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ABSTRACT

Purpose This work was aimed at developing a semi-
interpenetrating network (sIPN) co-electrospun  gelatin/insulin
fiber scaffold (GIF) formulation for transbuccal insulin delivery.
Methods Gelatin was electrospun into fibers and converted into
an sIPN following eosin Y-initiated polymerization of polyethylene
glycol diacrylate (PEG-DA). The cytocompatibility, degradation
rate and mechanical properties were examined in the resulting
sIPNs with various ratios of PEG-DA to eosin Y to find a suitable
formulation for transbuccal drug delivery. Insulin was co-
electrospun with gelatin into fibers and converted into an sIPN-
GIF using this suitable formulation. The in vitro release kinetics of
insulin was evaluated using ELISA. The bioactivity of released
insulin was analyzed in 3T3-L| preadipocytes using Western
blotting and Oil Red O staining. The transbuccal permeability of
released insulin was determined using an in vitro porcine oral
mucosa model.
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Results The sIPN-GF formulation of GF cross-linked by PEG-
DA (19 wiv) with eosin Y (5% v/v) possessed no cytotoxic effect, a
moderate degradation rate with degradation half-life of 49 min,
and a significant enhancement in mechanical properties. This
formulation was used to fabricate sIPN-GIF Insulin release was
extended up to 4 h by sIPN-GIFE The released insulin successfully
triggered intracellular AKT phosphorylation and induced adipocyte
differentiation in 3T3-L1 preadipocytes. The transbuccal perme-
ability of released insulin was determined on the order of
1077 cmys.

Conclusions Insulin can be fabricated into an sIPN-GIF formula-
tion following co-electrospinning and cross-linking without losing
bioactivity. It proved the potential of this new formulation for
transbuccal insulin delivery.

KEY WORDS clectrospun gelatin fiber - insulin -
semi-interpenetrating network - transbuccal delivery

ABBREVIATIONS

GF Electrospun gelatin fiber scaffold

Gltract  Gastrointestinal tract

GIF Co-electrospun gelatin/insulin fiber scaffold

PEG-DA  Polyethylene glycol diacrylate

sIPN Semi-interpenetrating network scaffold

sIPN-GF  Semi-interpenetrating network electrospun
gelatin fiber scaffold

sIPN-GIF  Semi-interpenetrating network co-electrospun
gelatin/insulin fiber scaffold

INTRODUCTION

Diabetes mellitus is a group of metabolic diseases character-
1zed by hyperglycemia as a result of lack of insulin production
or response [1]. It is the seventh leading cause of death in the
U.S. About 8.3% of the U.S. population had diabetesin 2011.
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It was projected that one of three U.S. adults would develop
diabetes by 2050 following the current trend [2]. Diabetes
management relies on insulin administration. The primary
route of administration for insulin is subcutaneous injection,
which, however, is commonly associated with poor patient
compliance and side effects such as the risk of hypoglycemia
[1, 3]. Therefore, there is an imperative need to explore
alternative routes of administration and develop non-
invasive formulations for efficient delivery and patient com-
pliance improvement.

So far, non-invasive oral, nasal, buccal, transdermal, rectal,
and ocular delivery methods have been investigated [4, 5].
Oral insulin delivery is considered the most patient-friendly
route [3]. However, the oral bioavailability of insulin is se-
verely limited by its inherent structural susceptibility and low
permeability across biological membranes in the gastrointes-
tinal (GI) tract [6]. A variety of oral delivery systems have been
developed based on natural polymers (e.g., chitosan) and bio-
compatible biodegradable synthetic polymers (e.g.,
poly(lactide-co-glycolide), PLGA) [7-10] to protect insulin
from acidic and enzymatic gradation in the GI tract or en-
hance its intestinal absorption. Nonetheless, insulin oral bio-
availability is still low, generally less than 10% [7, 8, 11-14].
Transbuccal delivery appears to be another compelling alter-
native to subcutaneous injection because it allows insulin to
enter the systemic circulation by bypassing the first-pass effect
and avoiding GI tract degradation, thus improving insulin
bioavailability [15]. Furthermore, the transbuccal route can
bring about a stable blood drug concentration with rapid
onset [16]. Mucoadhesive formulations such as insulin-
loaded Pluronic F-127 hydrogels [17], insulin-loaded PEG-
b-PLA nanoparticles embedded chitosan films [18, 19],
insulin-loaded chitosan-ethylenediaminetetracetic acid
(chitosan-EDTA) films [20—-22], have been applied to deliver
insulin across the buccal mucosa.

