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a b s t r a c t

Collagen, one of the most important components of the extracellular matrix (ECM), may play a role in the
survival of pancreatic islet cells. In addition, chemicalmodifications that change the collagen charge profile
to a net positive charge by esterification have been shown to increase the adhesion and proliferation of
various cell types. The purpose of this study was to characterize and compare the effects of native collagen
(NC) and esterified collagen (EC) on b cell function and survival. After isolation by the collagenase digestion
technique, rat islets were cultured with NC and EC in 2 dimensional (2D) and 3 dimensional (3D) envi-
ronments for a long-termduration in vitro. The cellswere assessed for islet adhesion,morphology, viability,
glucose-induced insulin secretion, and mRNA expression of glucose metabolism-related genes, and visu-
alized by scanning electron microscopy (SEM). Islet cells attached tightly in the NC group, but islet cell
viability was similar in both the NC and EC groups. Glucose-stimulated insulin secretionwas higher in the
EC group than in the NC group in both 2D and 3D culture. Furthermore, the mRNA expression levels of
glucokinase in the EC group were higher than those in the NC group and were associated with glucose
metabolism and insulin secretion. Finally, SEM observation confirmed that islets had more intact
component cells on EC sponges than on NC sponges. These results indicate that modification of collagen
may offer opportunities to improve function and viability of islet cells.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Type I diabetes is caused by autoimmune destruction of insulin-
secreting pancreatic b cells, which play a critical role in glucose
metabolism [1,2]. For islet transplantation to be considered suc-
cessful, the functional efficiency of the transplanted islet graft must
be retained. However, islet isolation procedures can disrupt the
extracellular matrix (ECM) around islets and the internal micro-
vasculature in the isolated islet, leading to apoptosis and early graft
failure [3,4]. Previous studies show that collagens can have a sig-
nificant impact on b-cell development and function [5e9]. Other
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studies have shown that hydrogels composed of collagen can pro-
mote b-cell proliferation [10] or maintain long-term islet viability
and insulin secretion [5,11e13].

Chemical collagen modifications, such as acetylation, succiny-
lation, esterification can alter the net charge and structure of
collagen molecules by masking primary amino groups or carboxyl
groups within the molecule. Esterification of collagen molecules
induced by methylation or ethylation allows collagen molecules to
have a net positive charge, and the degree of esterification of
collagen affects the ability of cells to attach and proliferate as
shown in baby hamster kidney cells, rat pheochromocytoma cells,
and human hepatocellular carcinoma cell models [14,15]. These
positive surface charges may attract oppositely charged cellular
membrane proteins, thereby mediating the attachment of cells. To
the best of our knowledge, there has been no previous report on the
effects of positively charged collagens on islet survival or function.
In our present study, we investigated the effect of positively
charged collagen on long-term culture of islet cells and on islet
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adhesion, release of insulin, and mRNA expression levels of genes
related to glucose metabolism. In addition, we performed seeding
of islets onto biocompatible 3D scaffold to verify the improvement
in the functional capacity of islets.

2. Materials and methods

2.1. Islet isolation and culture

Pancreatic islets of inbred Lewis rats (Charles River Laboratory,
Yokohama, Japan) were isolated by a collagenase type XI (Sigma, St
Louis, MO) digestion method and cultured in RPMI-1640 medium
(Invitrogen, Carlsbad, CA) with 10% fetal bovine serum (FBS; Invi-
trogen), 100 U/mL penicillin, and 100 U/mL streptomycin (Invi-
trogen). All animal experiments were performed according to the
guidelines of the Institute of Laboratory Animal Resources, Asan
Institute for Life Sciences, Asan Medical Center (Seoul, Republic of
Korea; No. 2011-13-193).

2.2. Preparation of NC or EC-coated plates and NC or EC sponges

Type I atelo-collagen (Dalimtissen Co. Ltd., Seoul, Korea) was
used in this study. For esterification of collagen, lyophilized atelo-
collagen was immersed and agitated in ethanol, and this collagen
suspension was then neutralized with 0.5M NaOH and centrifuged.
The pellet was subsequently dissolved in autoclaved distilled water,
dialyzed, and freeze-dried. Next, 24-well plates (BD, Franklin Lakes,
NJ) were coated with 300 mL of 1.5% (w/v) NC and EC. NC or EC
sponges were prepared by lyophilization of 1.5% (w/v, pH 7.4) EC
and NC solution, respectively. Freeze-dried collagen sponges were
cross-linked with 200 mM 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) in 95% ethanol for 24 h. Rinsed EC and NC
sponges were freeze-dried and kept at �4 �C until further use.

