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Fig. 3 Decomposition of alginate beads with various concentrations. a Optical images of changes of alginate beads during 30 days. b Comparison

of bead diameter change according to alginate concentration. (**P <0.01)

(@)

Day-1 4

Fig. 4 p-Cell viability in the 3D-bioprinted construct. a Live/dead images of p-cells in the bioprinted constructs. b Cell viability analysis results for
long-term, in vitro culture

secretion increased by 50 and 150% on day 14 (18 +1.03)
and 21 (3241.74), respectively, compared to secretion on
day 7 (13 +£1.30). Insulin secretion was higher under high-
glucose conditions than under low-glucose conditions at all
time points (Supplementary Fig. S1). These results con-
firm that 3D-bioprinted MIN-6 cells maintained their insulin
secretion ability even during long-term culture.

In vivo implantation results

Streptozotocin (STZ), a 2-deoxy-D-glucose derivative of 1-
methyl-1-nitrosourea and similar in structure to glucose, is
a drug that causes type 1 diabetes by inducing the death of
pancreatic beta cells and preventing insulin secretion. In this
study, a type 1 diabetic animal model was prepared by select-
ing mice with a blood glucose level of >300 mg/dL among
8-week-old mice treated with STZ. Animal experiments were
divided into control groups implanted with constructs with-

Day-21 Day-28

4% alginate (b)
2x10° cells/scaffold 100 -

Cell viability (%)
8 8 8 8

-
_ :

]

1
—
—
—

[}
Day 1 Day 3 Day 5 Day 7 Day 14 Day 21 Day 28

Time

out MIN-6 cells and experimental groups implanted with
constructs containing MIN-6 cells. They were sacrificed at
28 and 56 days after implantation (Fig. 7a). In addition, once
aweek, glucose was measured from the mice for 56 days, and
the change in the blood glucose level was analyzed (Fig. 7¢).

Until day 21, there was no significant difference in
blood glucose levels between the experimental groups (con-
struct) and control groups. However, at days 42 and 56,
the control group exhibited maximum blood glucose levels
(>600 mg/dL) in the measuring device, but the blood glucose
levels of the experimental group implanted with the MIN-6
cell-laden scaffold decreased by ~ 11.2 and 7.2%, compared
to the control group (600 mg/dL) (Fig. 7c).

When observing the transplanted samples after staining,
a vascularization was not observed in either the control
or experimental groups at 4 weeks. However, as shown in
Fig. 8f, in the experimental group it was observed that the
insulin was stained in the hydrogel structure printed with beta
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Fig.5 Long-term proliferationresults in the -cell-laden, 3D-bioprinted
construct. -cells encapsulated in alginate by 3D bioprinting were pro-
liferated for an extended period of 28 days (**P <0.01)

cells. Even after 8 weeks after transplantation, in the exper-
imental group it was found that the insulin was stained by a
brown color and over the entire area of the hydrogel printing
(Fig. 81). As shown in the H&E and CD31 staining results, in
the experimental group (Figs. 8j and 8k), unlike in the con-
trol group (Figs. 8g and 8h), a number of blood vessels were

observed at the inside and outside of the hydrogel-printed
area.

Discussion

To date, various studies on pancreatic islets using 3D printing
have been conducted. However, they had their drawbacks as
they maintained a 2.5D structure and not a 3D structure and
did not survive in vitro for a greater length of time [4, 27, 46].
To solve this problem, we developed a micro-environmental
system for beta-cell culture using 3D-bioprinting technology
and materials used in clinical settings. In particular, because
hydrogels change rapidly in mechanical strength and cell
survival rate, it is important to select an appropriate concen-
tration. The selected concentration also significantly affects
the 3D-bioprinting process [36, 39-41]. To date, various
materials, such as matrigel, collagen, hyaluronic acid, and
alginate, have been studied [4, 30-32]. Considering the sup-
ply and demand of materials, mechanical properties, and cell
survival rate, 4 wt% of alginate was considered an optimal
condition for the fabrication of the 3D-bioprinted construct.

In this study, we successfully fabricated a 3D-bioprinted
construct using a combination of beta cells laden with 4%
alginate and a PCL-constituting frame. In addition, to pro-
mote in vitro survival, the number of beta cells was increased,
and a cluster of 100-200 wm was confirmed at 4 weeks. For
islets, the clustering of beta cells is considered important for
sustained survival and insulin secretion [27, 47—49]. There-
fore, the 3D-bioprinted construct developed in this study can
be considered a microenvironment suitable for beta-cell cul-
ture, long-term insulin secretion, and animal transplantation.

In the case of the hydrogel injection technique, perfor-
mance cannot be maintained by the deviation of the beta cell

Fig.6 Long-term insulin 60 -
secretion levels of B-cell-laden,
bioprinted constructs. In vitro —
. .|
cultured B-cells selectively c 50 -
reacted to the administration of =
high and low insulin c
concentrations for an extended : 40 -
period of 28 days (*P <0.05, o
#ExP <(0.001) °
o 30 -
q, *kk
(7]
-EE *kk
S 20+
(2]
=
10 4
0 .

