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Abstract

Diabetes is a group of diseases characterized by high levels of blood sugar for an extended
period. Despite newer and effective therapy, current treatment is riddled with fundamental
challenges. To overcome the adverse effects of existing drugs, regenerative medicine has
emerged as an essential treatment, for which tissue engineering may serve as a foundation for
the repair of pancreatic cells secreting insulin. Different polymeric scaffolds have been explored
for pancreatic tissue engineering. In the current study, a continuation of our preceding work we
attempt to test the role of previously synthesized agarose-chitosan coated silver nanocomposite
scaffold (AG-CHNp) for the long-term growth of pancreatic cells. Pancreatic cells were isolated
from BALB/c mice and were characterized by dithizone (DTZ) staining, real time polymerase
chain reaction (RT-PCR), western blotting, and flow cytometry for characteristic pancreatic
markers. The isolated population of cells was grown on scaffolds and its effectiveness towards
insulin secretion was studied. The isolated population was found to be positive for glucagon,
PDX-1 and Pax-4, while a 200-fold change transcript level of insulin was observed. The cells
upon seeding on the scaffolds exhibited sustained growth and insulin secretion as confirmed by
western blotting. Overall, the study demonstrates the suitability and application of AG-CHNp
for pancreatic tissue engineering.
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albumin; FITC: fluorescein isothiocyanate; FSC: forward scatter; SSC: side scatter; 2D: two dimensional; MTT: (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide); DMSO: dimethyl sulfoxide; DAPI: 4',6-diamidino-2-
phenylindole; 3D: three dimensional; RT-PCR: real time polymerase chain reaction; KRB Buffer; Krebs-Ringer
bicarbonate buffer

Introduction

Diabetes mellitus (DM) is a metabolic disorder that is characterized by a chronic hyperglycaemic condition [1]. This
condition primarily affects the islets of Langerhans situated in the pancreas and is mainly attributed to the defects in
insulin secretion or action of insulin on cells or both [2]. Initially labeled as a disease of rich countries, diabetes has
shown a tremendous increase in the past few years, even in middle-income nations. According to International
Diabetes Federation Report (2019), a total of 463 million people across the world are currently suffering from diabetes
[3]. It is also one of the leading causes of death around the world [4]. There are two main types of diabetes: type 1
diabetes (T1D) and type 2 diabetes (T2D). T1D, also known as insulin dependent diabetes mellitus (IDDM) is mainly
caused by the inability of beta cells to secrete insulin, which in turn leads to an increase in the blood glucose level [5,
6]. It is an autoimmune disorder in which antibodies are generated against the pancreatic proteins. T2D on the other
hand is a polygenic disorder where target tissues become insensitive to insulin and are generally associated with
increased insulin resistance. T2D is also dependent on the lifestyle with obesity as a high-risk factor.

Currently, available treatment options include external insulin administration for T1D patients and the use of drugs to
combat insulin resistance in T2D patients. After the discovery of insulin, there have been multiple modifications in
the source and structure of insulin which have improved the state of diabetics around the world [7]. But still millions
of people inject themselves with insulin multiple times a day, which not only is inconvenient but also has side effects
and is not cost-effective. Various classes of drugs have been used for the management of diabetes either individually
or in combination with each other. These include biguanides, sulfonylureas, megalitinides, thiazolidinediones, alpha-
glucosidase inhibitors, incretin-based therapies, dipeptidyl peptidase IV inhibitor. All the types of drugs show some
serious disadvantages ranging from nausea, vomiting, diarrhoea to immunogenic response, pancreatitis, and increased
risk of myocardial infarction [8—11]. Further, T2D patients eventually resort to exogenous insulin administration in
the long run.

