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Poly(3,4-ethylenedioxythiophene):polystyrene
sulfonate (PEDOT:PSS) as an insulin carrier in silk

fibroin hydrogels for transdermal delivery via

iontophoresisy
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Sumonman Niamlang® and Anuvat Sirivat & *?

In this study, silk fibroin (SF) was utilized as the starting material to fabricate physically crosslinked hydrogels.

Poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) was synthesized and characterized

as a drug carrier, with insulin as the model drug. PEDOT:PSS, with a high electrical conductivity of 1666

+ 49 S cm™?, interacted with insulin molecules via electrostatic interaction by replacing the dopant PSS
molecules. Insulin-loaded PEDOT:PSS embedded in the SF hydrogel resulted in an increase in the
degree of swelling, pore size, and mesh size of the hydrogel. In the in vitro release and release-

permeation experiments, the amounts of insulin release and release-permeation were investigated using

a modified Franz diffusion cell, under the effects of SF concentrations, electric fields, and pH values. The

amounts of insulin release and release-permeation from the pristine SF hydrogel and the PEDOT:PSS/SF
hydrogel followed the power laws with the scaling exponents close to 0.5, indicating the Fickian
diffusion or the concentration gradient. Under electric fields, with or without PEDOT:PSS used as the
drug carrier, the insulin amount and diffusion coefficient were shown to increase with the increasing
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electric field due to the electro-repulsive forces between the cathode and insulin molecules and SF

chains, electroosmosis, and SF matrix swelling. The SF hydrogel and PEDOT:PSS as the drug carrier are
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1. Introduction

Diabetes mellitus is a metabolic disease as identified with
hyperglycaemia, glycosuria, and hyperlipidemia; they are
caused by either low insulin secretion by cells or low insulin
binding efficiency, resulting in high blood glucose levels.'?
Diabetes mellitus can be classified into type 1 diabetes mellitus
(T1DM), type 2 diabetes mellitus (T2DM), gestational diabetes,
and special types of diabetes.* TIDM is known as the autoim-
mune diabetes as characterized by the absolute insulin defi-
ciency due to the damaged pancreatic beta-cell function. T2DM
is known as the insulin resistance and secretion as the body
uses insulin inefficiently or is not able to produce insulin

“The Conductive and Electroactive Polymers Research Unit, The Petroleum and
Petrochemical College, Chulalongkorn University, Bangkok, 10330, Thailand.
E-mail: anuvat.s@chula.ac.th

’Division of Perioperative and Ambulatory Medicine, Department of Medicine, Faculty
of Medicine, Chulalongkorn University, Bangkok, 10330, Thailand

‘Department of Materials and Metallurgical Engineering, Faculty of Engineering,
Rajamangala University of Technology Thanyaburi, Pathumthani, 12110, Thailand
(ESI) DOL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d3ra06857a

© 2024 The Author(s). Published by the Royal Society of Chemistry

demonstrated herein as new components in the transdermal delivery system for the iontophoretically
controlled insulin basal release applicable to diabetes patients.

sufficiently.® The treatment of diabetes requires a constant
monitoring of blood glucose levels along with the required
insulin administration. Diabetes patients typically inject insulin
three times daily before each meal (prandial insulin) and one
time at bedtime (basal insulin).> However, insulin is a peptide
hormone that can be destroyed by a gastric acid if taken orally.®
Therefore, there have been various alternative medical devices,
such as syringes, pumps, jet injectors, pens, transdermal
patches, and nasal sprays, developed to administer insulin.?

The drug delivery system (DDS) is a system that delivers
a drug to the body site and maintains the desired drug
concentration throughout the dose duration.”® In general, the
systemic routes of the drug administration can be classified into
2 types, namely, the enteral and parenteral routes. The enteral
route includes oral and rectal administration. The parenteral
route includes injection, inhalation, and transdermal admin-
istration. A continuous delivery method is the transdermal drug
delivery system (TDDS) using a transdermal patch, as first
developed in the 1970s and approved by FDA in 1978.°

A transdermal patch is placed onto the skin to deliver the
specified drug dose into the bloodstream.' The advantage of
the TDDS is the stable and constant drug level in the blood
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stream, and the avoidance of the first pass metabolism as the
gastrointestinal tract is not involved.™ The human skin consists
of 3 layers, namely, the epidermis, dermis, and hypodermis.
The epidermis is the outer layer of the skin which comprises
stratum corneum (SC). The stratum corneum (SC) acts as the
barrier that allows only lipophilic drug with a molecular weight
less than 500 g mol ™' to permeate.’? Various techniques have
been developed to overcome the skin permeation resistance.
There are generally two TDDS methods, namely, the active
(external stimuli) and passive methods."* The passive method
involves modifying the drug with chemical enhancers such as
liposomes to enhance diffusion or permeability into the skin.
However, the delivered drug amount via the passive method is
still limited by the skin resistance.” The active method involves
the use of external stimuli such as iontophoresis, magneto-
phoresis, microneedles, laser radiation, and ultrasound, which
act as the driving forces to deliver the drug into the skin."* An
attractive and simple method is the iontophoresis. The ionto-
phoresis technique involves the use of an electric field with
a low voltage and electric current (less than 0.5 mA cm ™ ?) to
repel or push the drug through the skin.'***

Most matrices to accommodate drugs are made of polymers,
as they are non-toxic and can provide a constant drug delivery
rate to the body. The typical polymers employed as drug matrices
are hydroxypropyl methyl ether (HPMC), silicone rubber, poly-
propylene and ethylene vinyl acetate (EVA) copolymers, ethyl
acrylate and methyl methacrylate copolymers, and polyethylene
glycol (PEG).** A physical form of the polymer that has been
utilized as the drug reservoir or matrix in TDDS is hydrogel. A
hydrogel consists of a three-dimensional network structure that
can absorb and retain water in the porous structure.” Typical
polymers used for hydrogels are carboxymethyl chitosan, poly-
vinyl alcohol hydrogels, carrageenan, alginate, and agarose
amongst many others. The hydrogels can be classified into 2
types: the physically crosslinked network (transient junction) and
the chemically crosslinked network (permanent junction).'® The
physical crosslink is deemed more suitable than the chemical
crosslink in terms of non-toxicity, higher water absorption, and
reversible network interaction. Several interactions can be
involved in the physically crosslinked hydrogels: hydrogen
bonding; ionic force; and hydrophobic force.”

Silk fibroin (SF) from Bombyx mori can form a physically
crosslinked hydrogel via chain entanglement and hydrogen
bonding between adjacent chains.”® The properties of SF are
biocompatibility, biodegradability, and mechanical stability. SF
uses are common in biomedical and cosmetic applications such
as drug delivery, wound healing, injectable scaffolds, gene
therapy, and soft tissue regeneration.”® Generally, the silk
fibroin (SF) hydrogels can be fabricated under various influ-
ences such as temperature, shear force, ultrasound, pH, electric
fields, surfactants, photo crosslinking, irradiation, and chem-
ical agents.”” Each technique affects various gelation properties
such as the mesh size.” In this work, the temperature mode was
carried out to fabricate SF hydrogels, as it allowed physical
crosslinking. The physical crosslink shows non-toxicity and
high biocompatibility, which are the required properties in the
transdermal drug release.*
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The drug release from a hydrogel as the drug matrix in the
iontophoresis mode can be further improved via the use of
a drug complex carrier. Conductive polymers (CPs) are prom-
ising candidates for use as drug carriers; they are responsive to
electrical stimuli via releasing the drug, and in addition, they
improve the overall matrix electrical conductivity.”* Poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) is
an attractive CP, as it possesses high electrochemical stability,
high electrical conductivity, low energy band gap, high
biocompatibility, solubility in water, and the ease to fabricate
the hydrogel itself.*> PEDOT:PSS-based hydrogels have been
utilized in various applications: as electrodes in biofuel cells
and biosensors; and as matrices in drug release.”*”” In this
work, PEDOT:PSS was chosen and utilized as the drug carrier
embedded in the SF hydrogel.

