creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86tH AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Mok ELICH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aele 212 WS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

oFeA| A 89 =

Hanging drop 7|&< ©]-&3F =}

<l
AP ZLE A2z FA

Design of Optimal Pancreatic Islet Spheroids Using

Hanging-Drop Method on the Functioned Surface

20124 8H

Bajeler 3 vl oAk AT

A&zl



Design of Optimal Pancreatic Islet Spheroids
Using Hanging-Drop Method on the

Functioned Surface



TABLE OF CONTENTS

ABSTRACT: - I

LIST OF FIGURES S v

1. INTRODUCTION

1.1 Type 1 Diabetes mellitus-------=--==-=====--ecmommm e 1
1.2 Pancreatic islet transplantation 2
1.3 Rejection mechanisms of xeno-transplantation------------------- 2

1.4 Immunoregulatory effect of IL-10 on islet transplantation-----4

1.5 Gene delivery using polyethyleneimine (PEI) 6
1.6 Formation of pancreatic islet spheroids using hanging drop

MethOd--——==m e 7

1.7 Cell to cell communications between pancreatic islet cell-----8

1.8 Rationale-------—--mmmmmm oo 9

2. MATERIALS AND METHODS

2.1 Materials

2.1.1 Animals -— 11

2.1.2 pCMV-SP-IL-10 plasmid -11

2.1.3 Modification of polydopamine patterned superhydrophobic

surface --- 3 5-127]



2.2 Methods

2.2.1 Pancreatic islet isolation- --- 15
2.2.2 Preparation of PEI/IL-10 gene complex--------------------- 15
2.2.3 Dispersion of islet single cells---------==--==-==mmemmemmeeeuev 18
2.2.4 Gene transfection into islet single cells--- - 18

2.2.5 Aggregation of genetically modified pancreatic islet

spheroids -19
2.2.6 In vitro viability of genetically modified pancreatic islet

spheroids 21

2.2.7 Insulin secretion of genetically modified pancreatic islet

spheroids -22
2.2.8 Transmission electron microscopy (TEM) 23
2.2.9 Connexin-36 immunostaining --- 24

2.2.10 IL-10 secretion from genetically modified spheroids------ 24

2.2.11 Statistical analysis -25
3. RESULTS
3.1 Preparation of islet spheroids from pancreatic islets---------- 27

3.2 Characterization of genetically modified pancreatic islet

SPheroids----==-===== oo 31
3.3 Cell to cell interaction of genetically modified spheroids----36
3.4 Efficiency of PEI-mediated gene delivery---------------------- 39

3.5 IL-10 secretion profile from genetically modified ICCs------41
A . -T !-



SR ) £ 0} 10) () —— 43

ST 10) @) 51 §13) (0) 47
6. REFERENCE-mmmmmmmeeemmmemmeemeeeeee 49
o 53



ABSTRACT

For the treatment of type I insulin-dependent diabetes mellitus
(IDDM), islet transplantation is considered as the promising strategy.
However, because of detrimental conditions after transplantation, the function
of the transplanted islets is not efficient enough to control the blood glucose
level. Researchers developed islet spheroids to overcome this, and improve
transplantation outcome as a result. Here, we investigated the islet spheroids
formed using the functioned surface and increased the transfection efficiency
of polymeric gene carrier.

Rat pancreatic islets were dissociated into single cells by treating
0.25% trypsin-EDTA. And 5 x 10’ islet single cells were seeded in a 12-well
culture plate. Transfection complexes which consist of 5 pg of DNA and
corresponding amount of PEI were treated to each well and filled with extra
culture medium to make 2 ml of total volume. Transfected single cells were
reaggregated into spheroids using hanging drop method on the polystyrene
petri dish. To improve the glucose sensitivity, polydopamine patterned
superhydrophobic surface was adopted on the process. Single cells were
resuspended in the culture medium (500 cells/30 pl) to form 30 ul drops onto
the hydrophilic polydopamine coated part of the surface. The surface was then
inverted and drops were incubated for 4-5 days. The lower dish was filled

with sufficient PBS to prevent the drops from drying.
I



Intact islets and islet spheroids show no morphologic differences.
Also, viability of islet spheroids was not damaged. Transfection efficiency of
IL-10 using polyethyleneimine (PEI) increased to approximately 4.5-fold,
compared to that of intact islets. This is due to the increase in total surface
area that contacts to DNA-carrier complexes. If the incubation environments
became more three dimension-like culture, glucose sensitivity tended to be
increased. However, between islet spheroids formed with two different
surfaces, there was no significant difference.

Formation of islet spheroids using hanging drop method would be
advantageous in terms of reduced, controlled size and high transfection
efficiency. Also, by using hanging drop method, glucose sensitivity of islet
spheroids increased compared to those formed with two dimensional culture
method which is the conventional cell aggregation methods using intermittent
pipetting. With the surface which has greater contact angle, I could reduce the

formation duration of islet spheroids.
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1. INTRODUCTION

