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ABSTRACT
Insulin is the peptide hormone used to treat the diabetes patient. The hormone is normally taken 
by injection. The transdermal drug delivery system (TDDS) is an alternative route. The silk fibroin 
(SF) hydrogels were fabricated via solution casting as the insulin matrix. The release and 
release-permeation experiments of the insulin loaded SF hydrogels were carried out using a 
modified Franz-diffusion cell at 37 °C for 36 h, under the effects of SF concentrations, pH, and 
electric field. The release-permeation mechanism through the pig skin was from the Case-II 
transport with the constant release rate. The diffusion coefficient (D) increased with decreasing 
SF concentration due to a larger mesh size, and with increasing electric field due to the 
electroreplusive forces between the insulin and the SF hydrogels against the negatively-charged 
electrode, and the induced SF hydrogel expansion. The rate and amount of insulin release-permeation 
became relatively lower as it required a longer time to generate aqueous pathways through the 
pig skin. The present SF hydrogels are demonstrated here deliver insulin with the required constant 
release rate, and the suitable amount within a prescribed duration.

1.  Introduction

In recent decades, diabetes mellitus has become one of the 
most common noncommunicable diseases in the world. In 
2018, the International Diabetes Federation reported that the 
number of diabetes patients of around 425 millions 
(Mallawarachchi et  al., 2019). It is expected to rise to 552 
millions by 2030 (Shah et  al., 2016). Diabetes is a condition 
in which blood sugar levels are too high (hyperglycemia). 
Blood glucose levels above 7.0 mmol/L during fasting and 
11.1 mmol/L after lunch or dinner are indicative of diabetes 
(Mansoor et  al., 2019). Diabetes mellitus can be classified 
into 2 types; type 1 is the failure of insulin secretion by the 
pancreas (T1DM): type 2 is the defective response of the 
body to insulin (T2DM) (Zhang et  al., 2018). Insulin is a pep-
tide hormone that can be used in the insulin deficiency 
treatment for both T1DM and T2DM (Shah et  al., 2016). 
However, insulin can be degraded or metabolized in the 
gastrointestinal tract if taken orally. The self-injection is a 
common route for insulin delivery, but it introduces a pain 
and an infectious risk near the injection area. Therefore, the 
transdermal drug delivery (TDDS) is an alternative route for 
the controllable insulin administration (Tokumoto et al., 2006).

TDDS is an attractive drug administration as it can avoid 
the metabolization and the first-pass effect through a pain-
less administration route. This method can provide a proper 

and prolonged drug delivery with a steady state drug profile 
(Alexander et  al., 2012). The suitable drug characteristics are 
low molecular weight (500 Da), high lipophilicity, and low 
therapeutic dose (Murthy, 2012). The limitation of TDDS is 
the stratum corneum (SC) which acts as a barrier to prevent 
the drug permeation (Alkilani et  al., 2015). To overcome this 
limitation, several active methods (ultrasound, iontophoresis, 
microneedle) are applied in TDDS. Iontophoresis is a popular 
technique as it uses a low electrical current (0.1–1.0 mA/cm2) 
without harming the human skin to drive the drug across 
SC and to enhance the skin permeation resistance (Chen 
et al., 2009). The iontophoresis approach can control the drug 
release rate, amount and duration with a predetermined 
electric current (Szunerits & Boukherroub, 2018).

Hydrogel is a three-dimensional porous structure with a 
water swollen polymeric network attained via physical or 
chemical crosslinks (Huang et  al., 2019). The interconnected 
porous structures of hydrogels provide channels for the trans-
portations of water and drugs (Kuang et  al., 2019). Examples 
of biobased polymeric hydrogels are gelatin, agarose, sodium 
alginate, and silk fibroin (Schacht, 2004).

Several hydrogels have been utilized as the matrices for 
the controlled TDDS. Poly(acrylamide/maleic acid) hydrogels 
were used as the matrix for the controlled release of terbi-
nafine hydrochloride ( TER-HCl) (Sen et  al., 2000). 
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Chitosan-polyvinyl alcohol (CS-PvA) hydrogels were used as 
the matrix for the controlled release of alprazolam (Maji et al., 
2013). Pectin hydrogels were used as the matrix for the con-
trolled release of asiatic acid (AA) (Mavondo & Tagumirwa, 
2016). gelatin methacryloyl (gelMA) hydrogels were used as 
the matrix for the controlled release of 5-fluorouracil (Oktay 
& Alemdar, 2018). Polyvinyl alcohol and polyvinyl pyrrolidone 
(PvA-PvP) blended hydrogels were used as the matrix for 
the controlled release of donepezil hydrochloride (DH) 
(Bashyal et  al., 2020).

Silk Fibroin (SF) is a protein polymer which can be 
extracted from the cocoons of silkworms (Bombyx mori) con-
sisting of fibroin and sericin (Kapoor & Kundu, 2015). SF is 
of excellent biocompatibility, superior mechanical property, 
very useful in biomedical material functions (tissue and scaf-
fold engineering, drug carrier). SF can be fabricated into 
various forms such as film, nanofiber, sponge, and hydrogel 
(Kim & Park, 2016). SF hydrogels can be formed by either a 
physical or chemical crosslink. The physical crosslink is pre-
ferred in TDDS because of the concern on human skin toxicity 
through toxic crosslinkers (Lim, 2015). The physical crosslink 
of SF occurs from the transformation from the random coil 
(silk I) to the β-sheet (silk II) (Wu et  al., 2019). SF can form 
a gel by itself but it requires about 30 days for a complete 
gelation (Lim, 2015). Therefore, the external stimuli have been 
applied to accelerate the physical crosslinking such as ultra-
sonication, temperature, and electric field (Wu et  al., 2019).