There have been several works along the approach of using
biobased hydrogels as drug matrices and iontophoresis coupled
with CPs as drug carriers. Jin et al. studied metformin release
where chitosan was used as the matrix. The amount of met-
formin release was 96.87% at 30 h.?® Mahmood et al. studied the
diloxanide furoate release by using pectin-co-polyacrylic acid
(MAA) hydrogels. The amounts of diloxanide furoate release at
pH values of 1.2 and 7.4 were 8.50% and 75.12%, respectively.*
Ha et al. studied doxorubicin (DOX) release under various
electrical voltages. Alginate mixed with gelatin methacrylate
(GelMA) and silver nanowires (AgNWSs) was used as the matrix
and the conductive material, respectively. The amounts of DOX
release were 11% and 60% at E = 0 and £ = 3 V in 6 h,
respectively.®® Cai et al. investigated the insulin release where
polyvinyl alcohol (PVA) and glycerol were utilized as the matrix
and the physical crosslinker, respectively. The amount of
insulin release was 49.7% in 60 h. In the in vivo experiment,
a rat was used, in which the blood glucose decreased by more
than 50% within 6 days.** Saramas et al. investigated the met-
formin release by using k-Carrageenan (kC) as the matrix. The
amounts of metformin release at 0, 3, and 6 V were 92.97%,
95.47%, and 96.72%, whereas the times to equilibrium were 7,
4.5, and 2 h, respectively.*> Mongkolkitikul et al. studied the
ibuprofen release where pectin and poly(3-
methoxydiphenylamine) (P3DPA) were used as the hydrogel
matrix and the conductive polymer, respectively.*® Paradee et al.
studied the diclofenac release where dextran and poly(2-
ethylaniline) (PEAn) were used as the matrix hydrogel and the
conductive polymer, respectively.**

In this work, insulin, SF, and PEDOT:PSS were used as the
model drug, matrix, and CP drug carrier, respectively. The
objectives of this study are to fabricate and systematically
characterize insulin-loaded PEDOT:PSS/SF hydrogels; to inves-
tigate the insulin release behavior from the pristine SF and
PEDOT:PSS/SF hydrogels under the effects of SF concentrations
and electric fields; to investigate the insulin release-permeation
behavior from the PEDOT:PSS/SF hydrogels under the effects of
electric fields and pH values. It will be shown here that
PEDOT:PSS as the drug carrier and the present PEDOT:PSS/SF
hydrogels are potential as the transdermal drug system to
deliver basal insulin under iontophoresis with the controllable
drug release rate, amount, and duration.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra06857a

Open Access Article. Published on 03 January 2024. Downloaded on 6/16/2026 4:09:50 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

2. Materials and methods
2.1 Materials

Silk cocoon (Bombyx mori, 99.0% purity, grade B (diameters
between 1.8 and 2.0 cm), Chul Thai Silk) was used as the starting
matrix material. Sodium carbonate (Na,CO; = 99.8% purity, AR
grade, Riedel-de Haen) was used to extract sericin from the silk
cocoon. Calcium chloride (CaCl,, 99.0% purity, AR grade, Ajax
Finechem), ethanol (C,HsOH, 99.0% purity, AR grade, Burdick &
Jackson), and de-ionized water were used for dissolving the
degummed silk cocoon. Snakeskin dialysis tubing (Thermo
Scientific, MWCO 3500) was used in the dialysis process. 3,4-
Ethylenedioxythiophene (EDOT, 97% purity, Sigma-Aldrich) and
poly(styrenesulfonate) (PSS, Mw of 75000 g mol', 99% purity,
Sigma-Aldrich) were used for synthesizing PEDOT:PSS, while
sodium persulfate (Na,S,0g, 98% purity, Sigma-Aldrich) was used
as the oxidant. Methanol (CH;OH > 99.8% purity, RCI Labscan)
and acetone (C3HgO, 99.5% purity, RCI Labscan) were used as the
washing solvent and for collecting the PEDOT:PSS precipitate. De-
ionized water was used as the solvent in the synthesis of
PEDOT:PSS. Human insulin (recombinant, expressed in yeast,
Sigma-Aldrich) was used as the model drug. Sodium hydrogen
carbonate (NaHCO3, ACS grade, Merck) was used as the solvent for
dissolving insulin. Sodium phosphate monobasic dihydrate
(NaH,PO,-2H,0, 99.0% purity, Sigma-Aldrich) and sodium
phosphate dibasic dihydrate (Na,H,PO,-2H,0, 99.0% purity,
Sigma-Aldrich) were used for the preparation of phosphate buffer
solutions (PBS, pH values of 5.5 and 7.4).

2.2 Synthesis of poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS)

PEDOT:PSS was synthesized following the procedure previously
reported by Sakunpongpitiporn et al., 2019.% First, 5.0 g (4.95 ml)
PSS was slowly dropped into de-ionized water (100 ml) and
continuously stirred for 1 hour. Next, 0.5 g (0.38 ml) of EDOT at an
EDOT : PSS weight ratio of 1/11 was slowly added into the solution
which was continuously stirred for 1 hour. After that, 1.67 g Na,S,0¢
at an EDOT : Na,S,0g mole ratio of 1 : 2 was added into the solution
and continuously stirred at room temperature (27 + 1 °C) for 24
hours. The color of the solution changed from clear to dark blue.>®
Finally, the PEDOT:PSS precipitate was washed with a mixed solu-
tion of C3HsO (30 ml) and CH3OH (200 ml) and centrifuged at
9000 rpm. After that, it was dried in an oven at 70 °C for 10 h.

2.3 Preparation of insulin-loaded PEDOT:PSS

First, 0.15 g PEDOT:PSS powder was dissolved in DI-water and
stirred at 60 °C for 72 hours to obtain a 3% w/v PEDOT:PSS
solution. Then, 7.0 mg of insulin was dissolved in 0.125 mM
(0.11 g) NaHCO; solution and stirred at room temperature for 1
hour.*” The insulin solution was added into the PEDOT:PSS
solution and stirred at room temperature for 48 hours.

2.4 Preparation of the SF solution

The SF solution was prepared following the procedure previ-
ously reported by Sakunpongpitiporn et al., 2022.>**° First, 2.0 g

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

of silk cocoon was added into 0.5 g Na,COj3 solution (100 ml) at
100 °C for 30 min to remove sericin. The silk fibroin precipitate
was rinsed with 250 ml DI-water. The degumming process was
repeated three times.*® After that, the degummed silk was dried
at room temperature for 2 weeks to obtain the silk fiber. Then,
15 g degummed silk fiber was slowly added (1 g at a time) and
dissolved in a ternary solvent consisting of CaCl,:H,O:
C,Hs0H ata moleratioof 1: 8:2 (73.5g:36 g: 18 g) at 70 °C for
4 hours.* The solution was dialyzed in DI-water using a snake-
skin dialysis tubing for 72 hours. The solution was centrifuged
at 8000 rpm to remove the remaining impurities and to obtain
the SF solution. The SF solution was kept in a refrigerator at 7 ©
C.