Electrospun fibers have been actively utilized in tissue
engineering owing to high surface area to volume ratios and
well controlled structures and properties [ 15, 23]. We recently
developed semi-interpenetrating electrospun gelatin fiber
scaffolds (sIPNs) using polyethylene glycol diacrylate (PEG-
DA) as a cross-linker [24]. The fiber structures, mechanical
properties, degradation and drug release kinetics can be con-
trolled by modulating the concentration of the cross-linker.
Small-molecular-weight antifungal drugs, e.g., nystatin, can be
incorporated into the fiber construct during electrospinning
[24]. An advantage of using PEG-DA as cross-linker is that
cross-linking reaction only takes place between PEG-DA
chains, leaving incorporated therapeutics intact. This strategy
could be particularly useful for delivery of biological molecules
such as insulin. However, the challenge of using sIPN-GT to
deliver insulin is to ensure the insulin remains bioactive
through the electrospinning and cross-linking process. In this
work, we report a new buccal formulation, namely semi-
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interpenetrating network co-electrospun gelatin/insulin fiber
formulation (sIPN-GIF), for insulin delivery. We particularly
addressed two fundamental questions: 1) whether or not insu-
lin can retain its activity following co-electrospinning and
cross-linking; and 2) whether or not insulin can be released
from the formulation and cross the buccal mucosa.
Particularly, we examined AK'T phosphorylation and adipo-
cyte differentiation of 3T3-L1 preadipocytes treated with
released insulin. The transbuccal permeability of insulin re-
leased from sIPN-GIF was evaluated using an ex vivo porcine
oral mucosa model.

MATERIALS AND METHODS
Materials

1-vinyl-2 pyrrolidinone (NVP), eosin Y, ethanol, oil red O,
phosphate buffer saline (PBS), polyethylene glycol diacrylate
(M,=575 g/mol; PEG-DA), gelatin from porcine skin (gel
strength 300, type A), triethanolamine (TEOA), human re-
combinant insulin (meets USP testing specifications), dexa-
methasone (DEX), and 3-isobutyl-1-methylxanthine (IBMX)
were purchased from Sigma-Aldrich (St. Louis, MO).
1,1,1,3,3,3-hexafluoro-2-propanol (HFP) was purchased from
TCI America (Portland, OR). Cell proliferation reagent
WST-1 was purchased from Roche Applied Science
(Indianapolis, IN). Insulin enzyme-linked immunosorbent as-
say (ELISA) kit was purchased from Calbiotech (Spring
Valley, CA). Phospho-AKT (Ser473) (p-AKT) antibody was
purchased from Cell Signaling Technology (Danvers, MA).
AKT1 (559028) antibody was purchased from BD Biosciences
Pharmingen (Mississauga, ON, Canada). p-actin
(ACTBDI11B7) antibody was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Goat anti-rabbit antibody
conjugated to horseradish peroxidase, goat anti-mouse anti-
body conjugated to horseradish peroxidase, and
polyvinylidene difluoride (PVDYF) were purchased from Bio-
Rad (Hercules, CA). Dulbecco’s modified Eagle’s medium
(DMEM) was purchased from Life Technologies (Grand
Island, NY). Fetal bovine serum (FBS) was purchased from
Fisher Scientific (Pittsburgh, PA). Penicillin and streptomycin
were purchased from Thermo Fisher Scientific (Ashville, NC).
Pierce ECL Western blotting substrate chemiluminescence was
purchased from Thermo Scientific (Rockford, IL). Franz diffu-
sion cell was purchased from PermeGear (Hellertown, PA).

Cell Culture

3T3-L1 preadipocytes were maintained in DMEM supple-
mented with high glucose, L-glutamine, FBS (10% v/v), pen-
icillin (100 units/ml) and streptomycin (100 pg/ml) at 37°Ciin
a humid environment with 5% COs.
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Preparation of GFs

Electrospinning solutions were prepared first. Briefly, 1 g of
gelatin alone or with 5 mg of insulin was dissolved in 10 ml of
HFP, and the solution was shaken continuously overnight to
obtain a homogeneous solution. To fabricate electrospun GIs
or GIIs, a syringe containing gelatin solution or gelatin/
insulin solution was placed in an electrostatic field, and
25 kV was applied to a blunt needle (18 gauge, 1.5 in. length).
A grounded flat stainless steel collecting mandrel (7.5X2.5 %
0.5 cm, length X width X thickness) was placed 12.5 cm away
from the needle. The electrospinning solution was dispensed
from the syringe into the electrostatic field at a rate of 6.37 ml/
h. The electrospun fibers deposited on the collecting mandrel
with a rotational speed of 550 rpm and a translational speed of
6 cm/s over 12 cm were collected.