The motivation of the work was the initiative to employ 
SF and insulin as the matrix and model drug, respectively. 
The tasks of this work were: to investigate the insulin release 
behaviors from SF hydrogels under the effects of SF concen-
trations, pH values, and electric field; to investigate the insu-
lin release-permeation behaviors from the SF hydrogels under 
the effect of electric field; to compare the insulin release and 
release-permeation behaviors from the SF hydrogels under 
the effect of electric field with other animal skins. The unique 
feature of the present hydrophilic TDDS system under ion-
tophoresis is the controllable constant release rate, required 
dosage amount and duration suitable for diabetes patients 
requiring the insulin basal release.

2.  Materials and methods

2.1.  Materials

Silk cocoon (Bombyx Mori; 99.0%, grade B, diameters between 
1.8 and 2.0 cm, Chul Thai Silk Co., Ltd) was used as the matrix 
starting material. Sodium carbonate (Na2CO3; ≥ 99.8%, ACS 
grade, Riedel-de Haen) was used to extract sericin from SF. 
Calcium chloride (CaCl2; AR grade Ajax Finechem), ethanol 
(C2H5OH; AR grade, Burdick & Jackson), and de-ionized water 
were used in dissolving the degummed silk cocoon. Snakeskin 
dialysis tubing (Thermo Scientific, MWCO 3500) was used in 
the dialysis process. Insulin human (recombinant, expressed 
in yeast, Sigma Aldrich) was used as the model drug. Sodium 
hydrogen carbonate (NaHCO3; ACS grade, Merck) was used 
to dissolve insulin. Sodium phosphate monobasic dihydrate 
(NaH2PO4·2H2O; 99.0%, Sigma Aldrich) and sodium phosphate 

dibasic dihydrate (Na2H2PO4·2H2O; 99.0%, Sigma Aldrich) were 
used in the preparation of the phosphate buffer solutions 
(PBS, pH of 5.5 and 7.4).

2.2.  Preparation of silk (SF) solution

To remove sericin, 2 g silk cocoon was boiled in a 0.5 g 
Na2CO3 solution for 30 min and then the solution was rinsed 
with distilled water (Hu et al., 2012). The process was repeated 
three times. After that, the degummed silk was dried at room 
temperature (27 ± 1 ° C) to obtain a silk fibroin (SF) fiber. The 
20 g degummed silk fiber was slowly added (1 g at a time) 
and it was dissolved in a ternary solvent of the CaCl2: H2O: 
C2H5OH 1: 8: 2 mole ratio at 80 ° C for 4 hours (Kim & Park, 
2016). The solution was dialyzed in distilled water with a 
snakeskin dialysis tubing for 3 days. The solution was centri-
fuged at 8000 rpm to remove impurities (Kuang et  al., 2018) 
to obtain the SF solution. The degumming process (removal 
of sericin) was confirmed by the FTIR technique.

2.3.  Preparation of insulin-loaded SF hydrogels

Insulin powder (0.0011 g) was dissolved in 125 mM of NaHCO3 
(Lougheed et  al., 1981) under stirring for 30 minutes. The SF 
solutions were prepared at various concentrations of 0.5, 1.0 
and 2.0%w/v (Degummed SF fiber: ternary solvent at the 
CaCl2: H2O: C2H5OH 1: 8: 2 mole ratio at 80 ° C for 4 hours), 
respectively. After that, the insulin solution was added into 
the SF solution under stirring at 60 ° C for 1 hour (Zhang 
et  al., 2008). The solution was casted onto a petri dish (10 cm) 
and dried at 70 ° C for 7 hours. The insulin loaded SF films 
were obtained with a thickness 0.1 ± 0.02 mm and a radius 
of 1 cm.

2.4.  Preparation of phosphate buffer saline (PBS buffer)

Phosphate buffer saline solutions (0.1 M PBS buffer, pH 7.4, 
and 0.067 M PBS buffer, pH 5.5) were prepared by dissolving 
2.34 g NaH2PO4·2H2O and 15.13 g Na2H2PO4·2H2O into 1000 ml 
of distilled water for the pH of 7.4, and by dissolving 9.12 g 
NaH2PO4·2H2O and 23.99 g Na2H2PO4·2H2O into 1000 ml of 
distilled water for the pH of 5.5. The PBS solutions were 
stirred continuously at room temperature until homogeneous 
solutions were obtained. The PBS buffers were used as the 
mediums in the receptor part of the modified-Franz diffu-
sion cell.

2.5.  Characterization

The functional groups and the interactions of the SF hydro-
gels and insulin loaded SF hydrogels were identified by a 
Fourier transformed infrared spectrometer (Nicolet, iS 5, ID 
7) in the absorbance mode, in the wavenumber range of 
650–4000 cm−1, 64 scans, and with a resolution of 4 cm−1.

The thermal behaviors of the SF hydrogels and insulin 
loaded SF hydrogels were determined by a simultaneous 
thermal analyzer (STA; Netzsch, STA 449F3), in the 
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temperature range from 30 to 780 °C with a heating rate 
10°Cmin−1 under a nitrogen flow. Each sample was weighted 
in between 4 to 8 mg into a platinum pan.

The morphology of SF hydrogel was investigated by a 
field emission scanning electron microscope (Hitachi, S-4800), 
at the 2 kv voltage and 10 µA current. Each SF hydrogel was 
soaked in the PBS buffer (pH 7.4) for 48 hours. After that, it 
was rapidly frozen with liquid nitrogen (−40 °C) and lyo-
philized in a freeze-drier (Biobase, BK-FD 10) at −40 °C for 
20 hours. Each sample was placed on a holder with a carbon 
adhesive tape and coated with a platinum layer.