2.5 Preparation of insulin-loaded PEDOT:PSS/SF hydrogels

The SF solution was stirred at room temperature for 30 min.
Next, the SF solution was diluted to various concentrations (3.0,
4.0, and 5.0% w/v of the final mixture), each with a total volume
of 20 ml. The SF solution was slowly stirred at 60 °C for 1 hour.
After that, the insulin-loaded PEDOT:PSS solution (15 ml) was
added into the SF solution (20 ml) to make a final mixture of
35 ml under stirring at room temperature for 30 min. Finally,
the mixture solution was poured onto a Petri dish (7.0 cm) and
left at 40 °C for 6 hours to obtain a hydrogel in a semi-dry state
prior to use. The insulin-loaded PEDOT:PSS/SF hydrogels were
then cut into pieces of 0.15 £+ 0.03 mm thickness and 1.0 cm
radius.

2.6 Preparation of phosphate buffer saline (PBS buffer)

PBS buffer solutions (0.1 M, pH 7.4, and 0.067 M, pH 5.5) were
prepared by dissolving 1.17 g of NaH,PO,-2H,0 and 7.57 g
Na,H,PO,-2H,0 into 500 ml of DI-water for the PBS pH of 7.4,
and by dissolving 4.56 g of NaH,PO,-2H,0 and 12.00 g of
Na,H,PO,-2H,0 into 500 ml of distilled water for the PBS pH of
5.5. The PBS solutions were stirred continuously at room
temperature for 1 hour to obtain homogeneous solutions. The
PBS buffers were used as the medium in the receptor part of the
modified-Franz diffusion cell.

2.7 Characterizations

2.7.1 pH. The pH values of the PEDOT:PSS, insulin,
insulin-loaded PEDOT:PSS, and PBS buffer solutions were
measured using a pH meter (OHAUS, Starter 300). It was oper-
ated at room temperature and DI-water was used for rinsing.

2.7.2 Fourier transform infrared (FT-IR) spectroscopy. The
functional groups and interactions of the insulin-loaded
PEDOT:PSS, insulin-loaded PEDOT:PSS/SF hydrogels and
insulin-loaded SF hydrogels were identified using a Fourier
transform infrared spectrometer (Nicolet, iS 5, ID7). The spec-
trometer was operated in the absorbance mode, in the wave-
number range of 650-4000 cm ™, with 64 scans and a resolution
of 4 cm™" at room temperature. In the sample preparation, the
PEDOT:PSS and insulin-loaded PEDOT:PSS powders were
mixed with a KBr powder using a hydraulic machine at a pres-
sure of 300 psi for 30 s.
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2.7.3 Simultaneous thermal analyzer (STA). The thermal
behaviors of the PEDOT:PSS, insulin, insulin-loaded PEDOT:PSS,
insulin-loaded PEDOT:PSS/SF hydrogels, and insulin-loaded SF
hydrogels were determined using a simultaneous thermal
analyzer (STA; Netzsch, STA 449F3). The STA instrument was
operated between 30 and 800 °C at a heating rate of 10 °C min "
in a nitrogen atmosphere. Each sample was weighted between 4
and 10 mg and placed in a platinum pan. Prior to the tests, all
samples were dried in an oven at 70 °C for 12 h.

2.7.4 X-ray photoelectron spectroscopy (XPS). The element
analysis of PEDOT:PSS and insulin-loaded PEDOT:PSS was
performed using a X-ray photoelectron spectrometer (Kratos,
Axis Ultra DLD). The XPS instrument was operated with
a monochromatic Al-Ko radiation source at 160 eV for a survey
scan of 40 eV for the narrow scan. The XPS spectra were recor-
ded using the C 1s spectra as the reference (binding energy
284.8 eV). Each sample was placed on a sample holder with the
carbon tape, and then the copper grid was used as the reference.

2.7.5 Scanning electron microscopy (SEM). The
morphology of PEDOT:PSS, insulin, insulin-loaded PEDOT:PSS,
SF and PEDOT:PSS/SF hydrogels was investigated using a scan-
ning electron microscope (Hitachi, $-4800). The instrument was
operated at 2 kv and 10 pA current. The SF and PEDOT:PSS/SF
hydrogels were first soaked in a PBS buffer (pH 7.4) until the
swollen samples reached equilibrium. After that, they were
frozen in a refrigerator (Meling Biomedical, YCD-EL-300) at
—20 °C for 7 days. Next, they were lyophilized in a freeze-drier
(Biobase, BK-FD 10) at —40 °C for 16 hours. They were rapidly
frozen with liquid nitrogen (—40 °C). PEDOT:PSS, insulin, and
insulin-loaded PEDOT:PSS were dried in an oven at 70 °C for 12
hours. Each sample was placed on a holder with a carbon
adhesive tape and coated with a platinum layer.

2.7.6 Surface area analyzer (BET). The mesh sizes of the SF
and PEDOT:PSS/SF hydrogels of various concentrations were
measured using a surface area analyzer (BET; Quantrachome,
Autosorb IQC). All samples were immersed in a PBS buffer until
the samples reached the swollen state. After that, they were
frozen in a refrigerator (Meling Biomedical, YCD-EL-300) at
—20 °C for 7 days. Next, they were lyophilized in a freeze-drier
(Biobase, BK-FD 10) at —40 °C for 16 hours. They were rapidly
frozen with liquid nitrogen (—40 °C). Then, 0.2-0.3 g of samples
were outgassed at 50 °C for 24 h before the absorption
measurement in a helium atmosphere. The mesh sizes were
determined in a nitrogen atmosphere.

2.7.7 Swelling test. The SF and PEDOT:PSS/SF hydrogels (a
circular disk shape of radius 1.0 cm and thickness 0.15 mm)
were immersed in 0.1 M PBS buffer (15 ml, pH values 5.5, 7.4)
without and with electric voltages (E) of 3.0 and 6.0 V. The
electric voltages were directly applied on each sample with the
cathode electrode connected to a power supply (Tektronix, PS
280). The anode electrode was immersed in a PBS buffer. Each
sample was placed on a piece of filter paper and weighed at
various times with 5-20 min intervals. The degree of swelling
(%) of the SF hydrogels was calculated using eqn (1):*?

Wy — Wy
f

(%)degree of swelling = x 100 (1)
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where Wy is the weight of the sample after drying at 27 °C (g)
and W; is the weight of the swollen sample (g).

2.7.8 Cytotoxicity. The cytotoxicity of SF and PEDOT:PSS/SF
hydrogels was determined via an MTT cytotoxicity assay (ISO
10993-5: 2009) using human skin fibroblast cells. A cell
suspension containing 1 x 10° cells per ml CRL-2522 in
a complete DMEM was added into a 96-well plate. It was incu-
bated at 37 + 1 °C, 5 &+ 0.1% CO, and 95 =+ 5 relative humidity
for 24 + 2 h to obtain confluent monolayers of cells prior to
testing.

2.7.9 UV-visible spectrometer. The characteristic peaks and
the amounts of insulin release and release-permeation at
various times were determined using a UV-visible spectrometer
(TECAN, Infinite M200). The absorbance spectra of insulin were
recorded between the wavelengths of 230 and 1000 nm, where
the absorbance peak was located at 274 nm.** The measured
absorbance intensities were converted to insulin concentrations
by the calibration curves (pHs = 5.5 and 7.4).