With the disadvantages involved in the use of insulin, its analogues, and other pharmaceutical agents, attempts have
been made to search for other more suitable options. These include whole pancreas transplantation, islet
transplantation (human and porcine), and stem cell engineering to generate beta cells. First pancreatic transplantation
was performed in 1966. Though initially pancreatic transplantation was not very successful, but with advances in
surgical techniques and immunosuppression, there has been significant improvement in its efficiency [12]. In the year
2000, The “Edmonton protocol” for islet transplantation was a breakthrough in terms of providing long-term relief to
diabetics. Edmonton protocol for transplantation requires, as many as 2—-3 donor pancreases to procure sufficient islets
for asingle T1D patient becoming insulin independent [13]. However, there are complications associated with immune
rejection and/or with chronic immunosuppressive treatment. 10 years hence, follow-up studies have also proven that
multiple islet infusions are required per patient due to a loss of function of the cells over time [14, 15]. The shortage
of suitable donors has also been a big obstacle thereby reducing its wide application.

The drawbacks associated with whole pancreas and islet transplantation have necessitated alternative treatment
modalities and have paved the way for tissue engineering approaches. Tissue engineering is an amalgamation of
multidisciplinary fields encompassing engineering, material science, and life sciences that aims to produce
biologically viable substitutes for tissue and organ regeneration [16]. The biological substitutes thus can provide an
alternative to bridge the ever-growing gap between demand and supply of organs for transplantation [17]. Scaffolds
along with cells and bioactive molecules form the tissue engineering triad [18]. The correct combination of these 3
components aids in the development of a substitute for growing damaged tissues. Scaffolds are 3-dimensional
structures which have a primary aim to impersonate the natural extracellular matrix (ECM) and provide the necessary
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structural and mechanical support to cells [17]. Previously, various polymers such as fibrin, silk, PEG, alginate etc.
have been tested for the synthesis of scaffolds for their application in pancreatic tissue engineering [2].

Islets are small clusters of endocrine cells with a diameter of 50-200 um. Various mammalian islets that are used for
research comprise of similar set of cells that differ in composition and cytoarchitecture. Various evidence corroborates
that the functionality of the islets profoundly relies on their interaction with the ECM. Insulin secretion, islets survival,
and proliferation have been shown to be regulated by the interactions with the ECM [19, 20]. Matrix interactions have
also shown influence on islets development and B-cell differentiation [21, 22]. Therefore, it is crucial to construct a
scaffold which can provide favorable environment for the islets to adhere, sustain and survive for longer period of
time.

Agarose a naturally occurring polysaccharide has been used extensively in the field of tissue engineering because of
its favorable properties like biodegradability, soft tissue like mechanical properties, rapid gelling capacity, etc. [23].
Agarose has been used as an encapsulating agent and blended with polymers (as scaffolds) for pancreatic tissue
engineering [24, 25]. But its complete potential for islets engineering is yet to be explored. Chitosan, a positively
charged polysaccharide is the most commonly used polymer in this field. With incredible properties like
biocompatibility, biodegradability, anti-microbial activity, etc., chitosan has found a wide range of applications in
tissue engineering [26, 27]. Silver nanoparticles are one of the most studied nanomaterials and have found application
in various avenue of biomedicine such as wound healing, cancer therapy, anti-viral therapy, and tissue engineering
[28, 29]. With properties like superior anti-microbial activity, reduced toxicity, due polymer coating, and better
mechanical strength, silver nanoparticles have increasingly found application in engineering of bone, skin, etc. [30,
31].

In this study, we demonstrate the use of previously synthesized agarose-chitosan coated silver nanocomposite
scaffolds (AG-CHNp) for pancreatic tissue engineering applications. These scaffolds have been prepared using the
freeze-drying technique. Four different types of scaffolds containing different concentrations of chitosan were
prepared (namely AG-CHNpl, AG-CHNp2, AG-CHNp3 and AG-CHNp4). The scaffolds were found to be
biocompatible, biodegradable, hemocompatible, and showed optimum mechanical strength for soft tissue engineering
[17]. In the current analysis, these unique scaffolds were tested for long term compatibility with mice pancreatic cells.
Out of the four previously synthesized scaffolds, AG-CHNp4 gave the most promising results, hence for the present
study, only AG-CHNp4 scaffolds were used.