The mesh sizes and total pore volumes of the SF hydrogels 
with various concentrations were measured by a surface area 
analyzer (BET; Quantrachome, Autosorb IQC). 0.1–0.2 g of 
samples were outgassed for 30 h at 50° C before the absorp-
tion measurement under helium atmosphere. The mesh sizes 
and total pore volumes were determined under the nitrogen 
atmosphere.

The cytotoxicity of SF hydrogels was determined via the 
MTT cytotoxicity assay (ISO 10993-5) using human skin fibro-
blast cells. A cell suspension of 1 × 105 cells/ml CRL-2522 in 
a DMEM completed medium was seeded into the 96-well 
plate. It was incubated at 37 ± 1 °C, 5 ± 0.1% CO2 and 95 ± 5 
relative humidity for 24 ± 2 h to obtain confluent monolayers 
of cells prior to testing.

The SF hydrogel (a circular shape, diameter of 2 cm, thick-
ness of 0.1 mm) was immersed in the 0.1 M PBS buffer (15 ml, 
pH 7.4) for 48 h at 27 °C. The degree of swelling (%) and the 
weight loss (%) of the SF hydrogels were calculated from 
Eqs. (1) and (2) (Darge et  al., 2019; Patarroyo et  al., 2020):
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M M

M
s d

d

� � � �
�100  (1)

and

 weight loss (%)
M M

M
i d

i

�
�

�100  (2)

which Md is the weight of the swollen sample after drying 
at 27 °C (g), Ms is the weight of a swollen sample (g), and 
Mi is the initial weight of the sample (g).

To determine the molecular weight between crosslinks 
(M–c), the mesh size (ξ), and the crosslinking density (ρ), 
each sample was weighed in air and heptane. The sample 
was immersed in the PBS buffer (pH 7.4) under the electric 
field of E = 3 v, applied on the sample with the cathode 
electrode attached on the sample and connected to a power 
supply (Tektronix, PS 280). Next, the sample was allowed to 
swell to equilibrium for 48 h at 27 °C. The sample was weighed 
in air and heptane. After that, the sample was dried overnight 
at 27 °C and weighed in air and heptane again. The M–c was 
converted from the swelling data by using Eq. (3) (Peppas 
& Merril, 1977):
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which Mn  is the molecular weight between crosslinking 
(g/mol), Mn  is the number-average molecular weight of the 
polymer before crosslinking (79000 g/mol (Radu et  al., 2019)), 
υ1  is the specific volume of SF (0.7037 cm3/g (Whittaker 
et  al., 2014)), v1  is the molar volume of water (18.1 cm3/
mole), χ is the Flory interaction parameter of SF and water 
(0.95 (Whittaker et  al., 2014)), ν 2,r  is the polymer volume 
fraction in gel in the relaxed state, and ν 2,s  is the polymer 
volume fraction in gel in the swollen state.

The hydrogel mesh size, ξ, was calculated by using Eq. 
(4) (Peppas & Wright, 1996):

 � ��
�

�
��

�

�
��

�
2

1 3 1 22
,
/ /[ ]s n

c

r
C

M
M

l  (4)

which Cn is the Flory characteristic ratio for SF (1.8 
(Whittaker et  al., 2014)), l  is the carbon-carbon bond length 
of the monomer unit (1.54 Å (Peppas & Wright, 1996)), and 
M r is the molecular weight of the repeating units (400 g/mol).

The crosslinking density (ρx ) of the hydrogel was calcu-
lated by using Eq. (5) (Peppas & Wright, 1996):

 �
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In vitro Drug Release Study
The modified Franz diffusion cells were used to investi-

gate the insulin release at 37 ± 0.5 °C. The modified Franz 
diffusion cell was composed of two parts; the receptor and 
donor parts. The receptor part contained the PBS buffer (pH 
of 5.5 or 7.4) which was stirred with a magnetic stirrer 
during the release experiment period (36 h). A donor part 
consisted of the insulin loaded SF film. The sample was 
placed over a nylon net on top of the receptor part. The 
electric field of various voltages (0, 3, 6 v) was applied to 
the SF film matrices by the cathode electrode connected 
to a power supply (Tektronix, PS 280) attached on top of 
the sample. The resultant currents and intensities were 
between 0.06 and 0.63 μA and 1.91 × 1 0 −5–2.00 × 1 0 −4 mA/
cm2, respectively. The insulin diffused from the SF film into 
the PBS buffer (pH of 5.5 or 7.4). A sample (0.1 ml) was 
taken out from the receptor part at various times and 
replaced with an equal volume of the fresh PBS buffer (pH 
of 5.5 or 7.4).

The characteristic peaks and the amounts of insulin 
released and permeated at various times were determined 
by a uv-visible spectrometer (TECAN, Infinite M200). The 
insulin absorbance peak was located at 274 nm (Zhang et  al., 
2008). The measured absorbance intensities were converted 
to the insulin concentrations by the calibration curves (pH 
5.5 and 7.4).