2.7.10 Actual amounts of drug loaded. The loaded amounts
of insulin in the insulin-loaded SF and insulin-loaded
PEDOT:PSS/SF hydrogels were determined by dissolving each
sample (radius = 1.0 c¢m, thickness = 0.15 mm) in 125 mM
NaHCO; (0.11 g NaHCO; in 10 ml H,0). Next, 0.1 ml of the
solution was added into 3 ml of the PBS buffer (pH 7.4) and
stirred at 100 rpm for 2 hours. The amounts of insulin in the
solution were determined using a UV-visible spectrometer at
a wavelength of 274 nm.*

2.7.11 In vitro drug release study. The drug release of the
insulin-loaded SF and insulin-loaded PEDOT:PSS/SF films was
investigated using the modified Franz diffusion cells kept at 37
£ 0.5 °C with circulating water. The modified Franz diffusion
cells comprised two parts: the receptor and the donor. The
receptor part contained the PBS buffer (pH 7.4, 15 ml), which
was continuously stirred at 150 rpm during the release experi-
ment period (36 hours). The donor part consisted of the insulin-
loaded SF or insulin loaded PEDOT:PSS/SF hydrogel. Each
sample was placed on the top of a nylon net in the receptor part.
Different voltages (0, 3, and 6 V) were applied to the samples by
the cathode connected to a power supply (Tektronix, PS 280)
attached on top of the sample. The resulting currents and
intensities were measured to be 2.31-4.13 pA and 7.36 x 10 *-
1.32 x 10~ mA cm 2, respectively. In the experiments, the SF
and PEDOT:PSS/SF hydrogels initially absorbed the PBS buffer
(pH 7.4) from the receptor part to become fully hydrated to
allow the insulin or insulin-loaded PEDOT:PSS to diffuse into
the receptor part. A PBS buffer sample (0.1 ml) was taken out
from the receptor part at different times and replaced with an
equal volume of the fresh PBS buffer (pH 7.4).

2.7.12 In vitro drug release-permeation study. The drug
release-permeation of the insulin-loaded SF and insulin-loaded
PEDOT:PSS/SF hydrogels was investigated using the pig belly
skin as the membrane instead of the nylon net in the donor
part. The hairs on the pig belly skin and subcutaneous fat were
first removed. The pig belly skin was cut into a circular disk
shape (diameter of 2.0 cm and thickness of 0.2 cm). Next, the
pig belly skins were immersed in the PBS buffer (pHs 7.4 or 5.5)
for 16 hours, and kept in a refrigerator at 7 °C, prior to use. The

© 2024 The Author(s). Published by the Royal Society of Chemistry
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resulting currents and intensities were measured to be 2.21-
3.12 pA and 7.04 x 107%-9.94 x 10~* mA cm >, respectively.
2.7.13 Release characteristics of insulin from insulin-
loaded SF and insulin-loaded PEDOT:PSS/SF hydrogels. The
power law model can be used to classify the drug release and
release-permeation modes from the SF and PEDOT:PSS/SF
hydrogels. The accumulative drug release amounts vs. time
can be fitted to the Korsmeyer and Peppas model* as in eqn (2):

M,
M.

= kt" @)

where M—t is the fraction of accumulative drug released at time

t, k is the kinetic constant (with the unit of t™"), and n is the

apparent diffusional scaling exponent indicative of the drug

release mode. From eqn (2), the apparent diffusional scaling

exponent () and the kinetic constant (k) can be calculated from
M, .

the log-log plot of ]\Tt versus time.

When the apparent diffusional scaling exponent (n) is equal
to 0.5, the Higuchi model can be used to determine the drug
release rate as shown in eqn (3):*

M,

o

:kﬂll/z (3)

where ky; is the Higuchi constant (with the unit of ¢~/?). From

eqn (3), the Higuchi constant (ky) can be calculated from the
M, . .

slope of M_t versus the square root of time (h) on a linear-t"/

plot.

The diffusion coefficient (D) can be calculated from the slope
of amount of drug released versus the square root of time
according to Higuchi's equation (eqn (4)) as follows:**

12
0= -26(2) @

g

where M, is the amount of drug released (mg), 4 is the diffusion
area (cm?), C, is the initial drug concentration in the matrix
(mg ecm ™), and D is the apparent drug diffusion coefficient
(em?s™1).

2.7.14 Statistical analysis. The drug amounts released, in
the release and release-permeation experiments, were deter-
mined with at least three samples. In the swelling test, the SF
and PEDOT:PSS/SF hydrogels were also investigated with three
samples. The data were reported as the average + standard
deviation (SD). The statistical significance analysis between the
three groups was analyzed by one-way ANOVA followed by
Tukey's test using SigmaPlot software version 12.0 (Systat Soft-
ware Inc.), for which the results are reported here as p-values. A
p-value < 0.05 was considered to be significant and a p-value <
0.01 to be insignificant.

3. Results and discussion

3.1 Chemical structure of insulin-loaded PEDOT:PSS/SF
hydrogels

PEDOT:PSS was synthesized via chemical oxidative polymeri-
zation following the procedure reported by Sakunpongpitiporn

© 2024 The Author(s). Published by the Royal Society of Chemistry
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et al., 2019. In the previous work, the structure of PEDOT:PSS
was identified with two coexisting dopants, namely, PSS™, and
SO,>~ (Na,S,05 as the oxidant). The dopants (negative charges)
interacted with the PEDOT (positive charges) chain via the
electrostatic force, whereas the sodium ion (Na') from the
oxidant also interacted with PSS~ to form PSSNa, as shown in
Fig. 1A. The PEDOT:PSS electrical conductivity was measured
and found to be 1666 + 49.08 S cm™ *.%* In the case of insulin,
the insulin (with the pH of 5.4) can possess either a negative or
positive charge depending on the solution pH value.*® Insulin
carried a negative charge as the pH values of insulin and
insulin-loaded PEDOT:PSS solutions were measured and found
to be 10.63 and 9.92, respectively.”” Therefore, insulin mole-
cules interacted with the PEDOT chain via the electrostatic force
and replaced some dopant PSS molecules, as shown in Fig. 1A.
As the insulin molecular weight (5808 g mol ') was lower than
that of PSS (75 000 g mol ) and PSS was hydrophilic, some PSS
molecules were readily replaced in this process.*®

The SF hydrogel can be formed via the physical crosslinking
by heating, which affects the vibration mode of the molecules,
enhances the frequency of molecular collisions, and promotes
the aggregation of the silk fibroin molecules.”” At a high
temperature, silk I (random coil) structure can be easily trans-
formed to silk II (beta-sheet) structure resulting in the SF chain
transformation from silk I to silk II via the hydrogen bonds
between adjacent chains or intermolecular hydrogen bonding,
as shown in Fig. 1B.*® Silk I is a metastable and unstable
structure, whereas silk II is the B-sheet conformation, which is
relatively a more stable structure.’® In the case of the insulin-
loaded PEDOT:PSS/SF hydrogels, insulin was incorporated
between adjacent SF chains, as shown in Fig. 1B.

The cytotoxicity of 3.0% w/v SF, 5.0% w/v SF, and
PEDOT:PSS_3.0% w/v SF was examined via the MTT cytotoxicity
assay using human skin fibroblast cells, as shown in Table S3.7}
The percentages of cell viability of 3.0% w/v SF, 5.0% w/v SF, and
PEDOT:PSS_3.0% w/v SF were found to be 87%, 90%, and 80%
(p < 0.01), respectively. If the cell viability is less than 70% of the
blank, it has a cytotoxic potential; therefore, the SF hydrogels
and PEDOT:PSS/SF matrix were not toxic to the human skin.>?

3.2 Insulin-loaded PEDOT:PSS/SF hydrogel
characterizations

The FTIR spectra of the SF hydrogel, insulin, PEDOT:PSS,
insulin-loaded PEDOT:PSS, insulin-loaded SF hydrogel, and
insulin-loaded PEDOT:PSS/SF hydrogel are shown in Fig. 2A.
The characteristic peaks of the SF hydrogel, as shown in
Fig. 2A(a), can be seen at 1637 cm™ %, 1513 cm™ ', and 1233 cm ™"
corresponding to amide I (C=O stretching) in the form of the
beta sheet structure or silk II, amide II (N-H bending), and
amide III (C-N stretching), respectively.>***

The FTIR spectrum of insulin, as shown in Fig. 2A(b), shows
peaks at 1637 cm ™" and 1534 cm ™", which are related to amide I
and amide II, respectively.”® The main characteristic peaks of
PEDOT:PSS, as shown in Fig. 2A(c), appeared at 3420 cm ',
1521 cm ™', and 1314 cm™ ', which can be assigned to the O-H
stretching vibration in PSS, the C=C stretching vibration in
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Fig. 1 Schematics of (A) insulin-loaded PEDOT:PSS and (B) transformation of the insulin-loaded PEDOT:PSS/SF hydrogel from random coil to

beta-sheet crystalline.