1.1 Type 1 Diabetes mellitus

Diabetes mellitus is one type of chronic diseases that occurs when the
body cannot produce sufficient amount of insulin or the sensitivity of insulin
is decreased. As a result, insulin it is not used efficiently to balance the blood
glucose level. Diabetes mellitus can be divided into three types: Type 1
insulin-dependent Diabetes mellitus (IDDM), Type 2 non-insulin dependent
Diabetes mellitus (NIDDM), and gestational Diabetes mellitus. According to
World Health Organization (WHO), 345 million people worldwide are
suffering from diabetes mellitus and diabetes deaths are projected to be
doubled between 2005 and 2030. Also, it has been reported from Korean
Diabetes Association that 2.4 million people in Korea which take up 5% of the
whole nation, are considered as a diabetic patient, but only half of them
noticed such health conditions. In case of Type 2 and gestational diabetes, oral
medications with several different mechanisms are on the market and widely
used these days. However, for the treatment of Type 1 diabetes only whole
pancreas transplantation or conventional exogenous insulin injection has been
in use and both of them have disadvantages of patient discomfort. Therefore,
pancreatic islet transplantation is considered as potentially alternative
treatment of type 1 diabetes mellitus, because it needs comparably minimal

invasive surgical operations without repetitive insulin injections.
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1.2 Pancreatic islet transplantation

For the treatment of Type 1 Diabetes mellitus, islet transplantation is used
as one of the most promising strategies[1]. The procedure of islet isolation
and transplantation were pioneered by Lacy et al. throughout late 1960s and
early 1970s[2, 3]. However, because of detrimental conditions after
transplantation, including instant blood-mediated inflammatory reaction
(IBMIR)[4-6] and hypoxia[7], approximately 50% of transplanted islets
cannot function properly right after transplantation[8]. Depending on
transplantation methods such as throughintraportal, subcutaneous, kidney
capsular, and so on, each of above mentioned conditions differ from each
other, but still functionality loss of transplanted islets are a serious problem in
every case. To overcome these challenging points, gene delivery into
pancreatic islets[9-12] which can protect transplanted islets from harmful host
biological responseshas been considered as one of the prominent strategies for

successful transplantation outcomes[13, 14].

1.3 Rejection mechanisms of xeno-transplantation
The rejection mechanisms of xeno-transplanted islets consists of three
sequential processes termed hyperacute, acute, and chronic rejection. First of
all, hyperacute rejection occurs within 24 hours after transplantation. Host-
derived antibodies, macrophages, and tissue factors play the major role in this

step. Activated antibodies will trigger the complement activation and



macrophage will release various proinflammatory cytokines, like IL-1, TNF-
o,IFN-y, and cytotoxic radicals. Tissue factors produced from the transplanted
islets cause fibrin clot encapsulation of the islets with leukocytes infiltration.
This inflammatory reaction is widely known as instant inflammatory reaction
(IBMIR) and considered to have detrimental effects on the functionality of
transplanted islets[15].

Secondly, acute rejection begins after first week of transplantation,
because it needs time to activate T cells in lymph nodes. There are two
recognition pathways which initiate the further immune responses: direct and
indirect recognition. The former is mainly done by grafted dendritic cells from
donors and known to be engaged in comparably fast acute rejection. On the
other hand, indirect recognition is done by host dendritic cells. Therefore, it
takes more time for immune cells to move to grafted islets and then load

antigens.

Lastly, chronic rejection occurs months to years following transplantation.

Main reason of this is the proliferation of smooth muscle cells and production
of collagen by fibroblasts. Throughout this process, graft arterial occlusions
occur and will finally cause ischemia and cell death. And this is the reason
why recipients are requested to take immunosuppressive drugs for the rest of

their lives.



1.4 Immunoregulatory effect of IL-10 on islet
transplantation

Interleukin-10 is a kind of cytokine that is primarily secreted by antigen
presenting cells (APCs) and show several different immunological effects
including anti-apoptosis, anti-inflammation, and immunoregulation. Therefore,
IL-10 is called pleiotropic cytokine which means one gene influences multiple
phenotypic traits.

In the immunorejection process, no matter it is direct or indirect
recognition, APCs activate helper T cells, as well as cytotoxic T cells. IL-10
plays an important role in the process of helper T cell activation. It blocks the
secretion of pro-inflammatory mediators and activation of Thl cells, which
activates cytotoxic T cells. However, it also stimulates antibody mediated
humoral immune system (Fig. 1). Since IL-10 has immunoregulatory effect,
not immunosuppressive effect, so far its use for the improvement of
transplantation outcome has been somewhat controversial[10, 16-22].
However, it is recently reported that by using different kind of
immunosuppressive drug such as tacrolimus, or diluting the blood IL-10
concentration with anti-IL-10 antibody injection before antibody mediated
immune response initiates, transplantation outcome can be improved[23].
Therefore, here I used a cationic polymer as an IL-10 gene carrier, because of
its transient expression trait which might limit IL-10 expression to the certain

period that antibody mediated immune response is not yet initiated.
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Figure 1. The immunoregulatory mechanism of 1L-10 [23].



1.5 Gene delivery using polyethyleneimine (PEI)

Polyethyleneime (PEI) is one of the most frequently used polymeric gene
carrier along with polyamidoamine (PANAM). It was first described for gene
delivery purpose by Behr et al. in 1995[24]. And 25kDa branched PEI is
reported to have the highest transfection efficiency with acceptable
toxicity[25]. Similar to other cationic polymers, PEI condenses plasmid DNA
into positively charged particles which interact with the anionic cell surface.
After they enter into the cell through endocytosis, degradation of plasmid
occurs and it is released into the cytosol, allowing the migration into the
nucleus. During the endosomal stage of gene delivery, PEI is easily
protonated and stimulates the influx of external protons by activating ATPase.
While the influx of proton, Chloride ions come in together, making the
endosome swell and the rupture of endosome. This is called “Proton sponge
effect” and considered as a main reason explaining the reason why the
transfection efficiency of PEI is higher than other cationic polymers[24].