Preparation of sIPN-GFs and GIFs

An eosin Y-based photoinitiating system solution was com-
posed of eosin Y (0.1% w/v), TEOA (40% w/v) and NVP (4%
w/v) in ethanol [25]. Serial cross-linking solutions were pre-
pared by combining various amounts of PEG-DA and eosin
Y-based photoinitiating system. Cross-linking solution was
then poured onto a piece of GF or GIF (600 pul of cross-
linking solution per 200 mg of scaffold). They were exposed
to ultraviolet (UV) light (100 W UVP Blak-Ray Long Wave
Lamp) at a distance of 14 cm for 5 min on each side of the
scaffold and then air-dried (Table I).

Cytocompatibility Assay

To evaluate the cytocompatibility of PEG-DA, a PEG-DA
ethanol stock solution (500 mM) was prepared first. 3T3-L1
preadipocytes were incubated with final concentrations of
PEG-DA (0-1,000 uM) in culture media for 2 days, and then
cell viability relative to untreated cells was determined by

Table I GF and sIPN-GF formulations: 200 mg of GF was cross-linked with
600 ul of cross-linking solution, which contained PEG-DA and eosin Y
photoinitiator solution

Scaffold PEG-DA (w/) Eosin Y photoinitiator solution (vA)
GFl 0% 0%

GF2 0% 5%

GF3 1% 0%

sIPN-GFI 1% 5%

sIPN-GF2 2% 5%

sIPN-GF3 5% 5%

sIPN-GF4 10% 5%

sIPN-GF5 1% 2%

sIPN-GF6 1% 10%

WST-1 proliferation assay (2=>5). Its half maximal inhibitory
concentration (IC5p) was determined by using GraphPad
Prism 5.

An elution method was applied to evaluate the
cytocompatibility of the fabricated scaffolds [26]. Briefly, scaf-
fold (20 mg) was immersed into 5 ml of cell culture medium at
37°C for 2 h. The elution medium was then collected and
used to treat 3T3-L1 preadipocytes for 2 days. At the end of
treatment, cell viability was determined by using WST-1
proliferation assay (n=5).

In Vitro Degradation Studies

In vitro degradation of the fabricated scaffolds in DMEM was
evaluated. Scaffolds (20 mg each) were incubated in DMEM
at 37°C for various lengths of time (15, 30, 60 and 120 min).
At the pre-determined time intervals, the remaining scaffolds
were collected. Small pieces of insoluble scaffolds were col-
lected following centrifugal removal of DMEM medium. The
combined residual scaffolds were lyophilized and weighed
(n=5). Three different mathematical models were applied to
fit the data, including first order polynomial model, second
order polynomial model, and one phase decay model. To
determine a model that best fits experimental data, fitting
models were compared by running Akaike information crite-
rion (AIC) test. Models with lower AIC values are more likely
to be correct. One phase decay model was found to best
describe the data. Degradation half-life (¢ 9), defined as time
required for 50% scaffold mass loss, was determined by using
GraphPad Prism 5, and degradation rate constant (A, was
calculated as K;=In2/t; /.

Uniaxial Tensile Testing

Uniaxial tensile testing of electrospun scaffolds was performed
as previously described [27]. Dog-bone-shaped samples (n=
12—-18) were cut out using a punch die (ODC Testing &
Molds) with a dimension of 19.05 mm in length, 3.175 mm
at narrowest point and 6.1 mm at widest point. Scaffold
thickness was determined using a digital caliper. Mechanical
properties of the samples were tested using an MT'S Bionix
200 testing system with a 100 N load cell. Samples were tested
to failure at a strain rate of 1.33 min~". TestWorks version 4
was used for data acquisition and analysis of peak load, peak
stress, modulus, strain at break and energy to break.