Materials and Methods

Isolation of pancreatic cells from mice

Primary pancreatic cells were isolated using reported protocols [32, 33]. Female BALB/c mice (age 6-8 weeks) were
used for pancreas harvesting. Isolation was carried out under the approval of Institutional Animal Ethics Committee
(registration number: 1577/PO/Re/S/2011/CPCSEA), Kalinga Institute of Industrial Research (KIIT), Bhubaneshwar,
India. Briefly, mice were euthanized by diethyl ether. An incision was made in the abdominal area to expose the liver
and intestine. The pancreas was then dissected and placed in a 50 ml centrifuge tube containing collagenase XI (Sigma
Aldrich, USA) prepared in Hank’s balanced salt solution (HBSS). The centrifuge tube was then placed in 37°C for 15
min with occasional tapping to get cells in suspension. After the incubation, the tube was shaken vigorously to disrupt
the pancreas completely. As the solution turned homogenous, the digestion was ceased using 1 mM calcium chloride.
Further, the solution was filtered through a 70-micron filter to remove any tissue debris. The solution was centrifuged
at 1000 rpm for 60 sec at 4°C and the pellet after washing with 1X HBSS was resuspended in media containing RPMI
1640-GlutaMAX, 10% FBS and antibiotics (Thermo Fisher Scientific, USA).

Dithizone staining

Dithizone (DTZ) staining was performed for mice pancreatic primary cells as described previously by Akira et al.
[34]. 50 mg DTZ (Sigma Aldrich) was dissolved in 5 ml dimethyl sulfoxide (DMSO) (Thomas Baker Pvt. Ltd.) and
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filter sterilized to prepare the stock solution. Working solution was prepared by adding 10 pl DTZ stock solution to 1
ml media. The cells were washed with 1X phosphate buffered saline (PBS) and working solution was added to the
cells and incubated for 15 min. Post incubation, media was removed, and cells were washed with 1X HBSS. The
stained clusters were examined under the microscope.

Real-time polymerase chain reaction

Total RNA was isolated from mice pancreatic cells using Trizol reagent as per manufacturer's instructions (Takara,
Japan). Following extraction, 1 ug of RNA was reverse transcribed to cDNA using RevertAid First strand cDNA
synthesis kit (Thermo Fisher Scientific, USA). The synthesized cDNA was used as template to perform real-time
polymerase chain reaction (RT-PCR) to check the expression of pancreatic markers (glucagon, pancreatic amylase,
insulin and PDX-1) using gene specific primers (Table 1). 1 pl of cDNA was applied in a total reaction mixture of 10
ul containing 5 pl of SYBR® Green PCR master mix (Applied Biosystems, USA), 1 pl each of forward and reverse
primers and 2 ul of nuclease free water. This reaction was carried out for 40 cycles in Insta Q96 (Hi-Media, India).
The mRNA levels were normalized to the transcript levels of GAPDH and absolute fold change was calculated.

Gene Forward primer Reverse primer

GAPDH GTGAAGGTCGGTGTGAACGG GATGCAGGGATGATGTTCTG
Glucagon CACTACCAGGGCACATTCACC ACCAGCCACGCAATGAATTCCTT
PDX-1 GCGGTGGGGGCGAAGAGCCGGA | GACGCCTGGGGGCACGGCACCT
Insulin TTCTTCTACACACCCAAGAC CTAGTTGCAGTAGTTCTCCA
Pancreatic amylase 2 | TGGCGTCAAATCAGGAACATGG | GGCTGACAAAGCCCAGTCATCA