Even though the transfection efficiency of polymeric vector is lower than
viral vectors, there are more advantages in terms of safety concerns and
technical features. For example, PEI has low immunogenicity, no oncogenesis,
mass productivity, easy quality control, and the transfection process is simple
enough for researchers to carry out. Therefore, I decided to use PEI as a

carrier of IL-10 gene delivery.



1.6 Formation of pancreatic islet spheroids using
hanging drop method
It has been known that gene transfection efficiency into islets is
comparably low due to several following reasons. They are cell clusters of
approximately 1,000 to 2,000 single cells including a, B, andd cells that result
in aggregates which have a size of 80 to 400 um in diameter. Therefore, only
few cells in 2-3 peripheral cell layers can be transfected with gene, although
non-viral and/or viral gene delivery system are applied[26, 27]. Also, the fact
that islets are detached and non-dividing cells leads to the low transfection
efficiency[28]. Therefore, pancreatic islet spheroids are considered to improve
the efficiency of gene delivery into islets. When pancreatic single cells are
transfected and then reaggregated, the total surface area that cells and
transfection complex contacts increases and transfected single cells can be
located in the center of the spheroids.In addition, it is reported that
reaggregated islet spheroids are small in size compared to the original one and
this allows the spheroids to overcome the limitation of oxygen and nutrient
transport[29], especially to the core part. In normal intact islet culture
condition, researchers can easily observed the hypoxic damage of islets in the
center part, as time goes by.
Several different techniques have been used for the cell aggregation such
as hanging drop method, spinner flask method, plating upon non-tissue culture

treated plates method, moulding method, and so on[30]. Among these



techniques, hanging drop method has advantages like size control,
morphology control, and increased reaggregation efficiency. Hanging drop
method was first used in animal tissue culture to generate primary cultures of
fibroblasts from chick heart explant using solid substrata[31]. It is still in use
for stem cell differentiation, spheroid preparation in tumor invasion model,

and pancreatic islet spheroid formation[13].

1.7 Cell to cell communications between pancreatic
islet cells

Pancreatic islet cells communicate with each other by exchanging
intracellular Ca®" jons though gap junctions which consist primarily of
connexin-36 proteins. Though this communications, pancreatic islets can
coordinate cellular activity and they can review the functional state of their
neighbors. 6 connexin-36 proteins consist one connexon and two connexons
link adjacent cells. When peripheral pancreatic B-cells take up extracellular
glucose though GLUT 2 transmembrane transporter, intracellular ATP
concentration increases as a result of sequential glucolinase, glycolysis, citric
acid cycle, and oxidative phosphorylation process. Increased ATP closes ATP-
gated K" channel followed by opening of voltage-gated Ca®" channel and thus
increase the intracellular Ca®" concentration which finally acts as a signaling
molecule and stimulates insulin secretion. The role of gap junction is known

to be very significant in terms of total islet functionality. It is reported that



when connexin-36 gene is knocked out, insulin gene expression and
stimulation index are decreased. However, after restoration of this gene,

insulin biosynthesis and insulin secretion are increased|5].

1.8 Rationale

Pancreatic islet spheroids are reported to have advantages such as small
in size and higher transfection efficiency. Therefore, growing number of
researchers are showing interests in forming pancreatic islet spheroids. Here,
we formed pancreatic islet spheroids using hanging drop method, because
application of this technique in islet research has not been actively done and
there is a need to characterize the spheroids using this method in detail. First, I
tried to optimize the seeding concentration and incubation time to get ideal
pancreatic islet spheroids. The pCMV-SP-IL-10 expression plasmid is
delivered into islet single cells by using polymeric gene carrier, 25kDa
branched PEI. Then I investigated the yield, functionality, viability, and
transfection efficiency of formed pancreatic islet spheroids and compared
these with those of intact islet.

I investigated the effects of surface hydrophobicity and droplet contact
angle on the formation of islet spheroids. Depending on different contact
angles, I hypothesized that the aggregation driving force within droplet
changes and this may results in formation of more compactly packed

spheroids. To confirm the hypothesis, I compared the viability and



functionality of spheroids formed by two dimensional culture method and
hanging drop method with two different surfaces with different
hydrophobicity: polystyrene and polydopamine patternedsuperhydrophobic

surface.
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2. MATERIALS AND METHODS

2.1 Materials
2.1.1 Animals
Male outbred Spraque-Dawley rats aged 7 weeks (weighing between 200
-300 g) were used as donors of pancreatic islets. They were purchased from
Orient-Bio (Kyunggi, South Korea), and were kept under pathogen-free
conditions. All animal procedures were approved by our Institute of

Laboratory Animals Resources of Seoul National University.

2.1.2 pCMV-SP-IL-10 plasmid
The IL-10 cDNA was amplified by polymerase chain reaction (PCR)
using pCAGGS-IL-10 as a template[32]. The PCR primer sequences are as

follows; forward primer, 5’-CCCGCTCGAGATGCCTGGCTCAGCACTGC

TA-3’, backward primer, 5’-CGACGCGTGGTGTTTTAGCTTTTCATTTTG

AT-3’. For cloning convenience, the Xhol and Mlul site were introduced to
the forward and backward primers, respectively (the enzyme sites are
underlined). The amplified IL-10 cDNA was digested with Xhol and Mlul and
purified by agarose gel electrophoresis and elution. The IL-10 cDNA was
inserted into pCI (Promega, Madison, W1, USA) at the Xhol and Mlul sites,