Scanning Electron Microscopy (SEM)

Scaffolds (20 mg each) were incubated in DMEM at 37°C for
various lengths of time, z.e., 15, 30, 60 and 120 min. Following
removal of the incubation media by centrifugation at 6,000 g
for 5 min, the residual scaffolds were collected and lyophilized.
Each dried sample or GF, sIPN-GF1 was mounted on an
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aluminum stub and sputter-coated with gold for 1 min. SEM
images of scaffolds were taken on a JEOL LV-5610 scanning
electron microscope at 20 kV. The diameters of 60 randomly
chosen fibers per image were determined by using NIH

Image] [27].
Insulin Release Studies

Insulin-loaded scaffolds (20 mg each) were incubated in 5 ml
of DMEM at 37°C. At the pre-determined time points (15,
30, 60, 120 and 240 min), an aliquot (25 pl) was withdrawn
and analyzed with ELISA for insulin quantification.
Cumulative release of msulin from the scaffolds was then
determined.

AKT Activation Analysis

To evaluate the bioactivity of released insulin in each sample,
3T3-L1 preadipocytes were used as a model. 20 mg of each
fabricated scaffold (GF1, sIPN-GF1 and GIF) was incubated
in 5 ml of cell culture media for 30 min, while 20 mg of sIPN-
GIF was incubated in 5 ml of cell culture media for 15, 30, 60
and 120 min. Pre-seeded 3T3-L1 preadipocytes were then
treated with 2 ml of insulin released media or free insulin
(10 pg/mL) for 10 min. Activation of AK'T in response to
released insulin treatment was analyzed by Western blotting
with the antibodies that recognizes phosphorylated-AK'T at
serine-473 (p-AKT) and total AKT (AKT'1). Western blotting
of total cellular protein was carried out by standard proce-
dures [28]. The total cellular expression of B-actin was used as
the loading control.

Oil Red O Staining

According to the standard protocol [29, 30], an induction
medium was DMEM supplemented with FBS (10% v/v),
DEX (10 pg/ml), IBMX (0.5 mM) and insulin (10 pg/ml),
while an insulin medium was DMEM supplemented with FBS
(10% v/v) and insulin (10 pg/ml). In this experiment, insulin
release medium was obtained by incubating sIPN-GIF in
DMEM for 2 h and then supplemented with FBS (10% v/2).
The induction insulin release medium was the insulin release
medium further supplemented with DEX (10 pg/ml) and
IBMX (0.5 mM).

The differentiation was initiated by incubating the cells in
the induction medium or induction insulin release medium for
2 days. At the end of day 2, the induction media were replaced
with insulin medium or insulin release medium, and the cells
were cultured for 2 days. At the end of day 4, the insulin media
were replaced with DMEM containing with FBS (10% v/0)
and refreshed the media every other day. At Day 10, the cells
were rinsed in PBS three times and then fixed with formalde-
hyde (10% w/v) for 2 h. The cells were washed with PBS for
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three times, immersed in isopropanol (60% v/v) for 2 min, and
then stained with Oil Red O (0.2% w/v) for 10 min. The cells
were washed with PBS for three times and then imaged under
a light microscope equipped with an image recorder.

In Vitro Permeation Studies

Fresh porcine cheek tissues were obtained from Silver Ridge
Slaughter House (Fredericksburg, VA). Excesses of connective
and adipose tissues were trimmed off to obtain a thickness of
approximately 0.6+0.1 mm as measured by a digital caliper.
The transbuccal permeability of insulin released from sIPN-
GIF was evaluated using the Franz diffusion cell model as
previously described [31].

The permeation experiments were carried out using PBS
in the receiver chamber and simulated saliva fluid (SSF;
12 mM KH,PO,, 40 mM NaCl, 1.5 mM CaCl,, adjusted
to pH 6.2 with NaOH) in the donor chamber to mimic the
i vwo physiological conditions [24]. The sIPN-GIF (2.5 mg)
was placed on the top of the mucosa membrane and im-
mersed in 1 ml of SSF. At given time points up to 4 h, an
aliquot of 1 ml from the receiver chamber was collected via
syringe and analyzed by ELISA. Fresh PBS (1 ml) was added
to the receiver chamber following each sampling. An equiva-
lent amount of free insulin in SSF was used as a control. The
permeability coeflicient, P, was calculated as follows:

P = (dQ /dt)/AC

where dQ/dt is the steady-state slope of a cumulative flux
curve, (1s insulin concentration in the donor chamber, and 4
is the effective cross-sectional arca (0.785 cm?) available for
diffusion [31]. The degradation of sIPN-GF1 was also
monitored.