Table 1: Primer sequences for g-PCR.
Western blotting

Western blot analysis was performed to study the expression of various pancreatic cell markers. Cells isolated from
mice pancreas were lysed by adding 100 ul lysis buffer (1 M Tris, 2 M Nacl, 0.1 M EDTA, 100 mM DTT, 1% Triton
X100, NazV04-2H,0, 10% glycerol and PMSF) and stored in -80°C overnight. The lysates were thawed on ice, briefly
vortexed for 30 sec thrice and centrifuged at 13,000 g for 30 min. After estimation with Bradford assay (Bio-Rad,
USA), 30 ug of protein was resolved using 12% SDS-PAGE and transferred onto polyvinylidene difluoride (PVDF)
membrane (Bio-Rad, USA) for 70 min at 80 V. The membranes were blocked with 5% skimmed milk (Hi-Media,
India) for 2 h at room temperature. After blocking, the membranes were incubated overnight with primary antibody
at 4°C. Post-incubation, the membranes were washed thrice with 1X PBS containing 1% Tween 20 (PBST). The
washed membrane was probed with horseradish peroxidase (HRP) tagged secondary antibody for 2 h at room
temperature. Finally, the membranes, after washing with 1X PBST, were developed on X-ray film using
chemiluminescent solvents (Millipore, USA Catalogue: WBKLSO00). Primary antibodies used: PDX-1 (Santa Cruz
Biotechnology sc-390792; 1:2500), Pax-4 (Santa Cruz Biotechnology sc-98941; 1:2500), glucagon (Santa Cruz
Biotechnology sc-514592; 1:2500), insulin (Santa Cruz Biotechnology sc-98941; 1:2500), B-actin (Cell Signaling
4970; 1:5000). Secondary antibodies used: Goat anti-rabbit IgG HRP conjugated (Merck Millipore, USA 6.2114E14;
1:7500) and anti-mouse 1gG HRP linked antibody (Cell Signaling 7076; 1:5000).

Flow cytometry analysis

Cells were washed with incubation buffer (0.5% BSA in 1X PBS) and fixed using 2% formaldehyde for 15 min. This
was followed by permeabilization with 0.1% Triton X in 1X PBS for 30 min. Cells were then incubated with primary
antibody for PDX-1 and insulin for 1 h at room temperature. Cells were further incubated with fluorescein
isothiocyanate (FITC) tagged secondary antibody for 30 min at room temperature. Stained cells were subjected to
flow cytometric analysis using BD FACS Canto Il cytometer and analysed using FACS Diva software. Multiple gating
strategies were used to gate the correct events. Forward scatter (FSC) area vs height measurement was done to remove
clumps for single cell analysis, single cells falling along a diagonal were chosen for further analysis. FSC and side
scatter (SSC) were used to gate viable and single cells events. Gating was done to exclude debris and dead cells from
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analysis by categorizing low FSC events as debris, and events with low FSC and high SSC as dead cells. A compact
cell population was thus gated based on size and granularity of the registered events on the scatter plot. Gated PDX-1
and insulin positive cells were determined as proportionate shift in population.

MTT Assay

AG-CHNp scaffolds have been previously studied for their biocompatibility against various cell lines [17]. To check
for biocompatibility with mice pancreatic primary cells, AG-CHNp4 scaffolds were placed in 24 well uncoated plates.
The scaffolds were sterilized using ethanol gradient. This was followed by exposure to UV radiation for 20 min.
Complete media was added to the sterilized scaffolds and incubated for 4 h to promote equilibration of scaffolds for
adequate gaseous exchange. Furthermore, the mice pancreatic primary cells were seeded onto the pre-sterilized
scaffolds and on poly-lysine coated 24 well plate (which acts as 2D control) and incubated at 37°C with 5% CO,
humidified chamber for a period of 40 days. Half media was changed every 5 days. On the day of the experiment,
media was removed from the well and washed with PBS. MTT solution (0.5 mg/ml) was added for 3—4 h. Following
the incubation, DMSO was added and incubated for 20 min. The purple color developed was measured at 570 nm to
calculate cell viability.

DAPI staining

For microscopic analysis of the attachment and growth of mice pancreatic primary cells on AG-CHNp scaffolds, DAPI
staining was performed. The cells were seeded on the AG-CHNp4 scaffolds and incubated at 37°C with 5% CO,. One
the day of the experiment, the scaffolds were washed with PBS and incubated overnight with 2.5% glutaraldehyde for
fixation. Following day, scaffolds were rinsed with PBS and dried using ethanol gradient. DAPI mounting media
(Sigma Aldrich, USA) was added to section of fixed scaffolds and incubated for 25 min in dark. The slides were
observed using fluorescence microscope (excitation: 405 nm and emission: 450 nm).