resulting in construction of pCMV-IL-10. The DNA fragment encoding the

11



secretion signal peptide was synthesized chemically and inserted into pCM V-
IL-10 at the Nhelsites. ATGCTGCTGCTGCTGCTGCTGCTGGGGCCTGC
GCCTGCAGCT is the signal peptide sequence. GAGCCTGGGCCCA. The
furin recognition site was located at the 3’-end of the SP ¢cDNA. Therefore,
after expression of SP-IL-10 fusion protein, SP may be removed from the
protein. The construction of pCMV-IL-10 was confirmed by direct sequencing.
The SP cDNA was inserted in the upstream of the IL-10 ¢cDNA to
produce SP linked IL-10. It was previously reported that production of an SP-
linked peptide promotes secretion of therapeutic peptide[33]. The SP-linked
IL-10 expression plasmid was constructed by inserting DNA encoding the IL-
10 secretion SP into pCMV-IL-10 at the Nhel sites (Fig. 2). After the
expression of the SP and IL-10 fusion protein, SP-IL-10 would be processed

by digestion by furin in Golgi, producing IL-10.

2.1.3 Modification = of  polydopamine  patterned
superhydrophobic surface

Following the process previously reported[34], F-silane compound-

functionalized anodic aluminum oxide surface was fabricated. First of all,

99.999% pure aluminum surface with the thickness of 0.25 mm was washed

12
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in the acetone by sonication for 5 min followed by ethanol and deionized
water rinse. Then it was electropolished with the perchloric acid (HCIO4, 70%)
and ethanol mixture (1:5 in volume) under 7°C and 15 V for 5 min. Here,
aluminum surface worked as an anode and graphite as a cathode. This surface
was anodized in 0.9 M phosphoric acid (H;PO,, 85%) using 120 V cell
voltage and graphite as a cathode for 6 h at 3°C. Porous aluminum oxide layer
was removed by immersing the surface in 1.8 wt% chromic acid (CrOs,
99.9%) and 8.6 wt% phosphoric acid mixture for 3 h at 65°C. This textured
aluminum surface was then anodized again with the same conditions for 30
min. The pores of aluminum oxide were widened by immersing the surface in
5 wt% phosphoric acid for 30 min at 45°C. This anodic aluminum oxide
surface was dried at 50°C overnight followed by 7 min of oxygen plasma
treatment. The fluorine compound was evaporated under low pressure and
deposited on anodic aluminum surface.

Anodic aluminum oxide (AAO) surface is fabricated by photolithography
followed by polydopamine coating as previously reported[35]. After spin-
coating of dot-patterned photoresist onto the surface with 3,500 rpm for 35
min, soft banking process was done for 2 min at 110 °C. The dot-patterned
photomask was then aligned onto the softbanked surface followed by UV
exposure centered at 350 nm for 30 sec. By immersing the surface in the
developer (MIF200) for 60 sec, photomask was removed. Then partially UV-

exposed surface was immersed in dopamine solution and incubated overnight

14



for the coating. Following acetone washing and deionized water rinse, the
polydopamine patterned superhydrophobic surface was dried under stream of
nitrogen. Depending on the patterning, contact angle of drops on the surface
can be changed (Fig 3).The general modification process of polydopamine

patterned superhydrophobic surface is shown in Figure 4.

2.2 Methods

2.2.1 Pancreatic islet isolation

Pancreatic islets were isolated from male Spraque-Dawley rats by
collagenase digestion and subsequent Ficoll (Sigma, St. Louis, MO, USA)
density gradient purification followed by washing twice with RPMI-1640
culture medium (Sigma) which contains 10% fetal bovine serum (FBS;
Sigma), 2mM sodium pyruvate (Gibco-BRL, Grand Island, NY, USA), 23.8
mM sodium bicarbonate (Sigma), 6mM HEPES (Gibco-BRL), 11mM glucose
(Sigma) and 1% penicillin/streptomycin (Gibco-BRL). The islets were
handpicked on the following day for the further purification and cultured in

the culture medium under humidified air containing 5% CO, at 37°C.

2.2.2 Preparation of PEI/IL-10 gene complex
Transfection complexes were prepared by mixing pDNA encoding either
enhanced green fluorescent (eGFP) reporter gene or sp-IL-10 and 25kDa

branched PEI in culture medium without 10% FBS. The mixture was then
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incubated for 30 min at room temperature (RT) to form the complex. N
(nitrogen of PEI)/P (phosphate of DNA) ratio used in the following

experiments was fixed to 5:1.

2.2.3 Dispersion of islet single cells

Isolated pancreatic islets (1,000 islets) were dissociated into single cells
by treating 0.25% trypsin-EDTA digestive enzyme (Gibco-BRL; 1 ml) and
intermittent mild vortexing during approximately 10 min of the process in
water bath at 37°C. After trypsinization for 10 min, dissociated islet single

cells were washed at least twice with culture media containing 10% of FBS.

2.2.4 Gene transfection into islet single cells

Gene delivery into islet cells was carried out after complex of pCMV-SP-
IL-10 expression plasmid with branched polyethylenimine (PEIL; 25kDa) in
culture medium without 10% FBS for 30 min at room temperature. For the
transfection, the dispersed islet single cells were seeded in a 12-well culture
plate (5 x 10° cells/2 ml/well), and then the pCMV-SP-IL-10/PEI complex (5
png DNA) was treated into them and incubated in the culture medium without
FBS for 6 h under humidified air supplemented by 5% CO, at 37°C. After
transfection, the single cells were washed twice with culture media in order to
eliminate redundant transfection complexes.