2.3. Surface charge measurement of NC or EC

The zeta (z) potential is the electrostatic potential that exists at
the shear plane of a particle and is related to both surface charge and
the local environment of the particle. NC and ECwere homogenized
at 1 mg/mL in ethanol (Merck) using an automated homogenizer
(Precellys 24, Bertin Technologies, Bretonneux, France) before zeta
potential analysis. The determination of the z potential of NC and EC
was performed using a z potential analyzer (Zetaplus, Brookhaven
Instruments Corporation, Holtsville, NY) in three replicates.

2.4. Cell adhesion assay

To determine the effect of collagenmanipulation on the strength
of adhesion, islets were seeded onto collagen-coated culture dishes.
Analysis was then performed after 24 h of culture using a centri-
fugation assay [16]. In this assay, the attached islets are subjected to
a centrifugal force of 500 rcf for 2 min.

2.5. Cell proliferation assay

We investigated the effects of the positively charged collagen on
the growth of anchored (L929 and rat MSC) and unanchored (K562)
cells. After 3 days or 1 week of culture, 20 mL of 5 mg/mL 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
dissolved in PBS was added to each well and the cells were incu-
bated for 4 h at 37 �C and 5% CO2. Crystallized formazan was dis-
solved by adding 1 mL of DMSO with gentle tapping after the
removal of culture medium. Aliquots of 200 mL of dissolved for-
mazanwere transferred onto a 96-well plate and the absorbance at
540 nm was measured.
2.6. Islet viability assay

The viability of intact islets in NC or EC was assessed using
fluorescein diacetate and propidium iodide (FDA/PI, Sigma) stain-
ing under a fluorescence microscope (TCS SP2, Leica, Wetzlar,
Germany). Briefly, FDA and PI stock solutions were added to the
sample at a final concentration of 0.67 and 75 mM, respectively.
After 30 s of incubation, the sample was placed under fluorescence
microscopy. Dead cells were stained red, and viable cells were
stained green. Islet single cell viability was determined by a
colorimetric MTT assay.

2.7. Glucose challenge test of islets

To exclude insulin added in the culture medium, cultured cells
were washed three times with PBS, and subsequently washed with
KrebseRinger buffer. KrebseRinger buffer with a low glucose
concentration (3.3 mM) was added and the cells cultured for 1 h.
This low glucose buffer was then collected, and the cells washed
with KrebseRinger buffer. KrebseRinger buffer with a high glucose
concentration (20 mM) was added and the cells cultured for 1 h.
This high glucose buffer was also collected. The collected buffers
were used to measure insulin concentrations by ELISA (Mercodia,
Uppsala, Sweden) according to the manufacturer's instructions.

2.8. Quantification of mRNA using real-time RT-PCR

To evaluate the expression of specific genes in the cultured is-
lets, mRNA levels were evaluated by RT-PCR. Following RNA
extraction, as per the manufacturer's protocol, cDNA was reverse
transcribed using an Omniscript® RT kit (Qiagen, Mississauga, ON).
Quantitative realetime PCR (Applied Biosystems SYBR Green
Master Mix kit) was used to explore the expression levels of insulin,
glucagon, pancreatic and duodenal homeobox 1 (PDX-1), glucoki-
nase (GCK), sulfonylurea receptor 1 (SUR1), and glucose transporter
2 (GLUT2) genes, which are critical for glucose metabolism. Data
were calculated using glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) as an internal reference.