Immunofluorescence

Immunofluorescence was performed to confirm the presence of PDX-1, insulin and glucagon positive cells. The
pancreatic primary cells were seeded onto the scaffolds for a period of 40 days. On the day of experiment, the media
was removed, and the cells were fixed with 2.5% glutaraldehyde overnight. Post-fixation, sample dehydration was
performed utilizing ethanol gradient, cleared with xylene and were paraffinized. For immunofluorescence, the
embedded scaffolds were sectioned, deparaffinized and rehydrated. Furthermore, the sections were permeabilized
using 0.1% triton X-100 and blocked using 1% BSA for 1 h at room temperature. The sections were incubated with
primary antibody (PDX-1, insulin and glucagon) at 4°C overnight. Post-incubation, sections were washed with 1X
PBS and probed with FITC tagged secondary antibody for 2 h at room temperature. After incubation, the sections
were washed with 1X PBS, counterstained with DAPI mounting media for 15 min and observed using fluorescence
microscope (Olympus BX63 automated fluorescence microscope).

Quialitative estimation of insulin secretion

For qualitative estimation of insulin secretion, western blotting was performed. Mice pancreatic primary cells were
seeded on AG-CHNp4 scaffolds. The media which was added for the growth of cells (Spent media) was collected on
various time points (day 5, 10, 20, 25, 30, 35, 40). The spent media was then centrifuged to remove any cellular debris.
Freshly prepared complete media was used as control. The media was separated using 12% SDS PAGE gel and was
transferred to a PVDF membrane. The membranes were blocked at room temperature using skimmed milk, followed
by overnight incubation with the primary monoclonal anti-insulin antibody. Post-incubation, the membrane was
washed with PBST and incubated with HRP tagged secondary antibody at room temperature. After the incubation,
the membrane was washed with 1X PBST and chemiluminescent detection was carried out.
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Glucose challenge test

In order to further evaluate the functionality of pancreatic cells growing on the scaffolds, glucose stimulated insulin
release was recorded [35]. Mice pancreatic primary cells were seeded on AG-CHNp4 scaffolds and grown for a period
of 45 days. On the day of experiment, media was removed, and cells were washed with 1X PBS. Furthermore, the
cells were incubated with Krebs-Ringer bicarbonate (KRB) buffer containing 3.3 mM glucose for 1 h. Post-incubation,
the buffer was removed, and cells were washed with 1X PBS. Likewise, cells were then incubated with KRB buffer
containing 17 mM glucose for 1 h and the buffer was collected after glucose challenge, insulin secretion was
qualitatively analysed by chemiluminescent detection using western blotting.

Results

Characterization of cells isolated from mice

= Dithizone staining

The isolated primary cells from mice were characterized using DTZ. DTZ is a sulphur containing compound which
has specific affinity for zinc ions. Therefore, DTZ is used to stain zinc containing beta cells [36]. The figure (Figure
1) shows DTZ stained primary cells. The DTZ stained cells suggest the presence of beta-cell in the isolated cell
preparation.

o

Figure 1: Characterization of mice primary pancreatic cells using dithizone staining. Dithizone staining was performed on isolated pancreatic cells
which showed crimson, red-stained beta cells.

= Gene expression profile

To characterize the isolated cell preparation, a PCR based technique was employed to quantify the fold change in gene
expression levels of signature pancreatic tissue markers. Isolated cells were grown on tissue culture plates for 4 days,
harvested, total RNA isolated and c-DNA was synthesized. Expression levels of insulin, PDX-1, glucagon and
amylase transcripts were determined using gene specific primers (Table 1). We found approximately 200-fold change
in mRNA transcript levels of insulin, one of the most important hormones secreted by pancreas participating in
carbohydrate metabolism (Figure 2a). Similarly, higher levels of PDX-1, a transcription factor necessary for j-cell
maturation was observed. However, we observed extremely low transcript levels of amylase relative to the reference
gene. The transcript levels were normalized with housekeeping gene GAPDH and the fold changes were calculated.
For primer specificity confirmation melting curve analysis was done for each set of primers.