Transfection efficiency of PEI non-viral carrier was calculated with

18



fluorescence- activated cell sorter (BD FACSCalibur™, Franklin Lakes, NJ,
USA). To do that, pCMV-eGFP (enhanced green fluorescent protein)
expression plasmid was complexed with branched PEI polymer (N/P ratio 5:1;
S5ug DNA) and the complex was treated into islet single cells. Simple
confirmation of GFP expression was observed with confocal laser scanning

microscopy (CLSM; Carl Zeiss-LSM510, Géttingen, Germany).

2.2.5 Aggregation of genetically modified pancreatic
islet spheroids

Briefly, the different numbers of genetically modified islet single cells
were re-suspended in the culture medium (125, 250 or 500 cells/30 ul). The
30 pl droplets were put onto square shaped petri dish (Greiner, Bio IneGmbH,
Frickenhausen, Germany). The petri dish was then inverted and incubated in
humidified air containing 5% CO,at 37°C to form pancreatic islet spheroids.
The lower part of each dish was filled with sufficient amount of PBS buffer to
prevent the droplet drying during 4-5 days of incubation. The aggregated
spheroids in the droplets were harvested and further cultured for following
experiments. The general scheme of the experiment is shown in Figure 5.
In case of hanging drop method wusing polydopamine patterned
superhydrophobic surface, seeding concentration was fixed to 500 cells/30 ul
which showed high formation yield and regular shape. And the volume of

each droplet was 12 pl, because it was the maximum volume that the surface
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can hold droplets stably. Further process was same as I described above in
spheroids formation using square shaped petri dish.

To form the pancreatic islet spheroids with two dimensional culture
method, 6 x 10° dissociated islet single cells were culture again in a 12-well
plate (Corning, New York, NY, USA) in the incubator containing 5% CO, at
37 °C. After 6 days of incubation with intermittent pipetteing, single cells

reaggregate spontaneously.

2.2.6 In vitro viability of genetically modified pancreatic
islet spheroids

The viability of the genetically modified spheroids was investigated with
both Live/Dead® cell viability assay (Molecular Probe, Invitrogen Co.,
Carlsbad, CA, USA) and Cell Counting Kit-8 assay (CCK-8; Dojindo
Molecular Technologies Inc., Rockwille, Maryland, USA). For Live/Dead®
cell viability assay, calcein was stained only in viable cells (green color) and
ethydium homodimer-1 was stained only in damaged cells (red color). The
stained spheroids were visualized by the CLSM (Carl Zeiss). For CCK-8
assay, 100 ul of cell suspension was (30 spheroids/well) dispensed in 96-well
plate and incubated for 24 h in the incubator with 5% CO, at 37°C to give
time for dehydrogenase secretion. Then 10 plof CCK-8 solution was added to
each well and the plate was further incubated for 4 h. The amount of

dehydrogenase secreted from live cell was measured by microplate reader
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(Bio-Tek Instrument, Inc., Highland Park, Winooshi, VT, USA) with
excitation at 450 nm and emission at 590-630 nm. The CCK-8 data were
revised by DNA quantification using PicoGreen Quantitative DNA assay kit
(Molecular Probe, Invitrogen Co., CA) for compensating size variation of the

spheroids.

2.2.7 Insulin secretion of genetically modified pancreatic
islet spheroids

To evaluate the functionality of the spheroids, glucose-stimulated insulin
secretion (GSIS) was carried out. Briefly, the spheroids were seeded on each
Millicell® cell culture insert (Millipore, MA, USA) (30 spheroids/insert) and
they were pre-incubated in low glucose solution (2.8 mM) in humidified air
containing 5% CO, at 37°C for 1 h. Then they were further incubated in fresh
low glucose solution for 2 h. After incubation, the culture solution was
collected and stored at -20°C until further experiment. And then the spheroids
were transferred to high glucose solution (28 mM) and continuously incubated
for 2 h. Finally, we measured the secreted amount of insulin protein in the low
and high glucose solution by rat insulin ELISA kit (EZRMI-BK; Millipore,
MA, USA). In addition, stimulation index (SI) values of different
concentration of glucose to the cultured spheroids were calculated with the

following equation:
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2.2.8 Transmission electron microscopy (TEM)

To confirm the cell-to-cell interaction within the spheroids, transmission
electron microscopy (TEM; JEOL, Tokyo, Japan) was used. Generally, the
cell-to-cell interaction in islet is very important for rapid secretion and
sensitivity of insulin[5]. Briefly, the pancreatic islet spheroids or intact islets
(control group) were fixed with modified Karnovsky’s fixative containing 2%
paraformaldehyde and 2% glutaraldehyde in 0.05 M sodium cacodylate buffer
with pH 7.2 at 4°C for 2-4 h followed by washing three times with the same
buffer. In post-fixation step at 4°C for 2 h, 1% osmium tetroxide in 0.05 M
sodium cacodylate buffer with pH 7.2 was used. The samples were washed
again with distilled water at room temperature for two times briefly. Then 0.5 %
uranyl acetate was used at 4°C for 30 min for en bloc staining. After
dehydration and transition with 100 % propylene oxide at room temperature
for 15 min twice, the samples were infiltrated with the prolylene oxide and
Spurr’s resin mixture. For the polymerization of the block, samples were kept
at 70°C for 24 h. The blocks were sectioned with ultramicrotome (MT-X,
RMC, Tuscon, AZ, USA) and stained with 2 % uranyl acetate for 7 min and
Reynolds’ lead citrate for 7 min again. After the whole process, samples were

observed with TEM.
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2.2.9 Connexin-36 immunostaining