Statistical Analysis

Curve fitting was performed using GraphPad Prism 5 as
nonlinear or linear regression. The data were expressed as
means * standard deviation (SD) and analyzed using one way
analysis of variance (ANOVA) followed by Tukey’s multiple
comparison test for subgroup comparison. A value of p<0.05
was considered statistically significant.

RESULTS
Cytocompatibility of sSIPN-GFs

PEG-DA has been widely used to make cross-linked hydrogels
for drug delivery and tissue engineering scaffolding [32, 33].
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PEG-DA follows free radical polymerization to form a cross-
linked network in the presence of a photoinitiator and UV
light. In our studies, we applied PEG-DA (M, =575 g/mol) as
a cross-linker to improve the stability of electrospun gelatin
scaffolds. Short-chained PEG-DA has been found to be less
cytocompatible than long-chained PEG-DA presumably due
to a higher diffusion rate into the cells [34]. According to the
cytotoxicity analysis of PEG-DA (M, =575 g/mol) on 3T3-L1
preadipocytes, its ICsq was 218 uM (Fig. la). Thus, it is
important to efficiently cross-link PEG-DA to make the resul-
tant sIPNs cytocompatible.

In the presence of an electron donor such as TEOA, which
acts as a co-nitiator, eosin Y initiates acrylate polymerization
when irradiated. Polymerization occurs as a result of the
formation of free radicals originating from TEOA [35].
However, free radicals generated in the polymerization can
be a potential cytotoxic source as well. Cross-linking efficiency
is affected by the molar ratio of macromonomer to
photoinitiator, which in turn, influences cytocompatibility of
the resulting sIPNs. Thus, it is important to optimize the ratio
of PEG-DA to photoinitiator in the formulation in order to
obtain a cytocompatible sIPN-GI formulation. It has been
reported that eosin Y (0.005 mM or above) were able to
initiate cross-linking of PEG-DA (10%) based on the fractional
factorial test which was designed to measure dynamic
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Fig. | Cytocompatibility assessment. (a) Dose-dependent cytotoxicity of
PEG-DA. (b) Effects of ratios of PEG-DA to eosin Y photoinitiator solution
on the scaffold cytocompatibility. The dots/bars and error bars are
mean = SD. ** P<0.01 versus NA treatment.

modulus and swelling ratio for hydrogels [36]. The report
also indicated that eosin Y (0.01 mM) and TEOA (0.1%) were
cytocompatible for encapsulation of human mesenchymal
stem cells (hMSCs) with 88.4% cell viability; whereas eosin
Y (0.1 mM) and TEOA (0.75%) were not highly
cytocompatible for encapsulation of hMSCs with only
68.8% cell viability [36]. These results indicate extra amount
of eosin Y and TEOA could be cytotoxic to the cells. In this
work, we tested cytocompatibility of sSIPN-GF1, 2, 3, 4 cross-
linked with various concentrations of PEG-DA (1, 2, 5 and
10% w/v) in the presence of eosin Y photoinitiator solution
(5% v/v). As expected, GF2 treated with eosin Y photoinitiator
solution only did not cause cytotoxicity to 3T3-L1
preadipocytes (Fig. 1b). Neither did sIPN-GF1. However,
sIPN-GF cytocompatibility reduced significantly as PEG-DA
concentration increased to 2%. It caused 80% cell death. A
further increase in PEG-DA concentration led to a more
pronounced cytotoxic effect, presumably due to inefficient
cross-linking of PEG-DA. Furthermore, we cross-linked
PEG-DA (1-10%) using the eosin Y photoinitiator solution
(5% eosin Y and 40% TEOA), which was equivalent to
0.77 uM eosin Y. The ratio of PEG-DA (1%) to eosin Y
(0.77 uM) was closed to the ratio of PEG-DA (10%) to eosin
Y (0.01 mM) as reported, indicating a sufficient cross-linking
of PEG-DA initiated by eosin Y photoinitiating system in the
sIPN-GF1 formulation.

Cross-linking helps improve structural stability of
electrospun gelatin fibers. The cross-linking process resulted
in multifold enhancement in the mechanical properties.
Following cross-linking, peak load, peak stress, modulus, strain
at break and energy at break of GF1 were increased by 6.3,
7.9, 5.0, 2.4 and 17.1 fold, respectively (Table II).
Nevertheless, cross-linking process affects structural features
of the resulting scaffolds. GF1 consists of fine continuous
fibers. However, the cross-linked GF1 (i.e., sSIPN-GF1) be-
comes less porous due to fiber swelling and fusion during the
cross-linking reaction (Fig. 2a-b).