The initial amounts of insulin in the insulin loaded SF 
hydrogels were determined by dissolving each sample (diam-
eter 2 cm, thickness 0.1 mm) in 125 mM NaHCO3 (0.042 g 
NaHCO3 in 4 ml H2O). After that, 0.5 ml of the solution was 
added into 8 ml of the PBS buffer (pH 7.4). The amounts of 
insulin in the solution were determined by the uv-visible 
spectrometer at the 274 nm (Zhang et  al., 2008).
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In vitro Drug Release-Permeation Study
The drug release-permeation of the insulin loaded SF 

hydrogel was studied by using the belly pig skin as the 
membrane on the donor part. The belly pig skin was used 
instead of the nylon net. The hairs on the pig skin surface 
and subcutaneous fat were first removed. The belly pig skin 
was cut into a circular shape (diameter of 2 cm and thickness 
of 0.2 cm). After that, the belly pig skins were immersed in 
the PBS buffer (pH 7.4) overnight and kept in the refrigerator 
at 7 °C, prior to use. The resultant currents and intensities 
were between 1.20 − 2.00 μA and 3.82 × 1 0 −4–6.36 × 1 0 
−4 mA/cm2, respectively.

Release characteristic of insulin from insulin loaded SF 
hydrogel

The power law model was used to study the drug release 
mechanism from the SF films. The accumulative drug release 
amounts vs. time were fitted with the Korsmeyer and Peppas 
model (Korsmeyer et  al., 1983) as in Eq. (6):

 M
M

=ktt n

∞

 (6)

where M Mt / ∞  is the fraction of accumulative drug 
released at time t, k  is the kinetic constant (with the unit of 
T-n), and –n is the apparent diffusional scaling exponent 
indicative of the drug release mechanism. From Eq. (6), the 
apparent diffusional scaling exponent (n) and kinetic constant 
(k) were calculated from the log-log plot of M Mt / ∞  ver-
sus time.

When the diffusional scaling exponent (n) is equal to 0.5, 
the Higuchi model can be used to determine the drug release 
rate as shown in Eq. (7) (Higuchi, 1961):
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M

t

�
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where kH  is the Higuchi constant (with the unit of T-n). 
From Eq. (7), the Higuchi constant (kH ) was calculated from 
the slope of M Mt / ∞ versus the square root of time (h) on a 
log-log plot.

The diffusion coefficient (D) was calculated from the slope 
of amount of drug released versus the square root of time 
according to Higuchi’s equation of Eq. (8) (Higuchi, 1961):

 Q =
M
A

= 2C (Dt )t
0

1/2/π  (8)

where Mt is the amount of drug released (g), A is the 
diffusion coefficient area (cm2), C0  is the initial drug concen-
tration in the matrix (g/cm3), and D is the diffusion coefficient 
of the drug (cm2/s).

3.  Results and discussion

3.1.  Chemical structure of silk fibroin and 
characterization

The SF hydrogel is formed via physical crosslinking under 
increasing temperature in which the SF chains transform from 
the random coil (silk I) to the beta-sheet structure (silk II) as 
shown in Figure 1. The SF chains possess the hydrophilic and 
hydrophobic chain segments arranged alternately (Johari 
et  al., 2020). At a high temperature (70° C), the SF chains 
transform to the beta-sheet conformation from the hydrogen 
bonds between adjacent chains or intermolecular hydrogen 
bonding resulting in silk II (Wu et  al., 2019).

The cytotoxicity of SF hydrogel matrices was determined 
via the MTT cytotoxicity assay using human skin fibroblast 
cells. The %viability of 0.5%w/v and 2.0%w/v SF matrices 
were 79% and 79%, respectively. If %viability is less than 
70% of the blank, it has a cytotoxic potential, so the SF 
hydrogel matrices were not toxic to the human skin (Magos 
et  al., 2020).

The interactions of the beta-sheet SF and insulin loaded 
SF were determined by the FTIR spectroscopy as shown in 
Figure 2(A). The FTIR spectrum of the silk cocoon, in 
Figure  2(A)(a), shows the sericin peaks at 1525 cm−1 and 
1155 cm−1 (Correa et  al., 2020). The FTIR spectrum of the 
degummed SF, in Figure 2(A)(b), shows the main character-
istic peaks of: the amide I (C = O stretching) at 1650 cm−1, 
the amide II (N-H bending) at 1540 cm−1, and the amide III 

Figure 1. Schematic transformation of SF from random coil to beta-sheet crystalline.
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(C-N stretching) at 1259 cm−1, respectively. These peaks rep-
resent the random coil of the degummed SF (Zhang et  al., 
2012). The FTIR spectrum of the degummed SF confirms the 
successful degumming process as it does not show the seri-
cin peaks at 1525 cm−1 and 1155 cm−1 (Correa et  al., 2020). 
The FTIR spectrum of the transformed SF (SF hydrogel), in 
Figure 2(A)(c), illustrates the main characteristic peaks: the 
amide I (C = O stretching) at 1635 cm−1, the amide II (N-H 
bending) at 1515 cm−1, and the amide III (C-N stretching) at 
1231 cm−1, respectively. These peaks represent the character-
istic peaks of the beta-sheets in the transformed SF due to 
the distinct hydrogen bond and rearrangement of SF (Narita 
et  al., 2021). From the FTIR spectra, the results confirm that 
the random coil transformed to the beta-sheet structure as 
shown in Figure 1 (Park et  al., 2014). In Figure 2(A)(d), the 
FTIR spectrum of insulin demonstrates the amide I at 
1644 cm−1, the amide II at 1534 cm−1, and the amide III at 
1238 cm−1, respectively (Dwivedi et  al., 2010). In Figure 2(A)
(e), the FTIR spectrum of insulin loaded SF shows the char-
acteristic peaks both the transformed SF and insulin. There 
appear the shiftings of the SF amide I from 1635 to 1637 cm−1, 
the SF amide II from 1515 to 1512 cm−1, and the SF amide 
III from 1231 to 1234 cm−1. The shiftings represent the hydro-
gen bonding between insulin and the SF matrix. The findings 
suggest that insulin was successfully incorporated into SF.