1% Agarose, cell culture grade, in isosmotic PBS for the fixation of
spheroids and intact islets. Embedded cells were kept in 10%
paraformaldehydefor at least 24 h. The agar blocks were embedded again in
paraffin and then sectioned in the microtome, Probe-On-Plus Slides (Fisher
Scientific) at thickness of 4 um. The sections were deparaffinated in xylene
and dehydrated in 100%, 95%, 85%, 70%, and 0% alcohol. Then peroxidase
blocking was done with 0.3% H,0, followed by microwave antigen retrieval
in 0.01 M citrate buffer at pH 6.0. After non-specific binding blocking with 4%
Bovine serum albumin and PBST, rabbit anti-rat connexin-36 antibody
(Biorbyt, orb15452) was treated for 60 min. (1:200). Then goat anti-rabbit
Alexa Fluor488 (A11008, Invitrogen) was treated for 30 min. Stained samples
were observed using confocal laser scanning microscopy (CLSM; Carl Zeiss-

LSMS510).

2.2.10 IL-10 secretion from genetically modified
spheroids

To confirm the IL-10 expression of genetically modified spheroids, we

measured the secreted amount of IL-10 in culture medium during culture

period. Briefly, genetically modified spheroids were put into each Millicell®

cell culture insert (Millipore) and incubated. Culture medium was collected at

day 2,4,6, and 8 during cultivation period. For media exchange, the inserts
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were transferred every two-day to other wells filled with fresh culture medium.

The secreted amount of IL-10 in culture medium was measured by using IL-

10 ELISA kit (E90056Mu, Uscn Life Science Inc., Wuhan, China).

2.2.11 Statistical analysis

All results were expressed as mean + standard deviation (SD). Statistical
analysis by Student’s t-test or one-way analysis of variance (ANOVA) with
Tukey’s HSD (Honestly Significantly Different) test (SigmaStat 3.5, Systat

Software, San Jose, CA, USA) was evaluated with P<0.05 significance.
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3. RESULTS

3.1 Preparation of islet spheroids from pancreatic islets

After isolation and purification by handpicking on the following day, rat
pancreatic islets weredissociated by treating 0.25% trypsin-EDTA and the
viability of single cells was above 90% which was confirmed by Tryphan blue
(Sigma) exclusion test.

The hanging drop process took 7 days in case of polystyrene surface and
4 days in polydopamine patterned superhydrophobic surface (Fig.6). In both
cases, compactly reaggregated pancreatic islet spheroids with standardized
morphology were obtained (Fig.7). Rat pancreatic islets and the spheroids
show no remarkable differences regarding the general morphologic aspect.
Cell borders were clearly distinguished and peripheral cells formed
continuous and smooth boundaries. And, composite cells located inside were
closely packed.

The size distribution was calculated for three different seeding densities;
125, 250, and 500 cells per each drop (30 ul). The average diameter was
calculated as an average of the longest and the shortest diameter of the
spheroids. And the results of obtained spheroids with each density were 53.75,
60.29, and 72.07 um, respectively. The average diameters of the spheroids
with 125 and 250 cells per drop condition were similar to each other, whereas

the spheroids with 500 cells showed statistical difference compared to other
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Figure 6. Morphology of the spheroids formed with three different
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formation process; two dimentional culture method, hanging drop
method on polystyrene petri dish and onpolydopamine patterned

superhydrophobicsurface depending on incubation time.
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Figure 7. Morphology of pancreatic islet spheroids. After cell clustering

with 500 cells/30 pl using hanging drop method on polystyrene surface (A,
C). 200 cells/12 pl using hanging drop method on polydopamine

patterned superhydrophobic surface (B, D). Photos of the spheroids with
magnification of x 100, and x200. (E) Pancreatic islet single cells and (F)

intact islet with magnification of x100. Scale bar = 100 pm
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two groups (Fig.8A). We concluded from this result that density of 500 cells
per drop is necessary for forming more compact and stable spheroids.
Therefore, all experiments below were done with the condition of 500 cells
per drop. In this optimal condition, diameters of about 90% of formed
spheroids were in the narrow range from 81 to 120 um (Fig.8B). Compared to
the size distribution results of the spheroids formedusing two dimensional
culture method, the spheroids formed with hanging drop technique showed
narrow size range. And depending on type of surface that is used for hanging
drop method, more precisely depending on the contact angle of droplets, size
range changed. It is proven that as contact angle of hung droplets increases,

the size distribution of formed spheroids tend to be decreased (Fig.8C).
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two dimensional culture method, polystyrene surface, pD-coated surface,

respectively.
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3.2 Characterization of genetically modified pancreatic
islet spheroids

During the hanging drop process, cells need to be cultivated for 6-7 days
in drops without media change in case of the process with polystyrene surface.
It is possible that this long cultivation in the same culture media might
damage the viability of the spheroids. Therefore, cell viability of both
spheroids and control islets incubated for 7 days were evaluated. In
Live/Dead® cell viability assay, some dead cells were appeared among the
spheroids. Also, control islets were partly damaged during 7 days of
incubation and showed some dead cells (Fig.9). To quantitatively analyze the
cell viability, we carried out CCK-8 analysis which was revised by DNA
quantification. Compared to control group, the relative cell viability of the
spheroids were 71.90 £ 7.39% (Fig.10). From this result, we concluded that
cultivation environment of hanging drop method with no media change for 6-
7 days and suspended position did not greatly affect the viability of the
spheroids. Also, according to the Live/dead® cell viability assay, spheroids
formed with hanging drop method using pD-coated surface were not damaged

during 4 days of incubation (data not shown).
To check if the hanging drop process influences the functionality of
the spheroids, we investigated the insulin secretion ability. Measurement of
insulin secretion by in vitro revealed that spheroids formed using two

dimensional culture method and hanging drop method exhibited a decreased
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Figure 9. Viability of intact islets incubated for 7 days and the spheroids
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calcein AM (green) and ethidium homodimer-1 (red) for the
determination of live and dead cells. Photographs were obtained under

fluorescence microscope. Magnification = x200. Scale bar = 100 pm.
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Figure 10. CCK-8 assay of intact islets incubated for 7 days and the
spheroids with 500 cells/30 pl condition for quantitative viability analysis.