2.9. SEM analysis of islets in NC or EC sponges

Approximately 100 isletswere loaded onto EC orNC sponges and
cultured for 2weeks. The spongeswerefixed in Karnovsky'sfixation
solution (2% glutaraldehyde, 2% paraformaldehyde, and 0.5% CaCl2)
for 6 h and washed 3 times with 0.1M PBS. Samples were postfixed
with 1% OsO4 in PBS for 1 h and then washed with 0.1M PBS. The
samples were dehydrated through a graded series of ethanol and
critical-point dried. Dried samples were than cross-sectioned and
coated with an ultrathin layer (300 Å) of gold/Pt in an ion sputter
(E1010, Hitachi, Tokyo). The ultrastructure of islets was observed
using a scanning electron microscope (S-800, Hitachi).

2.10. Statistical analysis

Data are presented as themean± the standard error of themean
(SEM) of three independent experiments. One way ANOVA with
Fisher's LSD method was used with *p < 0.05 indicating a statisti-
cally significant difference.

3. Results

3.1. z potential measurement of NC and EC

The zeta potential is the electric potential across all phase
boundaries between solids and liquids and is widely used for the
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quantification of an electric charge. The surface charges of NC and
EC, as measured by zeta potential analyzer, are shown in Fig. 1A.
The zeta potential of NC and EC were 19.51 ± 0.93 mV and
28.38 ± 1.19 mV, respectively (p < 0.05). Although surface charge
modification can improve cell interaction and proliferation [17],
this process simultaneously changes the characteristics of biolog-
ical materials and consequently their biocompatibility.

3.2. Effect of EC on proliferation of various cell types

To determine the effect of modified collagen on the proliferation
of various cell types, anchored and unanchored cells were seeded
onto NC and EC-coated plates. After culturing for the indicated
periods of time, the cells were analyzed by MTT assay. The results
indicated that all cultured cells proliferated over time. After 3 days
of culture, L929 cells exhibited a higher proliferation rate when
Fig. 1. (A) Zeta potential analysis of NC and EC. NC and EC were treated using an
automated homogenizer and tested using a z potential analyzer. (B) Effect of EC on the
proliferation of L929 cells (a), rat MSCs (b), and K562 cells (c). L929 cells and rat MSCs
showed a high proliferation rate in EC group at day 3 and one week, respectively. (C)
Percent adhesion of islets to different collagen-coated surfaces (*P < 0.05).
cultured on EC than when cultured on NC (p < 0.05). In contrast,
there was no significant difference in the proliferation rate of rat
MSCs grown on EC or NC on day 3. However, after one week of
culture, rat MSCs showed a higher proliferation rate when cultured
on EC than on NC. K562 cells, which are anchorage independent,
showed no statistically significant difference in proliferation rate
according to culture conditions (Fig. 1B).

3.3. Effect of EC on islet adhesion

Several studies have provided insight into the integrin/ECM
interactions that induce appropriate signaling for islet cell adhe-
sion, proliferation, and differentiation.We studied the link between
islet-substrate interactions and islet functionality in this study. To
determine the effect of EC on the strength of adhesion, islets were
seeded on NC or EC. Cells were analyzed after 24 h of culture using a
centrifugation assay. As shown in Fig. 1C, culture on NC resulted in
stronger islet adhesion than culture on EC. Our present data suggest
that strong adhesion may affect insulin secretion.
Fig. 2. Morphology (A) of rat islets cultured for 1 week and 4 weeks on an EC, NC, and
non-treated (Ctrl) plate. (B) Confocal microscopy of islets cultured on EC or NC. The
viability of the intact islet was investigated by FDA/PI staining after 1 week and 4
weeks of culture (a) and the viability of dissociated islet cells (1 � 105) was tested at 3
days and 7 days by an MTT assay (b) (*P < 0.05).
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3.4. Morphological studies and viability of islets cultured on EC

The morphology and viability of islets cultured on EC, NC, or
non-coated plates for 4 weeks were examined by FDA/PI staining.
Fluorescent images demonstrated that rat islets cultured in EC
maintained their intact shape and viability over 4 weeks of culture
(Fig. 2A and Ba). However, in the control (non-coated) group, an
increasing number of dead nuclei were detected within the islets
after 1 week and 4 weeks. In addition, confocal microscopy of islets
loaded onto EC sponges after 14 days of 3D culture showed green
fluorescence (viable islets), which was intensively emitted along
the edge and surface of islet clusters, whereas few dead islets were
detected. In contrast, incomplete and damaged islets were
observed in the NC sponge cultures (Fig. 2Bb). Thus, islet
morphology and viability appears to be maintained during long-
term culture on EC.