Degradation kinetics of sSIPN-GFs

The wn vitro degradation profiles of sSIPN-GIFs and GFs best fit
one phase decay model (Fig. 3a-b). GFs (eg., GI1) readily
dissolve in DMEM in 30 min and are not suitable for con-
trolled drug release. Similar to GF1, GF3 exhibited rapid
degradation kinetics, because PEG-DA alone was unable to
undergo the cross-linking reaction. In contrast, sSIPN-GI's
have gained improved stability. sSIPN-GFs cross-linked with
PEG-DA (1% w/v) in the presence of increasing concentra-
tions of eosin Y photoinitiator solution (0-10% v/v) have
longer scaffold degradation half-lives (t, /o) and lower degra-
dation rate constants (Kg) (Fig. 3a, Table III). sSIPN-GF5
degraded completely in 60 min. sIPN-GF1 degraded more
slowly and still kept 24% of'its original mass at 120 min. sIPN-
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Table Il Mechanical properties of GF| and sIPN-GF|

n Fiber Diameter ~ Thickness Peak Load Peak Stress Modulus Strain At Break Energy To Break
# (um) (in) (N) (MPa) (MPa) (mm/mm) (N*mm)
GFl 18 32x12 0.018+0.004 24=12 2.0=1.1 13653 0.02+0.01 0.23=0.17
sIPN-GFI 12 49=x15%* 0.015+0.002 ** [5.7 x| .4 %* 16,1 % 1.5 % 677+75%%  0.05x0.01 **  3.88+1.18**

The data represents mean = SD. ** P<0.0| compared with GF|

GFG6 has the lowest degradation rate and only lost approxi-
mately 25% mass at 120 min. The degradation kinetics of
sIPN-GF1 in SSF was similar to that of sSIPN-GF1 in DMEM.
Its t; /o and K4 in SSF were 43.5 min and 0.016, respectively
(Fig. 3b).

Microstructural changes of sSIPNs during the degradation
were also examined using SEM. The changes in structural
morphology were concurrent with its degradation kinetics
(Fig. 3a). Immediately following incubation, sSIPN-GF1 began

Fig. 2 Representative SEM images
of GFs and sIPN-GFs. GFI (a) and
sIPN-GFI (b) as well as sIPN-GF|
after 15 min of degradation (c),

30 min of degradation (d), 60 min
of degradation (e) and 120 min of
degradation (f) was observed by
SEM. Bars: 50 um.

@ Springer

to lose fiber structures and became more porous. During the
first hour of degradation, the scaffold still maintained some
fibers. However, at 2 h, sSIPN-GF1 completely lost its defined
three-dimensional structure and broke into pieces (Fig. 2c¢).

Insulin Release Kinetics and Bioactivity

As shown in Fig. 4, GIF released insulin rapidly due to
unstable scaffold integrity. About 86% insulin was released

JSM-56 jaLv

JSM-5&18LU
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within 15 min, and 100% insulin was completely released
within 30 min (Fig. 4). The actual loading density of insulin
was determined to be 3.25 mg/g, lower than the feeding ratio
of insulin to gelatin, ze., 5 mg/g, presumably due to attrition in
electrospinning. In general, 1 unit of insulin is equivalent to
approximately 36 pg of insulin, which can dispose 12—15 g of
carbohydrate. Our sIPN-GIF formulation contained 90 units
per 1 g of gelatin scaffold.

Insulin release was extended by sIPN-GIF. Insulin was
completely released at 4 h (Fig. 4). A burst release of nearly
70% of insulin from sIPN-GIF was observed within 15 min of
incubation. This observation may be attributed to two major
factors: rapid scaffold degradation and high insulin diffusion.
The scaffold remained stable up to 2 h, enabling an extended
insulin release from sIPN-GIF. As a result, 100% insulin
release was extended to 4 h as a result of slower degradation

Table Il Degradation

properties of GF and Scaffold ti (min) Ka
sIPN-GF in DMEM
GFl 6 0.115
GF3 5.9 0.118
t), degradation half-life; SIPN-GF 49 0014
Ky, degradation rate con- sIPN-GF5 15.7 0.044
stant; -, undetermined in SIPN-GF6 _ _

the given time period
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Fig. 4 In vitro insulin release kinetics. GFI formulation was used to prepare
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of sIPN-GIF. Theoretically, increase of both PEG-DA and
eosin Y may increase cross-link density, thus reducing burst
release and achieving a longer insulin release.