The difference between two groups is not statistically significant.

(P=0.428).
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secretion activity inresponse to high glucose stimulation and increased
secretion activity in response to low glucose stimulation (Fig.11A). In case of
islet spheroids formed using hangingdrop methodwith polystyrene surface or
polydopamine patterned superhydrophobic surface, the insulin secretion
response depending on glucose stimulation was statistically different, similar
to the result of intact islets. However, the spheroids formed with two
dimensional culture method didn’t show the statistical difference between
secreted insulin amount in low and high glucose solution. This is considered
to be due to insufficient formation of gap junctions between single cells and
not efficient cellular communication between them as a result. Although it is
comparably lower than responsiveness of intact islets, data suggested that the
spheroids formed by hanging drop method appear to recover the functionality
which was greatly damaged in two dimensional culture process. To evaluate
the responsiveness quantitatively, I calculated SI index of each samples
(Fig.11B). Compare to SI index of two dimensional cultured spheroids, that of
the spheroids formed with hanging drop method showed higher value.
However, different from my hypothesis, SI index between polystyrene and
polydopamine patterned superhydrophobic surface group didn’t show

statistically meaningful difference.
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3.3Cell to cell interaction of genetically modified
spheroids

Newly formed gap junctions in pancreatic islet spheroids were confirmed
by both TEM analysis and connexin-36 staining. Through the observation of
narrowed down and ‘lip-like’ regions between single cells which are marked
with black arrow heads, we can confirm the existence of gap junctions in both
cases of the spheroids and intact islets (Fig.12). Cellular communications
between islet single cells are known to be done by exchanging calcium ions
through these gap junctions. And each of these gap junctions consists of 6
connexinproteins that form the transmembrane channel. Previous studies have
shown that the presence of gap junctions between pancreatic B-cells is
required for proper secretion profile of insulin [26, 36].

To confirm the existence of gap junction prominently, connexin-36
immunostaining was done. Green fluorescence indicates connexin-36 and
blue one shows nucleus (Fig 13). All samples seemed to have connexin-36
proteins, but compared to spheroids prepared with two dimensional culture
method, those with hanging drop method showed brighter green fluorescence.
From this result, I concluded that hanging drop method, especially using
polydopamine coated surface which can provide more three dimension-like
culture, is ideal for islet single cells to form more compact spheroids and this

enables to make more gap junctions among each other.
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Fiogure 12. Transmission electron microscope (TEM) image of gap
junctions.Magnification x60,000. Scale bar = 200 nm. (A) intact islet. (B)

pancreatic islet spheroids formed by hanging drop method
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Figure 13. Immunostaining of intact islet and pancreatic islet spheroids
formed with two dimensional culture, hanging drop on polystyrene or
polydopamine patterned superhydrophobic surface. Each sample is

stained with FITC conjugated connexin-36 antibody and DAPI.
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3.4Efficiency of PEI-mediated gene delivery

The transfection efficiency of pancreatic islets is comparably low,
because they grow in suspension culture and they are non-dividing primary
cells. It is well known that surface area of suspension cells that contacts with
carrier particles is smaller than adherent cells. Also, since they are non-
dividing cells, they don’t progress through the cell cycle which normally
allows increased insertion of exogeneous DNA when nuclear membrane
disappears in mitosis. Therefore, whether using viral or non-viral strategy,
transfection of islets is broadly known as a very difficult work. To investigate
the transfection of intact islets and islet spheroids formed after single cell
transfection, we delivered eGFP plasmid by PEI with same condition.
According to confocal microscopy, we could hardly recognize the expression
from intact group (Fig 14A). On the other hand, expression of islet spheroids
group could be easily confirmed (Fig 14B). To quantitatively analyze the
transfection efficiency, we did FACS analysis. In case of intact islet, the
transfection efficiency was 1.54+0.04% (Fig. 14C). The efficiency of islet
spheroids which were reaggregated after transfection in single cell state was
6.75+£0.21% (duplicated) (Fig. 14D). We speculated that this great
improvement was due to the increase of total surface area that contacts to
DNA-carrier complex. This played an important role in enabling
approximately 4.5-fold higher efficiency of islet spheroids compare to that of

intact islets. Therefore, hanging drop method is considered as an
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Figure 14. Transfection efficiency of PEI-mediated gene delivery into
intact islets and islet spheroids which are formed after single cell
transfection.Confocal laser scanning microscope (CLSM) image of
intact islets(A) and islet spheroids (B) formed after PEI mediated gene
delivery. FACS analysis of the same groups, respectively; intact islet (C),

islet spheroids (D)

40



advantageoustechnique, because it is possible to enhance transfection

efficiency.