Day 1 Day 3
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Fig.7 Glucose/insulin levels in diabetic mice. a Experimental progress
of the animal study using diabetic mice. b Results of measurements
of insulin levels in diabetic mice with/without bioprinted constructs

from the normal position, and there is also a problem with
cell engraftment to other organs [46]. Thus, 3D-bioprinted
constructs that serve as scaffolds for cell adhesion and pro-
liferation are necessary for the long-term survival of beta
cells. In addition, a structure that can be implanted into the
skin is more efficient than a portal vein procedure because of
its lesser difficulty in terms of the surgical procedure [4].

The blood glucose levels in the control group (initially
300 mg/dL) continuously increased to exceed the maximum
value of 600 mg/dL after 28 days, resulting in the death of
three of the four experimental animals. In contrast, the blood
glucose level in the experimental group (initially 300 mg/dL)
increased only after two weeks. Further, as the transplanted
beta cells functioned normally and secreted insulin, beta cells
showed a decrease in blood glucose levels (min. 400 mg/dL)
after two weeks.

Since the number of cells used in this experiment was not
as large as a 2 x 10° cells/scaffold, reducing the blood glu-
cose levels to normal was thought to present to be a challenge.
It is thought this might be solved by additional 3D stacking
of layers and an increase in the number of encapsulated beta
cells.

Days

(**P <0.01). ¢ Measurement results of glucose levels in diabetic mice
with/without bioprinted constructs. d Comparison of mice survival rates

When the developed 3D-bioprinted construct was trans-
planted into the subcutaneous layer of type 1 diabetic mice,
the beta cells in the islets of Langerhans survived during the
entire experimental period while maintaining insulin secre-
tion (8 weeks). At week 4, there was a small difference
in insulin secretion between the control and experimental
groups. Insulin secretion in the latter at week 8 was three
times higher than that in the former. This result was consis-
tent with changes in the blood glucose levels (Fig. 7b). In
other words, by releasing an appropriate amount of insulin
after cell proliferation in the implanted, bioprinted construct,
the blood glucose level in type 1 diabetic mice with STZ-
induced pancreatic tissue damage was gradually decreased,
as was the death rate, when compared with mice in control
group. As shown in Fig. 7d, the survival rates of mice after
8 weeks of the experiment were 25% (control group) and 75%
(experimental group), clearly indicating the performance and
potential of the developed, 3D-bioprinted construct.

When the extracted graft material was stained after
4 weeks of animal experimentation, insulin was stained in
the printed area in the experimental group in which the beta
cells were bioprinted, but not in the control group (Figs. 8c
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Fig. 8 Staining results of transplanted constructs. a H&E staining (con-
trol/4 weeks), b CD31 staining (control/4 weeks), ¢ insulin staining
(control/4 weeks), d H&E staining (construct/4 weeks), e CD31 stain-
ing (construct/4 weeks), f insulin staining (construct/4 weeks), g H&E

and 8f). In the sample, at week 8, a brown color was also
clearly observed in the hydrogel printed in the experimental
group (Figs. 8i and 81). Also, when CD31 staining results and
H&E staining results were observed at the same location of
week 8 grafts, it was confirmed that a large number of blood
vessels were generated around the bioprinted beta cells in the
experimental group (Figs. 8j and 8k). That is, it was found
that insulin secretion was progressed in the bioprinted tis-
sue, and the insulin could be delivered into the mouse body
through new blood vessels.

Collectively, these findings lead us to conclude that 3D-
bioprinted beta cells may help improve blood glucose levels.
If autologous beta cells using induced pluripotent stem cells,
which have recently attracted research attention, are pre-
pared, the developed beta-cell culture environment will be
a technology with a high potential for type 1 diabetes treat-
ment. Additionally, linking a host vessel to our construct
could prove to be a more effective treatment.

Conclusions
In this study, we used 3D-bioprinting technology to fabri-

cate a 3D construct that can maintain the function of beta
cells for an extended time, and we proposed that trans-
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staining (control/8 weeks), h CD31 staining (control/8 weeks), i insulin
staining (control/8 weeks), j H&E staining (construct/8 weeks), k CD31
staining (construct/8 weeks), l insulin staining (construct/8 weeks) (blue
arrow: blood vessel, brown color at ¢, f, i, I: stained insulin)

planting the construct into the subcutaneous tissue rather
than internal organs such as the portal veins can reduce
the difficulty of transplantation and islet loss. The devel-
oped, 3D-bioprinted construct demonstrated rapid beta-cell
proliferation for 4 weeks in vitro, and its laden beta cells
were aggregated into a 100-200 pwm diameter, similar to the
original pancreatic islets. In addition, we confirmed that the
construct faithfully fulfilled the function of beta cells by vary-
ing the amount of insulin secreted according to the amount
of glucose. Subcutaneous transplantation experiments using
type 1 diabetic mice with pancreatic islet destruction revealed
that insulin secretion was normal for up to 8 weeks in the
3D-bioprinted construct. Blood glucose levels in mice con-
tinuously decreased during the 4-week experimental period.
Although this study was conducted in mice using MIN-6,
which is a mouse beta cell, the proposed strategy is suit-
able for clinical application in materials and 3D-bioprinting
systems. Our results suggest that 3D-bioprinting technol-
ogy can be a new option for the treatment of type 1
diabetes.
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