3.5. Functionality and related gene expression of islets cultured on
EC

Although rat islets showed high viability at 1 week in both the
EC and NC groups, the function of these islets was significantly
different between the groups. The average SI values were 2.88 ± 0.5
Fig. 3. Functionality and related gene expression of islets cultured on EC. In EC group, a mor
and 3D (B) conditions for 4 weeks. A stimulation index was calculated as the ratio of stimula
or NC after 1 week of culture. The gene expression levels of insulin, glucagon, PDX-1, GLU
normalized (*P < 0.05).
and 4.05 ± 0.6 for islets in the EC after 1 week and 4 weeks,
respectively. However, the average SI values over the same time
points were 1.69 ± 0.2 and 2.03 ± 0.3, respectively, for the NC group
and 2.1 ± 0.6 and 1.8 ± 0.2, respectively, for the control group
(Fig. 3A). Thus, the average SI values after 4 weeks were approxi-
mately two-fold more in the EC group than in the NC and control
groups in 2D culture.

We also analyzed the insulin release capabilities of 3D cultured
islets at 1 week and 4 weeks of culture. At all time points tested,
islets cultured on EC sponges exhibited enhanced insulin release
compared to islets cultured on NC sponges. At 1 week, the stimu-
lation indices for glucose-stimulated insulin secretion from islets
cultured on EC sponges were significantly higher than those for
islets cultured on NC sponges (p < 0.05). After 4 weeks in culture,
the stimulation indices for islets cultured on EC sponges were 3-
fold greater than those for islets cultured on NC sponges. In EC, a
more significant difference in insulin functionality was seen for
islets cultured under 3D conditions for 4 weeks (Fig. 3B).

To identify the genes that contributed to the functionality of
islets cultured on collagen, we performed RT-PCR analysis for
representative genes that play a role in islet functionality (insulin
and glucagon), as well as insulin production and release (GCK,
SUR1, GLUT2, and PDX-1) genes. As shown in Fig. 3C, GCK, insulin,
e significant difference in insulin functionality was seen for islets cultured under 2D (A)
ted to basal insulin secretion. (C) Relative gene expression levels of islets cultured on EC
T2, GCK, and SUR1 were evaluated relative to the GAPDH gene expression levels and
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and SUR1 gene expression levels were significantly elevated on NC
and EC-coated plates compared to the control. Among these genes,
themRNA expression level of GCK, which is associatedwith glucose
metabolism and insulin secretion, was higher on EC than on NC.
GCK is a major glucose sensor in b-cells for glucose-stimulated
insulin secretion [18] and regulates insulin release by maintaining
glucose homeostasis [19], which may explain the high insulin
release in islets cultured on EC.

3.6. SEM observation of islets loaded onto EC sponges

To evaluate the effects of 3D support provided by the EC
sponges, the morphology of islets cultured on sponges were
analyzed using SEM. As shown in Fig. 4, morphological analysis
under SEM at day 14 demonstrated that most islets on EC sponges
had relatively smoother surfaces with well-defined microvilli
(black arrows) than those on NC sponges. On NC sponges, partially
destroyed islet cells (white arrows) with rough surfaces and no
trace of microvilli were observed.

4. Discussion

Pancreatic islet transplantation has gained attention for the
treatment of type I diabetes. However, most transplanted islet
grafts fail during the peritransplant period [20]. One of the main
reasons for this failure is the disruption of the islet-ECM microen-
vironment during islet isolation, which leads to reduced islet
function and loss of islet viability [21]. Thus, efforts to improve islet
survival and function with the ECM have been made, leading to
enhanced viability and glucose-stimulated insulin secretion
Fig. 4. SEM images of islets loaded on EC (ECS; a-b) and NC (NCS; c-d) sponges. Islets were
observed by scanning electron microscope (S-800, HITACHI).
[5,12,22e25]. Lucas-Clerc et al. reported that collagen increases
viability and glucose-stimulated insulin secretion of human
pancreatic islets over the long term [5].