3.5. IL-10 secretion profile from genetically modified
ICCs

As a representative immunosuppressive cytokine, delivery of IL-10 gene
to improve transplantation outcome is under active investigation[10].
Therefore, we tried to deliver IL-10 gene with polymeric carrier, PEI and
released amount of IL-10 from transfected intact islet and islet spheroids
formed by hanging drop method after single cell state transfection was
compared. The release profile of each group was observed up to 8 days with
media change every other day and revised by DNA quantification.
Accumulation of IL-10 increased gradually throughout the 8 days of
experiment in both groups (Fig. 15). The total amount of released IL-10 in
case of islet spheroids group was about twice than that of intact group. This is
because of the different transfection efficiency between the two groups which

was about 4-fold difference.
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4. DISCUSSION

The pancreatic islet cell transplantation for the treatment of type 1
diabetes mellitus has been widely adapted around the world, since Dr. James
Shapiro and colleagues reported what is now known as the Edmonton
protocol. With the use of sirolimus, tacrolimus, and daclizumab, 7
consecutiverecipients achieved euglycemia. It has been recently reported that
50-68% of recipients did not need additional insulin after transplantation, but
only 10% of recipients could live independent from insulin, 5 years after
transplantation. Therefore, there is still long way to improve the islet
transplantation procedure.

Islet spheroids are considered to have some advantage over intact islets,
in terms of improved viability, because of its small size. Among several
different techniques to form islet spheroids, hanging drop method has not
been deeply investigated. In this study, I tried to figure out the optimal
conditions of hanging drop methods for making islet spheroids and investigate
them at first. And then by changing the strength of driving force that enables
single cells to aggregate, I tried to investigate the influence of physical
strength on the performance of islet spheroids.

Regardless of the type of surface, the size and morphology was controlled

in case of islet spheroids formed using hanging drop method. And this is
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meaningful in terms of forming islet spheroidss with expected size with
narrow size distribution and further application for various purposes such as
microencapsulation[29]. I decided the seeding concentration of 500 cells/30 pl
as the optimal one, because size difference of islet spheroids formed in lower
concentrations was not statistically significant. This is probably due to the
certain amount of force that is required between composite islet single cells.
In the lower concentration conditions, it is likely that driving force is not
enough for all single cells to form the aggregate.From this, I hypothesized that
by increasing the driving force within the droplets, single cells may form
more tightly packed spheroids which allow them to function better. To provide
stronger driving force to cells, I used polydopamine patterned
superhydrophobic surface which can hold water droplets with bigger contact
angles and this results in stronger force.

The normal insulin secretion pattern inside the body is pulsatile, as a
result of communication of islet single cells by exchanging Ca®* ions though
gap junctions which consist mostly of connexin-36 proteins. So far, many
researchers mentioned connexin-36 as a very important protein for the
biosynthesis and release of insulin[5]. A lot of experiments have been carried
out to improve cell to cell communications either by chemically or
biologically enhancing the expression of connexin-36 gene. However, there
are very a few research papers dealing with this issue in physical point of view.

It was reported that proteins undergo three phases in crystallization
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process; dispersed phase, pre-nucleation phase, and post nucleation phase[37].
The driving force for cell aggregation plays the most important role in pre-
nucleation phase. Depending on different contact angles, the force that each
single cells within droplets changes. In case of droplets hanging on
polydopamine coated superhydrophobic surface, cells aggregate thicker and
as a result, more number of cells locate higher position. The force that cells
get within the droplets is same as those on the slope with a certain contact
angle of each location. If the weight of a single cell is m and the contact angle
is a, the force that single cell gets is mgSina. If 0 <o, < g,Sin a is bigger
than Sin f. Since more number of cells in case of polydopamine coated
surface are located wih bigger contact anlge than normal polystyrene petri
dish, total driving force within droplets hanging on the polydopamine coated
surface is stronger (Fig. 16).

Even though the final functionalities of islet spheroids formed on two
different surfaces with different contact angles were similar to each other, this

research was still meaningful as a first step toward the further investigation.
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5. CONCLUSION

In this study, I investigated optimal conditions of forming islet spheroids
using hanging drop method such as seeding concentration, incubation days,
and etc. Since hanging drop method has not been actively investigated in the
formation of islet spheroids, I also investigated the influence of the method on
morphology, size distribution, viability, functionality, and gap junction
formation. I confirmed that transfection efficiency of PEI increased up to
approximately 4 times by transfecting islet single cells and then reaggregate
them into islet spheroids.By doing this, I could deliver DNA without safety
concerns such as immunogenicity or oncogenesis which is commonly
accepted limitation of viral vectors. At the same time, I could overcome the
limitation of low transfection efficiency which is one of the biggest problems
in case of polymeric carriers.

According to the result of IL-10 expression in my study, the secretion
was maintained continuously throughout the experiment. This pattern seems
quite different from generally known expression pattern of PEI-mediated gene
delivery which shows a peak on day 3 and decreases slowly after that. This
difference might be caused by the difference of the gene source. In my study, |
used signal peptide tagged gene which has greater expression compared to

intact gene.
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And by adapting surfaces with different contact angles, I tried toimprove
the functionality of islet spheroids. My hypothesis was that single cells will
form more gap junctions within droplets hanging on the surface with greater
contact angle, because they will get bigger driving force. According to the
results, there was not significant improvement in functionality in normal
polystyrene surface with smaller contact angle and polydopamine patterned
superhydrophobic surface with greater one.

Until now, only a few researches have been done to investigate the
physical influence on the formation and functionality of islet spheroids.

Therefore, this research is meaningful as a stepping stone.
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