The thermal stability of the degummed SF, transformed 
SF (SF hydrogel), insulin, insulin loaded SF was investigated 
by the STA technique as shown in Figure 2(B). The TgA ther-
mogram of the degummed SF in Figure 2(B)(a) shows 2 

decomposition stages; the evaporation of water around 
40–160° C, and the decomposition of SF chain at 160–800 
° C. The Td,onset of the degummed SF is 267 ° C (Quicenoa et  al., 
2017). The TgA thermogram of the transformed SF (SF hydro-
gel) in Figure 2(B)(b) demonstrates 2 decomposition stages 
similar to the degummed SF but the Td,onset of the trans-
formed SF is 264 ° C (varkey et  al., 2015). The T d,onset shifting 
from 267 to 264° C suggests that the random coil of the 
degummed SF transforming to the beta-sheet as shown in 
Figure 1 (Narita et  al., 2021). The insulin thermogram as 
shown in Figure 2(B)(c) exhibits 2 decomposition stages at 
40–140 ° C and 140–800 ° C due to the decomposition of 
water and insulin, respectively. The Td,onset of insulin is 272 
° C (Chwedoruk et  al., 2014). The insulin loaded SF thermo-
gram, Figure 2(B)(d), exhibits 2 decomposition stages same 
as insulin but the insulin Td,onset is 252 ° C. The insulin T d,onset 
shifting from 272° C to 252° C suggests that insulin was suc-
cessfully incorporated in the transformed SF via hydrogen 
bonding. Thus, the TgA and FTIR data are consistent with 
each other.

The characteristics of SF hydrogels namely the degree of 
swelling, the weight loss, the molecular weight between 
crosslink (Mc), the mesh size (ξ), and the crosslinking density 
were investigated under the effects of SF concentrations and 
electric fields under cathode electrode; the data are tabulated 
in Table 1 and Figure 3. under the effect of SF concentrations, 
the mesh sizes of the transformed SF 0.5%w/v, 1.0%w/v, and 
2.0%w/v are 264 ± 2.8 Å, 95.9 ± 6.6 Å, and 22.5 ± 4.3 Å, respec-
tively. At a higher SF concentration, the degree of swelling 

Figure 2. (A) FTir spectra of: (a) Silk Cocoon; (b) Degummed SF; (c) Transformed SF (SF hydrogel); (d) insulin; and (e) insulin loaded SF. (B) TgA thermograms 
of: (a) Degummed SF; (b) Transformed SF (SF hydrogel); (c) insulin; and (d) insulin loaded SF.

Table 1. The weight loss, the degree of swelling, the molecular weight between crosslinks, the mesh size, and the crosslinking density of SF hydrogels of 
various concentrations with and without electric fields.

Condition electric voltage (v)
Degree of swelling 

(%)
Weight loss 

(%)

Molecular weight 
between crosslinking 

( Mc ) (g/mol) Mesh size (Å)
Crosslinking density 

(mol/cm3)

0.5% w/v SF 0 897 ± 50 62.9 ± 3.5 (35.8 ± 3.4) × 103 263 ± 2.8 (5.0 × 10−5) ± (8.0 × 10−6)
3 1003 ± 96 64.9 ± 8.5 (39.2 ± 1.5) × 103 332 ± 17.2 (3.6 × 10−5) ± (1.4 × 10−7)

1.0% w/v SF 0 645 ± 14 55.2 ± 2.4 (10.2 ± 0.8) × 103 95.9 ± 6.6 (4.0 × 10−5) ± (3.8 × 10−6)
3 763 ± 35 60.5 ± 0.3 (12.1 ± 1.2) × 103 185 ± 29.5 (2.7 × 10−5) ± (1.5 × 10−6)

2.0% w/v SF 0 346 ± 10 32.9 ± 3.6 (1.8 ± 0.4) × 103 22.5 ± 4.3 (7.9 × 10−4) ± (1.8 × 10−4)
3 422 ± 35 43.5 ± 5.8 (2.0 ± 0.4) × 103 28.2 ± 4.4 (7.5 × 10−4) ± (1.7 × 10−4)
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and the weight lose decrease due to a higher entanglement 
resulting in a smaller mesh size and a lower free volume 
limiting the water absorption and swelling ability 
(Mongkolkitikul et  al., 2017). under the electric field, the 
mesh sizes of SF 0.5%w/v at 0 v and 3 v are 264 ± 2.8 Å and 
332.4 ± 17.2 Å, respectively. At a higher electric field, the 
degree of swelling and the weight loss increase due to the 
electro-repulsive force between the negatively charged cath-
ode electrode and the negative charge the SF hydrogel struc-
ture (isoelectric point (pI) of SF 4.53) resulting in the silk 
hydrogel matrix expansion (Lammel et  al., 2010; Zheng et  al., 
2020). These results are further confirmed by the SEM images 
of the SF hydrogel after swelling.

The cross-section morphologies of the SF hydrogels after 
swelling with and without electric field are shown in Figure 3. 
All samples show some porous structures. under the effect 
of SF concentrations (Figure 3a–c), the as measured pore 
sizes of SF 0.5%w/v, 1.0%w/v, and 2.0%w/v are 0.87 ± 0.19 μm, 
0.50 ± 0.16 μm, and 0.33 ± 0.05 μm, respectively. The pore size 
decreases with increasing SF concentrations. under the effect 
of electric field (Figure 3a and d), the pore sizes of SF 
0.5%w/v at 0 v and 3 v are 0.87 ± 0.19 μm and 1.10 ± 0.17 μm. 
under electric field, the pore size increases due to the 
electro-repulsive force between the negatively charged cath-
ode electrode and the negative charge the SF hydrogel struc-
ture (pI of SF 4.53) (Lammel et  al., 2010; Zheng et  al., 2020). 
The results are consistent with the mesh size results as shown 
in Table 1.