https://seriesscience.com/journal-diabetes/

Series of Endocrinology, Diabetes and Metabolism 2021 | Vol 3|Iss 1

=  Protein expression profile of PDX-1, PAX-4 and insulin

To confirm the mMRNA level expression, western blotting was performed. The isolated proteins were transferred onto
a PVDF membrane and expression levels for PDX-1, PAX-4 and insulin were studied using specific monoclonal
antibodies. Western blotting analysis showed positive expression of PDX-1, PAX-4 and insulin (Figure 2b). However,
the expression of insulin was considerably higher than PDX-1 and PAX-4. Furthermore, bands were also quantified
using densitometric program in ImageJ and then were normalized with B-actin. SW1990, a pancreatic adenocarcinoma
cell line was used as a positive control and THP-1, monocytic cell line was used as a negative control. Whole blots
are supplied as supplementary figures (Supplementary Figure 1 and 2).

=  Flow cytometry

The isolated mice pancreatic primary cell population was also characterized using flow cytometry to find out the
percentage of PDX-1 and insulin positive cells. The cells were processed on the 4th day of culture. They were fixed
and probed with specific monoclonal primary antibody followed by incubation with FITC tagged secondary antibody.
Flow cytometric analysis of the cells revealed 22.3% PDX-1 positive and 27.8% insulin positive cells (Figure 2c)
(Figure 2).
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Figure 2: Characterization of mice primary pancreatic cells. (a) Relative expression of various pancreatic genes after four days of primary culture.
Gene expression was relative to GAPDH. RT-PCR shows positive but varying expression of glucagon, amylase, insulin and PDX-1. The
experiments were repeated in replicates (n=3) and the graph is representative of the average of the same. (b) Western blot analysis detected the
expression of Glucagon (18KDa), PDX-1 (34-50KDa), PAX-4 (38KDa) and Insulin (4-18KDa) in primary mice pancreatic cells (c) Flow cytometry
analysis after four days of culture showed positive expression of PDX-1 (22.3%) and Insulin (27.8%).

Characterization of the artificial construct with mice pancreatic primary cells

= Viability of cells in scaffold

Long term viability of pancreatic cells on the 3D scaffold is an important component of tissue engineering. Cell
cytotoxicity on the scaffolds was measured by MTT assay. Metabolically active cells on the scaffolds convert MTT
salt to formazan crystals which gets solubilized in DMSO and gives a purple colour. This colour is quantitated at 570
nm using a spectrophotometer. In the current study, the proliferative capacity of the pancreatic cells was studied for a
span of 40 days (Figure 3a). Cells growing on tissue culture plates were used as 2D control. Initially till day 10, 2D
control showed better cell proliferation but with reduced surface area available for further propagation, there was
reduction in cell number. On the other hand, AG-CHNp4 scaffold provide ideal growth environment for scaffolds and
more surface area owing to the 3-dimensional morphology, showed increased growth with each time point. At the end
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of 40 days, AG-CHNp4 scaffold showed sustained growth of cells as compared to 2D control where the growth
reduced with time.

= Microscopic analysis of the construct

To study the attachment and proliferation capacity of the pancreatic cells on the AG-CHNp4 scaffolds, DAPI staining
was performed. DAPI staining showed rounded nucleus of the cells and this was observed in the scaffolds after 48 h
of culture (Figure 3b). Presence of an intact nuclei indicates that the cells are viable inside the scaffolds (Figure 3).

a
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Figure 3: Cell viability and proliferation was studied with MTT assay. (a) Mice pancreatic primary cells (Passage 0) growing on AG-CHNp4
scaffolds showed prolonged and sustained growth even on day 40 as compared to 2D control where radical cell death was visible upon reaching
confluency. The experiments were repeated in replicates (n=3) and the graph is representative of the average of the same. (b) DAPI staining showed
distinct morphology and shape of the cells on day 2 of culture.