PEDOT and PSS, and the C-C stretching vibration in PEDOT
and PSS, respectively. The peaks at 1198 cm™ ' and 1087 cm™*
are assigned to the S=0 symmetric and asymmetric stretching
vibrations from PSS and Na,S,0; (oxidant).** The peaks attrib-
uted to the O-H and S=O stretching vibrations indicate that
PSS interacts with the PEDOT chain.

The main characteristic peaks of insulin-loaded PEDOT:PSS,
as shown in Fig. 2A(d), are at 3429 cm ™', 1654 cm™ ', and
1512 cm ™ corresponding to the incorporated N-H (insulin) and
the O-H (PSS) stretching vibration, the C=0 stretching vibra-
tion (insulin), the incorporated N-H bending vibration (insulin)
and the C=C stretching vibration (PEDOT and PSS). The main
peaks of insulin-loaded PEDOT:PSS when compared to
PEDOT:PSS show the shifts from 3420 cm™* to 3429 cm ™, and
1521 cm ™" to 1512 cm ™. The shifts confirmed that insulin was
successfully loaded and interacted with PEDOT:PSS.

The FTIR spectrum of the insulin-loaded SF hydrogel, as
shown in Fig. 2A(e), exhibits the main characteristic peaks at
1618 cm ™', 1512 cm ™', and 1230 cm ™', which can be assigned
to amide I (strong intermolecular beta-sheet), amide II, and
amide III, respectively.”® This suggests that insulin interacted

1554 | RSC Adv, 2024, 14, 1549-1562

with the SF chain via hydrogen bonding, while the SF hydrogel
still retained the beta sheet structure (silk II).**

The FTIR spectrum of the insulin-loaded PEDOT:PSS/SF
hydrogel, as shown in Fig. 2A(f), demonstrates the peaks at
3279 cm ™}, 1622 cm ™%, 1514 em ™, 1125 cm ™! and 1063 cm ™7,
which are related to the N-H stretching vibration, C=0
stretching vibration, N-H bending vibration, and S=O
symmetric and asymmetric stretching vibration.*>*® These
peaks confirm that insulin was successfully loaded in the
PEDOT:PSS/SF hydrogel, while the SF hydrogel still retained the
beta sheet structure (silk II).*®

The thermal stability of the SF hydrogel, insulin, PEDOT:PSS,
insulin-loaded PEDOT:PSS, insulin-loaded SF hydrogel, and
insulin-loaded PEDOT:PSS/SF hydrogel is shown in Fig. 2B. The
thermogram of the SF hydrogel, as shown in Fig. 2B(a), has 2
decomposition stages: 40-180 °C is the loss of moisture and
water; and 180-800 °C is the cleavage of peptide bonds.”” T4 of
SF hydrogel is at 299 °C, which is similar to previous works:
307 °C (ref. 58) and 295 °C.” The result indicates that the
structure of SF hydrogel is the beta-sheet structure or silk II.*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Characterizations: (A) FTIR spectra; (B) TGA; (C) survey-scan of PEDOT:PSS; and (D) survey-scan of insulin-loaded PEDOT:PSS.

The thermogram of insulin powder for the unmodified
commercial human insulin powder is shown in Fig. 2B(a) and
S1a.t It shows 2 decomposition stages at 40-100 °C and 180-
800 °C, which are assigned to the loss of water and the
decomposition of protein.® T4 of insulin powder is 313 °C,
which is close to the previous work of 318 °C.*

The thermogram of PEDOT:PSS, as shown in Fig. 2B(c) and
S1b,t demonstrates 3 decomposition stages: 40-160 °C is the
evaporation of water; 160-390 °C is the decomposition of PSS
and side chains; and 390-800 °C is the decomposition of the
polymer backbone.®® The T, values of PSS and PEDOT are 360 °C
and 428 °C whereas the weight losses are 18.35% and 19.23%,
respectively.

The thermogram of insulin-loaded PEDOT:PSS, as shown in
Fig. 2B(d) and Sic,t is similar to that of PEDOT:PSS, but it
shows a new decomposition stage of individual insulin particles
at 200-290 °C. Ty of insulin, PSS, and PEDOT are 250 °C, 326 °C,
and 414 °C with the corresponding weight losses of 4.13%,
12.33%, and 17.27%, respectively. The T4 value of PEDOT of
insulin-loaded PEDOT:PSS shifted to a lower temperature than
that of pristine PEDOT:PSS. A possible reason is that the insulin
molecules interacted with the PEDOT chains, leading to the
replacement of PSS molecules as the counter ions, as verified by
the decrease in the % weight loss of PSS and the XPS data. Thus,
insulin was successfully loaded in PEDOT:PSS, consistent with
the FTIR result.

The thermogram of insulin-loaded SF hydrogel, as shown in
Fig. 2B(e), demonstrates 2 decomposition stages which are
similar to the SF hydrogel. The T4 value of insulin of the insulin-

© 2024 The Author(s). Published by the Royal Society of Chemistry

loaded SF hydrogel shifted from 299 °C to 278 °C, confirming
that insulin was successfully loaded into the SF hydrogel.*®

The thermogram of the insulin-loaded PEDOT:PSS/SF
hydrogel, as shown in Fig. 2B(f), shows 4 decomposition
stages, which are similar to the thermograms of the insulin-
loaded PEDOT:PSS and the insulin-loaded SF hydrogel. The Ty
values of the insulin-loaded PEDOT:PSS/SF hydrogel are 283 °C,
329 °C, and 419 °C, which can be assigned to the decomposi-
tions of insulin and the SF hydrogel combined, PSS, and PEDOT
backbone, respectively. From the results, the TGA and FTIR data
are consistent; individual insulin molecules were successfully
loaded into PEDOT:PSS, resulting in insulin-loaded PEDOT:PSS
to be successfully incorporated into the SF hydrogel.

The survey scan XPS spectrum of PEDOT:PSS (Fig. 2C)
demonstrates C 1s (63.35%), O 1s (27.02%), S 2p (5.91%), and
Na 1s (3.73%), which are located at 284 eV, 523 eV, 168 eV, and
1071 eV, respectively.*® The existence of these elements indi-
cates that the elements of PEDOT:PSS are consistent with the
structure, as shown in Fig. 1A. The survey scan XPS spectrum of
insulin-loaded PEDOT:PSS (Fig. 2D) shows C 1s (56.64%), O 1s
(23.94%), S 2p (1.07%), Na 1s (0.38%), and N 1s (17.97%) which
are located at 282 eV, 529 eV, 159 eV, 1069 eV, and 396 eV,
respectively. The existence of N 1s from insulin and shifting of S
2p from 168 eV to 159 eV suggest that insulin molecules reacted
with the PEDOT chain, as shown in Fig. 1A.** The decreases of S
2p and Na 1s imply that some dopant PSS molecules were
replaced with insulin molecules.