From the BET data, the mesh sizes of 0.5%w/v SF, 1.0%w/
vSF, and 2.0%w/vSF are 15.58 nm, 9.77, and 9.41 nm, respec-
tively. The pore volumes of 0.5%w/v SF, 1.0%w/vSF, and 

2.0%w/vSF are 1.55 × 1 0 −1 cm3/g, 5.47 × 1 0 −2 cm3/g, 5.73 × 1 
0 −2 cm3/g, respectively. At a higher SF concentration, the 
mesh size and pore volume decrease because of a higher 
entanglement leading to a smaller mesh size and a lower 
free volume (Mongkolkitikul et  al., 2017). The results show 
that the mesh sizes and the pore volumes are consistent. 
The mesh sizes of BET data, and calculation shown in Table  1 
are consistent.

3.2.  Release behavior

3.2.1.  Release kinetics of insulin from SF hydrogels
For the sample area of 3.14 cm2 (diameter 2 cm, thickness 
0.1 ± 0.01 mm), the actual amount of insulin loaded in the 
0.5%w/vSF, 1.0%w/vSF, and 2.0%w/vSF matrices were 
1.06 ± 0.03 mg, 1.09 ± 0.02 mg, and 1.05 ± 0.11 mg, respectively.

The apparent diffusional scaling exponents (n) from Eq. 
(6) were determined from the slopes of the log-log plot of 
M Mt / ∞  versus time under the effect of SF concentrations, 
pHs, and the electric field, as shown in Figure 4A(a), B(c), 
and C(e), respectively. The data are tabulated in Table 2. The 
n value can classified into 4 modes of release mechanisms: 
(i) n ≤ 0.5, the Fickian diffusion, the drug release is controlled 
by the concentration gradient; (ii) 0.5 < n < 1, the anomalous 
transport or non-Fickian diffusion, the drug release is due to 
the concentration gradient and swelling; (iii) n ~ 1, the Case-II 
transport and zero-order release (time-independence), the 
drug release is controlled by the polymer swelling; and (iv) 
n > 1, the Super Case II transport, the drug release is con-
trolled by the matrix erosion (Langer & Peppas, 1981; 
Korsmeyer et  al., 1983).

Figure 3. The cross-section morphology of SF hydrogels after swelling without electric fields: (a) 0.5% w/v; (b) 1.0% w/v; (c) 2.0% w/v; (d) the morphology 
of SF hydrogels at 0.5% w/v under electric field of 3 v.
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For the effect of SF concentrations at the pH of 7.4, the 
n values of 0.5%w/vSF, 1.0%w/vSF, and 2.0%w/v SF are 1.0, 
0.32, and 0.47, respectively. At the high SF concentrations, 
the n values are below 0.5 and they can be classified to the 
Fickian diffusion as driven by the concentration gradient. For 
the 0.5%w/vSF, the n value of ~1.0 is classified to the Case-II 
transport and zero-order release because of the polymer 
swelling. The polymer swelling occurs from the loose entan-
glements at the low SF concentration.

For the effect of pH, the n values of 0.5%w/vSF at the pH 
values of 7.4 and 5.5 are 1.0, 0.96, respectively. At the pH of 
5.5, the n value is less than 1, the release can also be clas-
sified as the anomalous transport or non-Fickian diffusion as 
related to the concentration gradient and polymer swelling.

For the effect of electric field, the n values of 0.5%w/vSF 
at 0, 1, 3, and 6 v are of the same value namely ~ 1.0. This 

condition is then classified as the Case-II transport and 
zero-order release due the polymer swelling.

The significance of the n value equal to or close to 1 
demonstrated here is that the insulin release rate can be 
controlled to be constant with time, a favorable condition 
for the transdermal drug delivery. The resultant n value equal 
to one may stem from the declining concentration gradient 
with time as compensated by the polymer swelling or the 
silk expansion effect.

3.2.2.  Effect of SF concentrations
The amounts of insulin released from insulin loaded SF 
hydrogels at various SF concentrations versus time and 
square root of time are shown in Figure 4A(a) and A(b), 
respectively. For the 0.5%w/vSF, 1.0%w/vSF, and 2.0%w/vSF 
matrices, the amounts of insulin released are 95.9%, 73.1%, 

Figure 4. Amounts of insulin released from insulin loaded silk fibroin hydrogels under the effects of: (A) SF concentrations; (B) pHs with the 0.5%w/vSF; (C) 
and electric fields with the 0.5%w/vSF. in (a), (c) and (e) are the amounts versus time in the log-log plots; in (b), (d) and (f ) are the amounts versus time1/2.
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and 62.2%, respectively. The diffusion coefficient of the insu-
lin from insulin loaded SF hydrogels decreases from 4.99 × 1 
0 −10 cm2/s to 2.76 × 1 0 −10 cm2/s as shown in Table 2. The 
time to equilibrium increases from 9 h to 14 h. At the high 
SF concentrations, they possess the lower mesh sizes and 
higher crosslinking densities resulting in longer times to 
equilibrium and the lower insulin diffusion coefficients (Li & 
Mooney, 2016).