= Expression of pancreatic markers in cells growing on the scaffold

To comprehend whether the pancreatic cells growing on the scaffolds contains insulin producing B-cells, we explored
the level of expression of various pancreatic markers such as PDX-1, insulin and glucagon. PDX-1 is a transcription
factor necessary for pancreatic development and B-cell maturation. Developing B-cells produce PDX-1, whose
expression seemingly favors the production of insulin secreting p-cells. Thus, increased PDX-1 expression in isolated
cells indicates increased survival of B-cells. On the other hand, glucagon and insulin are peptide hormones secreted
by alpha and beta-cells of pancreatic islets respectively. These 2 hormones work antagonistically to each other thereby,
maintaining glucose metabolism in the body. To show the expression of above-mentioned markers in the pancreatic
cells seeded on AG-CHNp4 scaffolds, we performed the immunostaining for PDX-1, insulin and glucagon using
marker specific monoclonal antibody. 30 days post-incubation, the scaffolds were paraffinized, and these sections
were cut using microtome. The thin sections were then deparaffinized and rehydrated, stained for specific markers
and observed under fluorescent microscope. As can be seen in the figure (Figure 4a), we observed significant levels
of PDX-1 inside the nucleus of the cells. Localization of PDX-1 in the nucleus was confirmed by co-localizing DAPI
(blue) and PDX-1 levels (green) which formed the cyan colour on merging. In the figure (Figure 4b and 4c), we
observed substantial expression of insulin and glucagon. Cytoplasmic localisation of both insulin and glucagon was
confirmed by merging DAPI (blue) and insulin (red) or glucagon (red) (Figure 4). Thus, the cells isolated from mice
pancreas were surviving and maintaining their functionality even after 30 days in culture and were showing positive
expression of PDX-1, insulin and glucagon.

= Secretion of insulin inside the scaffolds

Insulin secretion in human body is responsible for glucose metabolism. To check whether the tissue construct also
secretes insulin, western blotting was performed (Figure 5a). Western blotting analysis showed positive expression of
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insulin in the spent media at different time points. Complete media used for growing pancreatic cells on the scaffold
was used as the control. The bands were quantified using densitometric analysis and were normalized to day 5 time
point as the complete media control did not show any expression of the insulin. Coomassie stained gel was used as
the loading control. This result also confirms the results from immunofluorescence that the PDX-1 expressing cells
were functionally active and were secreting insulin after 30 days of culture.

= Pancreatic cells growing on the scaffold secretes adequate levels of insulin

Regulation of insulin secretion under glucose stress is an integral segment of a functional pancreatic construct. Beta
cells should be able to adjust to the levels of glucose and secrete adequate concentration of insulin. Insulin secretion
upon glucose challenge was qualitatively studied using western blotting. After 45 days of culture, cells were incubated
with KRB buffer containing different concentrations of glucose (3.3 mM and 17 mM). These buffers were run on a
12% SDS PAGE gel and were transferred onto PVDF membrane. Insulin was detected using chemiluminescent
reagents. The figure (Figure 5b) shows differential levels of insulin in the incubated buffers. Low glucose showed
lower intensity band as compared to high glucose concentration. This further confirms long term functionality of beta-
cells growing on the scaffolds (Figure 5).

DAPI PDX1

(a) o]
DAPI GLUCAGON MERGED

(b)

INSULIN MERGED

Figure 4: Microscopic analysis of mice pancreatic cells growing on AG-CHNp4 scaffold. Immunofluorescence staining showed localisation of (a)
PDX-1 and positive expression of (b) glucagon and (c) insulin which confirms the presence of islets on Day 30 of pancreatic cell culture.
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Figure 5: Qualitative analysis of insulin secretion. (a) Western blot performed on spent media (60pg) showed relative expression of insulin on each
day from Day 5 to Day 40. M is the complete media which was used as control. Coomassie stained gel was used as loading control. (b) Qualitative
analysis of insulin secretion after glucose challenge test showed its differential expression under different glucose concentrations.
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Discussion

Tissue engineering deals with developing renewable resource for organ replacement and regeneration [16, 37]. One
of the important components in tissue engineering, scaffolds play an important part in fabrication of artificial tissue
construct. As scaffolds act as the natural environment for cell survival, properties such as biocompatibility and
biodegradability become paramount [18]. Various polymers have been tested for pancreatic tissue engineering,
however since all the polymers are not well studied and documented in relation to engineering pancreas, the ideal
polymeric scaffold has not yet been identified [2]. Moreover, it has been established that islets tend to lose viability
post-isolation due to lack of ECM [38]. Therefore, appropriate choice of polymer for scaffold design is extremely
important. Another setback with pancreatic tissue engineering is the complexity of the organ itself. Pancreas consists
of multiple types of cells and every cell type has an important role to play in the overall functioning of the organ [39].