The deconvolutions of S 2p of PEDOT:PSS and insulin-
loaded PEDOT:PSS from the narrow scan XPS spectra are

RSC Adv, 2024, 14, 1549-1562 | 1555
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shown in Fig. S2 and Table S2.7 For PEDOT:PSS, as shown in
Fig. S2(a), the S 2p peaks of PEDOT, PSS~ and SO,>", and
PSSNa spectra are located at 164.25 and 165.54 eV, 168.27 and
169.68 eV, and 169.09 and 170.48 eV, where the S amounts of
the three components are 33.43%, 45.07%, and 21.49%,
respectively.®® For insulin-loaded PEDOT:PSS, as shown in
Fig. S2(b),t the S 2p peaks of PEDOT, PSS~ and SO,>”, and
PSSNa spectra are located at 165.11 and 166.39 eV, 169.24 and
170.73 €V, and 170.06 and 171.50 €V, where the S amounts of
PEDOT, PSS~ and SO,>”, and PSSNa are 47.87%, 36.45%, and
15.68%, respectively. The S 2p peaks of insulin-loaded
PEDOT:PSS shifted to higher binding energy values when
compared to PEDOT:PSS. The shifting in the binding energy
peaks, the relative S amount increase in PEDOT, and the relative
S amount decreases in (PSS~ and SO,>~) and PSSNa suggest that
the insulin molecules interacted with the PEDOT chain via the
electrostatic force replacing some PSS molecules, leading to the
S amount decrease in PSSNa. From the results, the FTIR, TGA,
and XPS data are consistent. They suggest that the insulin
molecules interacted with the PEDOT chain and replaced with
some PSS molecules, leading to a decrease of PSSNa.

3.3 Swelling behaviors of SF and PEDOT:PSS/SF hydrogels

The swelling behaviors of the SF and PEDOT:PSS/SF hydrogels
in terms of the swelling times to equilibrium, the percentages of
swelling, and the mesh sizes with and without electric voltages
are shown in Table S4.f For the effect of SF concentrations, the
percentage of swelling at 3% w/v SF, 4% w/v SF, and 5% w/v SF
are 111 + 16, 93 + 12, and 61 + 13 (p value < 0.01), while the
times to equilibrium are 90 min, 100 min, and 110 min,
respectively. The mesh sizes at 3% w/v SF, 4% w/v SF, and 5% w/
v SF are 13.7 A, 12.8 A, and 12.3 A, respectively. At higher SF
concentrations, they possess higher degrees of entanglement,
leading to a decrease in the percentage of swelling and mesh
size, and an increase in the swelling time to equilibrium.®*
Under the effect of electric voltages, the percentages of swelling
of 3% w/v SF at 3.0 V and 6.0 V are 140 + 21 and 154 £+ 19 (p
value < 0.05), whereas the times to equilibrium and mesh sizes
are 85 min and 75 min, and 48.8 A and 63.8 A respectively. The
percentage of swelling and mesh size increased while the time
to equilibrium decreased, consistent with previous works.®”% At
higher electric voltages, the matrix expansion occurred because
of the electro-repulsive force between the cathode electrode and
the SF chain (pI of SF = 4.53).%>7°

For the effect of PEDOT:PSS/SF concentrations, the
percentages of swelling at a pH of 7.4 of the PEDOT:PSS_3% w/v
SF, 4% w/v SF, and 5% w/v SF are 850 + 26, 787 + 53, and 573 +
76 (p value < 0.01), whereas the times to equilibrium are 70 min,
90 min, and 100 min, respectively. The mesh sizes of
PEDOT:PSS_3% w/v SF, 4% w/v SF, and 5% w/v SF are 26.5 A,
21.1 A, and 19.7 A, respectively. Adding PEDOT:PSS in the SF
hydrogels produced higher percentages of swelling and mesh
sizes, and lowered the swelling time to equilibrium, as
PEDOT:PSS was a hydrophilic polymer and was incorporated
into the SF hydrogel leading to a higher free volume.” At higher
PEDOT:PSS/SF concentrations, the degree of swelling and mesh
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size decreased, whereas the swelling time to equilibrium
increased due to the higher entanglement or denser cross-
linking network.”

For the effect of pH values, the percentages of swelling of
PEDOT:PSS_3% w/v SF at pH values 5.5 and 7.4 are 652 + 18 and
850 + 26 (p value < 0.01), respectively. At a lower pH, SF
possesses a lower amount of negative charge (SF pI = 4.53),
leading to lower mesh size and less matrix expansion.*** Under
the effect of electric voltages, the percentages of swelling of
PEDOT:PSS_3% w/v SF hydrogel at 0 V, 3V, and 6 V are 850 =+ 26,
964 + 62, and 1137 + 30 (p value < 0.01), while the swelling
times to equilibrium are 70 min, 50 min, and 40 min, respec-
tively. The mesh size increased from 26.5 A (0 V) to 473.2 A (6 V).
At a higher electric voltage, the degree of swelling and mesh size
increased but the swelling time to equilibrium decreased due to
the PEDOT:PSS/SF expansion from the electro-repulsive force
between the cathode and the SF chain.*

3.4 Morphology

The surface morphology of PEDOT:PSS, insulin powder,
insulin-loaded PEDOT:PSS, 3.0% w/v SF hydrogel, insulin-
loaded SF hydrogel, and insulin-loaded PEDOT:PSS/SF hydro-
gel was investigated by SEM, as shown in Fig. 3. The PEDOT:PSS
(Fig. 3a) demonstrates the smooth and homogeneous surfaces.
The insulin powder (Fig. 3b) shows the aggregated particles of
irregular shapes.” Insulin-loaded PEDOT:PSS, as shown in
Fig. 3c, shows a rougher surface than PEDOT:PSS alone. This
indicates that isolated insulin molecules or individual insulin
particles are incorporated with PEDOT:PSS. The 3.0% w/v SF
hydrogel, as shown in Fig. 3d, shows a smooth surface.”” The
insulin-loaded SF hydrogel (Fig. 3e) also shows a smooth
surface. The insulin-loaded PEDOT:PSS/SF hydrogel (Fig. 3f)
shows a surface roughness, implying that the insulin-loaded
PEDOT:PSS was incorporated into the SF hydrogel. The results
from SEM images, FTIR, TGA, and XPS data are consistent with
each other. They confirm that insulin was successfully loaded in
PEDOT:PSS, and the insulin-loaded PEDOT:PSS was incorpo-
rated into the SF hydrogel.

The cross-section morphology of SF hydrogels after swelling
with and without electric voltages is demonstrated in Fig. 4. All
of SF hydrogels show the porous structures with interconnected
pores.”® At higher SF concentrations (Fig. 4a—c), the pore size

Fig. 3 SEM surface images: (a) PEDOT:PSS; (b) insulin powder; (c)
insulin-loaded PEDOT:PSS; (d) 3.0% w/v SF hydrogel; (e) insulin-
loaded SF hydrogel; and (f) insulin-loaded PEDOT:PSS/SF hydrogels.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Cross-section SEM images of SF hydrogels after swelling with
and without electric voltages: (a) 3.0% w/v; (b) 4.0% w/v; (c) 5.0% w/v;
(d) 3.0% w/vatE=3.0V;and (e) 6.0% w/vat E=6.0V.