To determine if the bioactivity of insulin loaded in sIPN-
GIF remained following electrospinning and cross-linking, we
evaluated phosphorylation of AKT at serine-473 in 3T3-L1
preadipocytes treated with insulin released from GIF. Insulin
triggers intracellular signal transduction by binding to the
extracellular portion of the alpha subunits of the insulin re-
ceptor. After binding occurs, it induces a conformational
change of the insulin receptor, activating the kinase domain
on the intracellular portion of the beta subunits. The activated
kinase phosphorylates IRS-1 protein activates
phosphoinositide-3 kinase (PI3K), which then stimulates phos-
phorylation of AKT (protein kinase B, PKB) [37]. AKT
phosphorylation level was increased by 6.2-fold in insulin-
treated group (20 pg) as compared with no treatment group
(NA). 20 mg of GIF was dissolved in 5 mg of cell culture media
to yield a concentration of 4 mg/ml. Because the actual
loading density of insulin in GIF was 3.25 mg/g, the insulin
concentration in the released media of GIF was 13 pg/ml.
Our results showed that AKT phosphorylation level was
significantly increased by 6.3-fold in the cells incubated with
2 ml of GIF-based insulin release medium (containing 26 ug of
insulin), suggesting most insulin retained bioactivity following
electrospinning (Fig. 5a—b). We further examined the bioac-
tivity of insulin released from sIPN-GIF after cross-linking.
We found that AKT phosphorylation level increased over a
time course of 120 min in a time-dependent manner, which
corresponded to cumulative insulin release kinetics (Fig. 5c—d).
Insulin released from sIPN-GIF for a period of 120 min was
able to induce AKT phosphorylation to the same level as it
from GIF for a period of 30 min. According to the insulin
release kinetics (Fig. 4), about 89% of insulin was released
from sIPN-GIF in 120 min. Thus, 20 mg of sIPN-GIF de-
graded in 5 ml of cell culture media for 120 min, yielding
11.7 pg/ml of insulin in solution. The cells were treated with
2 ml of sIPN-GIF 120 min-release media (yielding 23.4 ug of
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Fig. 5 Westem blot analysis of a
intracellular AKT activity in response
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to the fabricated scaffolds. The
p-AKTand AKT | levels were
analyzed by Western blot analysis
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insulin) exhibited similar AKT activity as the cells treated with
free insulin (20 pg) or GIF (26 pg of insulin), with no statistical
difference, indicating the insulin receptor or insulin signaling
pathway might be saturated in these preadipocytes. Taken
together, our results illustrated most insulin can retain its
activity after the electrospinning and crosslinking process.

To further confirm these results, we evaluated 313-1.1
preadipocytes differentiation in sIPN-GIF 120 min-release
media. As expected, no lipid inclusion was apparent in
sIPN-GT' and negative control treatment groups, whereas
several lipid inclusions were observed in sIPN-GIF (yielding
23.4 ng of insulin) and free insulin (20 pg) treatment groups,
indicating a successful adipocyte differentiation (Fig. 6).

In Vitro Transport of Insulin Across Buccal Mucosa

A vertical Franz diffusion cell mounted with a porcine buccal
mucosal membrane was used as an i vitro model to test the
permeability of insulin across the buccal mucosa. Diffusion
rates of insulin loaded in sSIPN-GIF (2.5 mg) and free insulin
(8.125 pg) across the porcine buccal mucosa were determined.
All the cumulative flux curves were displayed in a linear range
during the first 2 h, indicating a steady state transport of
insulin via the paracellular route (Fig. 7). Permeability was
then calculated from the linear range of the cumulative flux
curves. The permeability of insulin from sIPN-GIF was deter-
mined to be 1.00x 1077 cm/s, whereas the permeability of
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free insulin was 7.67x 107" em/s. A 30% enhancement of
permeability was achieved by the use of sSIPN-GIF. Further
analysis indicated that 22.3% insulin loaded in sIPN-GIF
permeated through the porcine buccal mucosa in 4 h.