3.2.3.  Effect of pH
The amounts of insulin released from the insulin loaded SF 
hydrogels at various pH versus time and square root of time 
are shown in Figure 4B(c) and B(d), respectively. For the 
0.5%w/vSF at the pHs of 7.4 and the pH of 5.5, the amount 
of insulin released decreases from 95.9% to 81.2%. The dif-
fusion coefficients of the insulin at the pHs of 7.4 and pH 
of 5.5 are 4.99 × 1 0 −10 cm2/s, and 4.26 × 1 0 −10 cm2/s as 
shown in Table 2, respectively. The times to equilibrium are 
nearly equal namely 9 h. At the pH of 5.5, the amount of 
insulin released is lower due the lower electro-repulsive force 
between the lower amount of negatively charged insulin 
molecules (pI of insulin is 5.4) (Nadendla & Friedman, 2017; 
Zhang et al., 2019) and the lower amount negatively charged 
SF hydrogel structures (pI of SF is 4.53) (ye et  al., 2006; 
Lammel et  al., 2010; Zheng et  al., 2020; Tari et  al., 2021). 
The lower pH condition possibly induces the insulin to 
become self-aggregated as well as the insulin absorption 
onto the SF structure (Lougheed et  al., 1980; Manno 
et  al., 2006).

3.2.4.  Effect of electric field
The amounts of insulin released from insulin loaded SF hydro-
gels at various voltages versus time and square root of time 
are shown in Figure 4C(e) and C(f ), respectively. under elec-
tric fields from 0 v to 6 v, the amount of insulin released 
increases from 95.9% to 98.9% for the 0.5% w/v SF matrix. 
The diffusion coefficient of the insulin increases from 4.99 × 1 

0 −10 cm2/s to 5.93 × 1 0 −10 cm2/s as shown in Table 2. The 
time to equilibrium decreases from 9 h to 3 h. under electric 
field, it provides 2 main mechanisms: 1) the electro-repulsive 
force between the negative charge of insulin (pI of insulin 
5.4) (Nadendla & Friedman, 2017; Zhang et  al., 2019) and the 
negatively charged electrode (Paradee et  al., 2021); and 2) 
the electro-repulsive force between negative charge of SF 
hydrogels and the negatively charged electrode inducing 
matrix expansion known as the ‘silk-expansion effect’ 
(Mongkolkitikul et  al., 2017).

3.3.  Release-permeation behavior

3.3.1.  Release-permeation kinetics of insulin from SF 
hydrogels
The apparent diffusional scaling exponent (n) values from 
Eq. (6) were calculated from the slopes between the log-log 
plots of M Mt / ∞  versus time under the effect of electric field, 
as shown in Figure 5(a) and (b), respectively. The data are 
tabulated in Table 3. the n values of 0.5%w/vSF at 0, 3, and 
6 v are of the same value namely ~ 1.0, indicating the con-
stant release rate. The mechanism can be classified as the 
Case-II transport and zero-order release due to the polymer 
swelling.

3.3.2.  Effect of electric field
The 0.5%w/v SF was used as the matrix for the 
release-permeation experiment at various electric fields. The 
amounts of insulin release-permeation from the insulin 
loaded SF hydrogels at various voltages versus time and 
square root of time are shown in Figure 5(a) and (b), respec-
tively. At 0 v, 3 v, and 6 v, the amounts of insulin 
release-permeation are 56.1%, 69.0%, and 73.6%, respectively. 
The diffusion coefficient of the insulin increases from 1.90 × 1 
0 −10 cm2/s to 2.78 × 1 0 −10 cm2/s as shown in Table 3. The 
time to equilibrium decreases from 8 h to 5 h. The amounts 
of insulin release-permeation are relatively low when com-
pared to the release experiments under the same conditions. 

Table 2. Kinetic factors and diffusion coefficients of insulin released from the SF matrix, at different pH and electric voltages, with the matrix thickness of 
0.1 ± 0.07 mm and area of 3.14 cm2.

Conditions
electric voltage 

(v)

Power law Higuchi

D (cm2/s)
Amount of insulin 

released (mg)
C0 

(g/cm3) % release
Time to 

equilibrium (h)pH n k r2 kH r2

0.5% w/v SF 5.5 – 0.96 1.17 0.91 0.003 0.82 4.26 × 10−10 0.89 0.035 81.2 9
0.5% w/v SF 7.4 – 1.0 0.99 1.00 1.20 0.94 4.99 × 10−10 1.05 0.035 95.9 9
1.0% w/v SF 7.4 – 0.32 2.76 × 10−2 0.99 1.38 0.92 4.13 × 10−10 0.80 0.035 73.1 10.5
2.0% w/v SF 7.4 – 0.47 5.52 × 10−3 0.95 0.0031 0.92 2.76 × 10−10 0.68 0.035 62.2 14
0.5% w/v SF 7.4 1.0 v (0.06 μA) 1.0 0.95 1.00 0.0028 0.81 5.35 × 10−10 1.06 0.035 96.3 7
0.5% w/v SF 7.4 3.0 v (0.22 μA) 1.0 0.94 1.00 0.0026 0.68 5.73 × 10−10 1.08 0.035 98.4 4
0.5% w/v SF 7.4 6.0 v (0.63 μA) 1.0 0.94 1.00 0.0024 0.66 5.93 × 10−10 1.09 0.035 98.9 3

Table 3. Kinetic factors and diffusion coefficients of insulin released and permeated from the SF matrix, at different electric voltages, with the pH of 7.4, 
matrix thickness of 0.1 ± 0.07 mm and area of 3.14 cm2.