Several studies have now reported that charged surfaces can
affect cell adhesion and proliferation depending on the cell type
[26e28]. In our current study, we chemically modified carboxyl
groups and made the net charge of collagen more positive, con-
firming these modifications by zeta potential analysis. EC showed
a higher mV value than NC, indicating that esterification increases
the positive net charge of collagen molecules. To determine the
effect of these positively charged collagens on cell proliferation,
we used L929, rat MSCs, and K562 cells and measured prolifera-
tion by MTT assay. Our results indicated that L929 cells and rat
MSCs, which are anchorage-dependent cells, were more prolifer-
ative on EC than on NC. In contrast, EC had no effect on the
proliferation of K562 cells, which are anchorage-independent
cells.

We next investigated the effect of positively charged collagen on
the adhesion of islets compared to NC. NC promoted islet adhesion
more strongly than EC. Strong adhesion may cause a loss of 3D islet
morphology, eventually leading to the expansion of islets into a
monolayer of cells that express little or no insulin [29]. Indeed, is-
lets cultured on EC maintained their intact shape and viability in 4
weeks of culture. However, in our control (non-coated) group, an
increasing number of dead nuclei were detected within the islet
after 1 week and 4 weeks. In addition, confocal microscopy of islets
loaded onto EC sponges after 14 days of 3D culture showed evi-
dence of live islets as shown by green fluorescence, which was
intensively emitted along the edge and surface of islet clusters,
whereas few dead islets were detected. In contrast, incomplete and
loaded on EC or NC sponges and cultured for 2 weeks. The ultrastructure of islets was
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damaged islets were observed in the NC sponge cultures, which
suggested that both 2D and 3D cultures are capable of maintaining
islet viability on EC. Krol et al. have revealed that encapsulated is-
lets with a positive net charge exhibited glucose-stimulated insulin
secretion, while islets encapsulated with a negative net charge
showed glucose-independent insulin secretion. Our current results
demonstrated that cells grown on positively charged collagen
showed prolonged survival and enhanced function of islets, which
is consistent with previous findings [30]. Released insulin con-
centrations under high glucose stimulation were similar for both
the EC and NC groups, with no statistically significant difference
between them. However, the SI of the NC group was approximately
1 for all assays. Islets cultured on NC sponges are assumed to
maintain insulin secretion, but it was not a manner of glucose
dependent way. By contrast, in the EC group, the SI was >1 in all
assays. More importantly, glucose-stimulated insulin secretion in
the EC group was maintained for up to 4 weeks, whereas much
lower levels of insulin secretion were noted in the NC and control
groups, suggesting that EC is an appropriate environment for islet
viability and function.

Daoud et al. reported previously that type I collagen-cultured
islets showed significantly higher insulin gene expression levels,
and that the levels of GLUT2 and GCK, which are related to glucose
metabolism, were highest on collagen I-coated surfaces [25]. Our
present data also indicated that GCK, insulin, and SUR1 gene
expression levels were significantly elevated on NC and EC
compared to the control. Among these genes, the mRNA expression
level of GCK, which is associated with glucose metabolism and
insulin secretion, was higher on EC than on NC. GCK is a major
glucose sensor in b-cells for glucose-stimulated insulin secretion
[18] and regulates insulin release by maintaining glucose homeo-
stasis [19], which may explain the high level of insulin release in
islets cultured on EC.

Finally, our SEM images of islets grown on EC or NC sponge
revealed the ultrastructure of the islets and islet endocrine cells.
Islets on the sponges were examined as clusters of endocrine cells
without an external surface, so that individual endocrine cells were
identifiable. Interestingly, the majority of endocrine cells on EC
sponges had relatively smoother surfaces than cells on NC sponges.

In conclusion, both EC and NC surfaces are capable of enhancing
islet survival, but the addition of NC had no significant effect on
glucose-stimulated insulin release over a 4-week culture. In
contrast, islets cultured on EC maintained glucose-stimulated in-
sulin secretion as well as improved islet survival in both 2D and 3D
culture. These data indicate that positively charged collagen
modification enhances the function and viability of 2D and 3D
culture systems for pancreatic islet cells.
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