DISCUSSION

In this work, we investigated electrospun fibers for transbuccal
delivery of insulin. It is important to prove that insulin remains
bioactive after the electrospinning and cross-linking process.
Electrospinning and UV light-initiated cross-linking may alter
the three-dimensional structure of proteins, causing protein
denaturation. To date, a few studies have reported biological
proteins can be co-electrospun with polymers without losing
their bioactivity. For instance, purified adipose tissue-derived
extracellular matrix (At-ECM) can be electrospun alone or co-
electrospun with polydioxanone (PDO). The resultant scaffold
forms a basement membrane-rich tissue engineering matrix
that is capable of supporting adipose stem cells [38]. In this
work, we demonstrated that most insulin remains bioactive
after electrospinning as GIF was able to trigger intracellular
AKT phosphorylation. sIPN-GIF was able to trigger intracel-
lular AKT phosphorylation in a time-dependent manner,
indicating insulin remains bioactive after fiber cross-linking.
It was noticed that this AK'T phosphorylation kinetics of SIPN-
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Fig. 6 Oil red O staining of
3T3-LI preadipocytes following
insulin, sIPN-GF | or sIPN-GIF
treatment. Arrows indicate stained
lipid inclusions. Original
magnification X 400.

GIF was consistent with the degradation kinetics of SIPN-GF1.
The differentiation of 3T3-L1 preadipocytes was also evalu-
ated in regard to the insulin released from sIPN-GIF.
Furthermore, our results showed sIPN-GIF could successfully
induce 3T3-L1 preadipocytes differentiation. Together, from
biochemistry and biology aspects, we confirmed that most
insulin in sIPN-GIF retains bioactivity after co-
electrospinning and cross-linking.

Transport of hydrophilic molecules across the buccal mem-
brane generally occurs via a paracellular route that is driven by
passive diffusion [31]. Due to good biodegradability,

2.51
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Fig. 7 Transport of insulin across the porcine buccal mucosa from sIPN-GIF
and free insulin. Diffusion rate of insulin across porcine buccal mucosa from
sIPN-GIF and free insulin. The dots and error bars are mean = SD.

moderate stiffness and satisfactory tissue adhesiveness proper-
ties, gelatin/ PEG sIPN have been investigated for delivery of
biomacromolecules and controlled release [39, 40]. It has
been reported that mucoadhesive hydrogels can open up the
cell junctions of the stratified squamous epithelium by

dehydrating the cells as they swell, thus increasing the perme-
ability of the drug [2]. In addition, direct surface contact
between the gels and the mucosa could result in localization
of drug at the mucosal surface, hereby facilitating buccal
transport of the drug. Based on our understanding of these
mechanisms, a gelatin/ PEG sIPN was developed to enhance
transbuccal delivery of dendritic nanoparticles using an i vitro
model [31]. Although PEG-only hydrogel has been shown to
enhance transbuccal delivery of dendritic nanoparticles, the
lack of mucosal adhesiveness makes PEG-only hydrogel un-
suitable for buccal administration [31]. Prior studies have
been conducted to examine transbuccal delivery of insulin
[19, 20, 41, 42], but none of them was based on electrospun
fiber formulations. Soybean-lecithin (SLT) emulsion with so-
dium deoxycholic acid was found to enhance insulin diffusion
across the porcine mucosal tissue, and the buccal permeability
of insulin in SLT was 1.32x1077 em/s [41]. Our results
showed the buccal permeability of insulin in sIPN-GIF was
1.00x 1077 cm/s, which was similar to insulin permeability
achieved by SLT. It is advantageous of using sIPN-GIF be-
cause it can localize insulin to the buccal mucosal site and
enable sustained release. Permeation enhancers, such as sodi-
um glycodeoxycholate (NaGDC) can be incorporated into
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sIPN-GIF to enhance transbuccal permeability of insulin [31]
and will be explored in future work.

CONCLUSIONS

sIPN co-electrospun gelatin/insulin fiber formulation with
good cytocompatibility and moderate degradation was suc-
cessfully fabricated. Insulin release from the scaffold was ex-
tended, and the released insulin has proven to be bioactive by
triggering AK'T' phosphorylation in 3T3-L1 preadipocytes
and inducing preadipocyte differentiation. sSIPN-GIF formu-
lation resulted in enhanced transbuccal transport of insulin.
Taken together, sIPN-GIF has been shown as a potential
formulation for transbuccal delivery of insulin.
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