Fig. 5 Cross-section SEM images of PEDOT:PSS/SF hydrogels after
swelling with and without electric voltages: (a) 3.0% w/v; (b) 4.0% w/v;
(c) 5.0% w/v; (d) 3.0% w/vat E=3.0V; and (e) 3.0% w/vat E=6.0 V.

decreased due to a denser crosslinking network.®® At higher
electric voltages (Fig. 4d and e), the pore size increased due to
the electro-repulsive force between the cathode and the SF
chain (pI of SF = 4.53), leading to the SF expansion.>**

The cross-section morphology of PEDOT:PSS/SF hydrogels
after swelling with and without electric voltages is shown in
Fig. 5. All samples show porous structures with interconnected
pores. The addition of PEDOT:PSS in the SF hydrogel produced
larger pore sizes relative to the pristine SF hydrogel as
PEDOT:PSS was miscible with and can be easily incorporated
into the SF hydrogel, leading to an increase in the distance
between crosslinked points and high mesh sizes.”” At higher %
w/v of SF in the PEDOT:PSS/SF hydrogels (Fig. 5a-c), the pore
size decreased because of the denser crosslinking network.** At
higher electric voltages (Fig. 5a, d and e), the pore size increased
due to the electro-repulsive force between the cathode and the
SF chain.*

3.5 Release behavior

3.5.1 Actual drug amounts. For the insulin and insulin-
loaded PEDOT:PSS/SF hydrogels (thickness = 0.15 mm, area
= 3.14 cm?), the actual drug amounts loaded were determined
by UV-vis, as tabulated in Table 1. The actual drug amounts
loaded into the 3.0% w/v SF, 4.0% w/v SF, and 5.0% w/v SF
hydrogels were measured and found to be 1.03 & 0.01 mg, 1.01
=+ 0.01 mg, and 1.00 £ 0.02 mg (p value < 0.01), respectively. The
actual drug amounts loaded into the PEDOT:PSS_3.0% w/v SF,

© 2024 The Author(s). Published by the Royal Society of Chemistry

Table 1 Kinetic factors and diffusion coefficients of insulin released from SF hydrogels and PEDOT:PSS/SF hydrogels, at different electric voltages, with a matrix thickness of 0.15 4+ 0.03 mm

and an area of 3.14 cm?®

Higuchi

Power law

Time to
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“ The p values of actual drug amounts for effects of SF concentrations (3.0%, 4.0%, and 5.0% w/v SF), and PEDOT:PSS/SF concentrations (PEDOT:PSS_3.0%, 4.0%, and 5.0% w/v SF) were <0.01, and

4.0% w/v SF (1.01 % 0.01)
<0.01, respectively.

5.0% w/v SF (1.00 + 0.02)

PEDOT:PSS_3.0% w.
PEDOT:PSS_4.0% w,
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Fig. 6 Amounts of insulin released from insulin-loaded SF hydrogels
under the effects of (A) SF concentrations, and (B) electric voltages
with 3.0% w/v SF. (a) and (c) Amounts versus time in the log-log plots,
and (b) and (d) amounts versus time/2.

PEDOT:PSS_4.0% w/v SF, and PEDOT:PSS_5.0% w/v SF hydro-
gels were 1.07 + 0.01 mg, 1.05 £ 0.01 mg, and 1.08 & 0.01 mg (p
value < 0.01), respectively.

3.5.2 Release kinetics of insulin from SF and PEDOT:PSS/
SF hydrogels. In the case of insulin-loaded SF hydrogels, the
release profiles under the effects of SF % w/v and electric volt-
ages are shown in Fig. 6A(a) and B(c), respectively. The apparent
scaling exponents (n) in eqn (2) were determined from the
slopes of the log-log plot between M,/M .. and ¢t under the effects
of SF concentrations and electric voltages, as tabulated in Table
1. Under the effects of SF concentrations and electric voltages,
the n values are between 0.41 and 0.53, as tabulated in Table 1.
The release modes can be classified into the case-I transport or
the Fickian diffusion mode.**”®

In the case of the insulin-loaded PEDOT:PSS/SF hydrogels,
the release profiles under the effects of SF % w/v and electric
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Fig.7 Amounts of insulin released from insulin-loaded PEDOT:PSS/SF
hydrogels under the effects of (A) SF concentrations and (B) electric
voltages with PEDOT:PSS_3.0% w/v SF. (a and c) Amounts versus time

in the log—-log plots, and (b and d) amounts versus time!/2,
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voltages are shown in Fig. 7A(a) and B(c), respectively. Under the
effects of SF concentrations and electric voltages, the n values
are between 0.40 and 0.51, as tabulated in Table 1. The release
modes can also be classified into the case-I transport or the
Fickian diffusion mode.**”®

3.5.3 Invitro drug-release

3.5.3.1 Insulin-loaded SF hydrogels. The amounts of insulin
released from the insulin-loaded SF hydrogels under the effect
of SF concentrations are tabulated in Table 1. The amounts of
insulin released are 60.0%, 48.7%, and 39.4% (p value < 0.01)
for the 3.0% w/v SF, 4.0% w/v SF, and 5.0% w/v SF hydrogels,
respectively. At higher SF concentrations, the time to equilib-
rium increased from 12 h to 14 h while the diffusion coefficient
(D) decreased from 7.00 x 10" em® s™" to 2.56 x 10~ "° cm?
s~ " A higher SF % w/v provided a denser crosslinking network
or a higher degree of entanglement, resulting in a smaller mesh
size.®®

The amounts of insulin released from the insulin-loaded SF
hydrogels under the effect of electric voltages are tabulated in
Table 1. The amounts of insulin released from the 3.0% w/v SF
hydrogel are 60.0%, 64.7%, and 73.1% (p value < 0.01) at 0 V,
3V, and 6 V, respectively. The time to equilibrium decreased
from 12 h to 8 h, whereas the apparent diffusion coefficient (D)
increased from 7.00 x 10'° cm? s7* to 1.13 x 107° cm® s 7,
respectively. At a higher electric voltage, the increases in the
amount of insulin released and diffusion coefficient resulted
from the higher electro-repulsive force between the cathode and
insulin, the SF chain, the electroosmosis, and the SF matrix
expansion.**

3.5.3.2 Insulin-loaded =~ PEDOT:PSS/SF  hydrogels. =~ The
amounts of insulin released from the insulin-loaded
PEDOT:PSS/SF hydrogels under the effect of SF concentrations
are tabulated in Table 1. For the PEDOT:PSS_3% w/v SF,
PEDOT:PSS_4% w/v SF, and PEDOT:PSS_5% w/v SF hydrogels,
the amounts of insulin released are 66.3%, 60.5%, and 46.2% (p
value < 0.01), respectively. At higher SF concentrations, the time
to equilibrium increased from 8 h to 10 h, while the diffusion
coefficient (D) decreased from 7.26 x 107 '° cm® s to 3.83 x
107'° em?® s . Relative to the case of pristine SF hydrogel, the
addition of PEDOT:PSS provided only moderate increases in the
amount of insulin released and the diffusion coefficient, and
the decrease in the time to equilibrium. The PEDOT:PSS
molecules incorporated into the SF hydrogels induced the
partial matrix swelling, leading to higher mesh sizes consistent
with the data, as tabulated in Table S4,1”” whereas the effect of
drug carrier host is not apparent here without the electric
voltage.

The amounts of insulin released from the insulin-loaded
PEDOT:PSS_3% w/v SF hydrogel under the effect of electric
voltages are tabulated in Table 1. The amounts of insulin
released and the diffusion coefficients at 0 V, 3 V, and 6 V are
66.3%, 77.3%, and 81.9% (p value < 0.05) and 7.00 x 10 *° cm?
s 1, 1.14 x 10 ? em® s, and 1.29 x 10~ ° cm® s, respectively.
The time to equilibrium decreased from 8 hours to 6 hours. At
a higher electrical voltage, the amount of insulin released and
the diffusion coefficient increased, while the time to equilib-
rium decreased. The individual insulin molecules attached to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the PEDOT:PSS molecules were released from the SF hydrogel
matrix by the possible four mechanisms: the insulin concen-
tration gradient in the initial period; the electro-repulsive force
between the cathode and the insulin molecules; the electroos-
mosis; and lastly, the PEDOT:PSS_3% w/v SF expansion from
the electro-repulsive force between the cathode and the SF
chains presumably in the later period.***