In the current study, a nanocomposite scaffold made up of agarose and chitosan coated silver nanoparticles was used
for application in pancreatic tissue engineering (Figure 6). AG-CHNp scaffold synthesized using the freeze-drying
technique, has shown favorable properties such as biocompatibility, biodegradability, good swelling ratio and suitable
mechanical strength as previously reported by our group [17]. In preceding reports, agarose-based scaffolds have been
used for tissue engineering applications such as for cartilage, liver and implantation surgery [40, 41]. For pancreatic
tissue engineering, agarose has been primarily studied as an encapsulating agent. Few studies have been conducted
using agarose as a 3D scaffold. One group recently showed the effect of co-culturing bone marrow derived
mesenchymal stem cells and human islets on agarose gel which proved application of agarose in pancreatic tissue
engineering [42]. But as agarose gel does not support growth of cells, agarose alone might not fit the criteria.

Balb/c mice
Age: 6-8 weeks
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Figure 6: Schematic representation showing the application of AG-CHNp4 scaffolds for pancreatic tissue engineering. Mice primary pancreatic
cells were isolated from BALB/c mice and were characterized using western blotting, RT-PCR, dithizone staining and flow cytometry. These cells
were cultured on AG-CHNp4 scaffold and the cell construct was characterized by various molecular techniques viz MTT assay, DAPI staining,
immunofluorescence and western Blotting.

The present report studies the collective effect of all the pancreatic cell types onto the AG-CHNp4 scaffold. The
pancreatic primary cells were isolated from BALB/c mice and characterized using techniques such as DTZ staining,
RT-PCR, western blotting and flow cytometry. DTZ staining confirmed the presence of islets by staining them crimson
red. RT-PCR showed variable but positive expression for various pancreatic markers (glucagon, insulin, amylase and
PDX-1) suggesting mixed population of cells. This result was further confirmed by western blotting which showed
positive expression for PDX-1, PAX-4 and insulin. The western blotting result is concurrent to the fact that insulin is
a secreted protein and will show higher levels in comparison to PDX-1 and PAX-4 which are transcription factors
associated with differentiated beta cells. Further to investigate the role of AG-CHNp4 scaffold as an artificial ECM
for pancreatic tissue engineering, the isolated cells were grown on the scaffold and characterized at various time points.
The viability of the cells was established with MTT assay which showed good attachment and proliferation of cells
for a period of 40 days in comparison to 2D culture system where the cell number reduced drastically after attaining
confluency. This experiment highlights the role of AG-CHNp4 scaffold for long term growth of pancreatic cells. To
further confirm the presence of beta-cells growing on the scaffold, immunofluorescence was performed for PDX-1,
insulin and glucagon. PDX-1 is a transcription factor associated with beta cell maturation and pancreatic development.
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Insulin and glucagon are important hormones for glucose metabolism. After 30 days of culture, pancreatic cells
showed positive PDX-1, insulin and glucagon expression which shows the viability of beta cells in AG-CHNp4
scaffolds. To corroborate the findings at translational level, western blotting was performed on the spent media from
the 3D culture system. Western blotting analysis confirmed insulin secretion at all the time points starting from day 5
to day 40 which confirmed sustainable growth of beta-cells for long period of time in vitro. Finally, functionality of
beta cells was also confirmed by glucose challenge assay which showed differential intensity peaks for high and low
glucose concentrations.

In conclusion, to our best knowledge this is the first report suggesting the application of nanoparticle-based composite
for studying growth and survival of pancreatic cells for a prolonged period. Agarose-chitosan silver nanoparticle
composite shows pronounced compatibility with respect to mice pancreatic primary cells in vitro which was
successfully characterized at the transcriptional and translational level. Further analysis needs to be performed at the
in vivo level to further confirm our findings. With these current results, AG-CHNp4 scaffold looks very promising in
the field of pancreatic tissue engineering.
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