Conditions
electric 

voltage (v)

Power law Higuchi

D (cm2/s)
Amount of Insulin 

release (mg)
C0 

(g/cm3) % release
Time to 

equilibrium (h)n k r2 kH r2

0.5% w/v SF – 1.0 1.72 1.00 0.0029 0.88 1.90 × 10−10 0.62 0.035 56.1 8
0.5% w/v SF 3.0 (1.2 μA) 1.0 1.34 1.00 0.2676 0.81 2.70 × 10−10 0.76 0.035 69.0 6
0.5% w/v SF 6.0 (2.0 μA) 1.0 1.27 1.00 0.3152 0.75 2.78 × 10−10 0.81 0.0035 73.6 5
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This was due to a longer time required to generate aqueous 
pathways or pores in the fluid lipid bilayer membrane during 
the ‘the pore formation period’ (Ruangmak et  al., 2021). At 
a higher electric field, the amount of insulin 
released-permeation increases due to the ‘electro-repulsive 
force’ between the anionic drug (pI of insulin 5.4) (Nadendla 
& Friedman, 2017; Zhang et  al., 2019) and the negatively 
charge electrode (Paradee et al., 2021), and the ‘silk-expansion 
effect’ (Mongkolkitikul et  al., 2017).

For other insulin release works, Srinivasan et  al. (1987) 
studied the insulin release via the transdermal iontophoretic 
drug delivery. At 0.125, 0.250, and 0.500 v, the permeability 
coefficients through the hairless mouse skin were (5.3 ± 1.7) 
× 1 0 −8, (2.8 ± 0.3) × 1 0 −7, (2.0 ± 1.7) × 1 0 −7 cm/s, respec-
tively (Srinivasan et  al., 1987). Pillai et  al. (2003) studied the 
effects of pH and electrode on rat skin for controlled insulin 
release. At the pH of 7.4, the cumulative amount permeated 
after 48 h without electrode and under the cathode electrode 
were 7.54 μg and 56.30 μg, respectively. The fluxes without 
electrode and under cathode electrode were 0.86 μg/cm2/h 
and 1.84 μg/cm2/h, respectively (Pillai et  al., 2003). Pillai et  al. 
(2004) studied the transdermal iontophoresis of insulin by 
using the female rat skin as the matrix. The fluxes with and 
without iontophoresis technique (current strength of 0.5 mA/
cm2 for 6 h) were 3.74 μg/cm2/h and 1.57 μg/cm2/h, respec-
tively. The amount of permeated insulin increased from 40.53 
to 94.50 μg (Pillai & Panchagnula, 2004). yang et  al. (2020) 
studied insulin released by using an iontophoresis-microneedle 
array patch. The cumulative permeations of insulin with and 
without electric field (1 mA) for 5 h were 4.85 ± 0.57 and 
3.10 ± 0.02 μg, respectively (yang et  al., 2020).

The normal dosage for an average diabetes mellitus 
patient (98.9 ± 1.5 kg (Chaudhry et  al., 2006)) is 54.4 units or 
1.89 mg (1 unit of insulin is 0.0347 mg (Knopp et  al., 2019)) 
during a period of 24 hr (Chowdhury et  al., 2017). In the 
release experiment, the operating windows are 0.68–1.09 mg 
during 3–14 hrs from the 0.5% w/v SF, 1.0%w/v SF, and 
2.0%w/v SF hydrogels and at the electric fields between 0 
and 6 volts. In the release-permeation, the operating win-
dows are 0.62- 0.81 mg during 5–8 hrs for the 0.5% w/v SF 

at various electric fields (0–6 v). Thus, the suitable SF matrix 
recommended is the 0.5%w/v SF matrix at the operating 
electric field of 6 v applied consecutively three times during 
the period of 24 hrs. This can be referred to the basal insulin 
secretion, the constant ‘flat-line’ secretion of insulin at a lower 
rate, which is continuously released at low levels 
(Niswender, 2011).

4.  Conclusions

The insulin loaded SF hydrogels were fabricated via solution 
casting at various SF concentrations for the controllable insulin 
release. The release and release-permeation behaviors and the 
diffusion coefficient were investigated under the effects of SF 
concentrations and electric fields. The % swelling, the weight 
loss, and the mesh size increased with decreasing SF concen-
trations due to the lower chain entanglement. The release 
mechanism of insulin from the SF hydrogels was the Fickian 
diffusion, the anomalous transport or non-Fickian diffusion, 
and the Case-II transport or zero-order release depending on 
SF concentrations and pH values. under the effect of SF con-
centrations, the diffusion coefficient increased with a lower 
SF concentration due to a lower chain entanglement leading 
to a larger mesh size. under the effect of pH, the diffusion 
coefficient decreased with decreasing pH possibly because of 
the induced insulin self-aggregation and the insulin absorption 
on to the SF structure. under the effect of electric field, the 
diffusion coefficient increased with increasing electric field 
due to the electroreplusive force and the silk expansion.

For the release-permeation experiments of the insulin 
loaded SF hydrogels through the pig skin, the 
release-permeation mechanism was the Case-II transport or 
zero-order release, or the constant release rate. The amount 
of insulin release-permeation was relatively low when com-
pared to the release experiment under the same conditions, 
due to the longer time required to generate aqueous path-
ways. under electric field, the diffusion coefficient increased 
with increasing electric field due to electroreplusive force 
and the SF matrix expansion. Therefore, the present results 
suggest that the matrix SF concentration and electric field 

Figure 5. Amounts of insulin released and permeated from insulin loaded silk fibroin hydrogels (0.5% w/v SF) at various electric fields: (a) versus time in a 
log-log plot; (b) versus time1/2.
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can be used individually or in combination to control the 
rate, amount, and duration in the transdermal iontophoresis 
insulin delivery.
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