3.6 Release-permeation behavior

3.6.1 Release kinetics of insulin from PEDOT:PSS/SF
hydrogels. The release-permeation profiles of insulin under
the effects of pH values and electric voltages from insulin-
loaded PEDOT:PSS_3.0% w/v SF are shown in Fig. 8A(a) and
B(c), respectively. The apparent scaling exponents (1) in eqn (2)
were calculated from the slope of the log-log plot between M,/
M., and t under the effects of pH values and electric voltages, as
tabulated in Table 2. For the effects of pH values and electric
voltages, the n values are between 0.42 and 0.62. The release-
permeation modes can also be classified into the case-I trans-
port or the Fickian diffusion mode.**”®

3.6.2 In vitro release-permeation. The amounts of insulin
release-permeation from the insulin-loaded PEDOT:PSS_3.0%
w/v SF hydrogels under the effect of pH values are tabulated in
Table 2. At pH values of 5.5 and 7.4, the amounts of insulin
released and the apparent diffusion coefficients (D) are 48.4% to
56.8% (p value < 0.01) and 4.31 x 10" *° cm® s~ ' t0 5.35 x 10~ °
em?” s™! respectively. The time to equilibrium decreased from
12 h to 10 h. At a pH of 5.5, the amount of insulin release-
permeation and the diffusion coefficient are lower; this was
possibly due to the lower matrix swelling as both insulin and SF
chains possessed lesser negative charges (SF pI = 4.53, insulin
pI = 5.4).%%47%%7° The fluid lipid bilayer membrane (pig belly
skin) requires a longer time to create an aqueous pathway or
pore called ‘the pore formation period’.** The effect of pH values
may presumably influence the membrane pore formation.

(A)

p value <0.01

Amount of Insulin (mg)
Amount of Insulin (mg)
\

Time (h) 112 (112,
(8) Time'2 (n12)

(©) (d)

pvalue < 0.05

Amount of Insulin (mg)
Amount of Insulin (mg)

Time (h) Time!2 (n172)

Fig. 8 Amounts of insulin release-permeation from insulin-loaded
PEDOT:PSS_3.0% w/v SF hydrogels under the effects of (A) pH values
and (B) electric voltages. (a and c) Amounts versus time in the log-log
plots, and (b and d) amounts versus time®2.
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Table 2 Kinetic factors and diffusion coefficients of insulin release-permeation from the PEDOT:PSS_3.0% w/v SF hydrogels, at different pH values and electric voltages, with a matrix thickness

of 0.15 = 0.03 mm and an area of 3.14 cm?
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The amounts of insulin release-permeation from the insulin
loaded PEDOT:PSS_3.0% w/v SF hydrogel under the effect of
electric voltages are tabulated in Table 2. At electric voltages of
0V, 3V,and 6V, the amounts of insulin release-permeation and
the diffusion coefficients (D) are 56.8%, 67.0%, and 75.2% (p
value < 0.05) and 5.35 x 107 '® cm* s %, 8.35 x 10 *° cm® 577,
and 1.06 x 10~° ecm® s, respectively. The time to equilibrium
decreased from 10 h to 8 h. At a higher electric voltage, the
amount of insulin release-permeation and the diffusion coeffi-
cient (D) increased due to the insulin concentration gradient in
the initial period, a higher electro-repulsive force between the
cathode and the insulin molecules, the electroosmosis, and the
partial PEDOT:PSS/SF hydrogel expansion.*®*” Here the effect of
electric voltage on the release-permeation is more drastic than
the pH experiment.

The dosage of basal insulin for treating diabetes patients
(average weight is 98.9 + 1.5 kg (ref. 81)) is 27.2 units or 0.94 mg
(1 unit of insulin is 0.0347 mg (ref. 82)) during a period of 24 h.**
In the release experiment, the amounts of insulin release from
the 3.0% w/v SF and PEDOT:PSS_3.0% w/v SF hydrogels were
between 0.72 and 0.96 mg (12-8 h) and 0.80 and 0.98 mg (8-6 h)
at electric voltages between 0 and 6 volts. In the release-
permeation, the amounts of insulin release from the
PEDOT:PSS_3.0% w/v SF hydrogel were between 0.68 and
0.90 mg, while the time to equilibrium was 10-8 h at electric
voltages between 0 and 6 volts. This suggests that the SF and
PEDOT:PSS/SF hydrogels are potential and applicable to be
used as the matrices, twice in a 24 h period, for the basal insulin
dosage.

In previous works, Siddiqui et al. (1987) have investigated the
insulin release-permeation via electric field by using a hairless
rat skin (350-450 g). At a pH of 7.1, the blood glucose without
electric field decreased by less than 5%, while it decreased by
55% at an electric field of 9 V and 4 mA.* Kagatani et al. (1997)
investigated  the insulin release from a  poly(-
dimethylaminopropylacrylamide) (PDMAPAAA) gel with rat
skin. The insulin loaded in PDMAPAAA (electroresponsive) gel
was injected into a rat. Under the electric field (1 mA, 0.36 mA
cm?), the blood glucose concentration decreased by 30% in
1 h.*® Kajimoto et al., 2011 investigated the release of insulin
encapsulated by liposomes using rat skin as the membrane
under electric field. Under the electric field (0.45 mA cm™?), the
blood glucose level slowly decreased by 20% and showed a basal
(constant) level after 18 hours.*® Pagneux et al., 2020 investi-
gated the insulin release from an electrothermal patch. The
rGO-coated gold nanohole-modified Kapton (K/Au NHs),
human hepatic HepG2 cell line, and fresh mouse skin were
used as the electrothermal patch, matrix for release, and matrix
for release-permeation, respectively. After 10 min, the amount
of insulin released increased from 2 pg (0 V) to 32 pg (1.6 V) with
the increasing electric field. For the release-permeation, the
amount of insulin release-permeation and insulin flux after 2
hours were 23 + 2 pg and 15.6 £+ 1.3 pg cm 2 h™'.% Tari et al.,
2021 investigated the insulin release-permeation from water-
soluble polypyrrole nanoparticles (WS-PPyNPs) via iontopho-
resis using rat skin as the membrane. The cumulative amounts
of permeated insulin per area at 48 hours without any electric
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field, anodal iontophoresis, and cathodal iontophoresis were
17.9 + 4.69 pg cm™?, 520 + 136 ug cm™ 2, and 835 + 219 ug
cm?, respectively.*’

4. Conclusion

PEDOT:PSS has been successfully synthesized via chemical
oxidative polymerization. PEDOT:PSS has been successfully
attached with insulin molecules, as confirmed by FTIR, TGA,
and XPS results. The SF and PEDOT:PSS/SF hydrogels were
prepared and investigated for swelling under the effects of SF
concentrations and electric voltages. The degree of swelling and
mesh size of SF hydrogels increased with the decrease in SF
concentrations due to the looser crosslinking network and
higher free volume, and the fact that PEDOT:PSS was miscible
with and can be easily incorporated with the SF chain. The
release and release-permeation modes were classified to be the
case-1 transport or the Fickian diffusion mode. The insulin
release and release-permeation mechanisms were the insulin
concentration gradient in the initial period, the continuous
electro-repulsive force between the cathode and the insulin
molecules, the electroosmosis, and the partial SF hydrogel
swelling from the electrostatic interaction in the latter period.
At a higher pH value, insulin-loaded PEDOT:PSS possessed
higher amounts of negative charges, leading to higher electro-
repulsive forces between the negatively charged SF chains and
insulin-loaded PEDOT:PSS. The application of electric field
coupled with PEDOT:PSS as the drug carrier appeared to be the
most influential cause for the insulin release-permeation, rela-
tive to other factors, namely, % w/v SF and pH values. Thus, this
work demonstrated a new non-toxic and biocompatible drug-
matrix hydrogel system, with PEDOT:PSS as the drug carrier
and SF as the hydrogel matrix, to deliver insulin transdermally
via iontophoresis with the controllable release rate, amount,
and duration.
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