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Background: Transdermal drug delivery is a local and non-invasive method for treating skin diseases that offers advantages such as
sustained and long-term drug release.

Methods: In this study, transfersomes (TFs) containing human Insulin-like growth factor 1 (TF/hIGF-1) were prepared and
characterized as an effective transdermal drug delivery system to improve skin wound healing in diabetic models. TFs were prepared
using the film hydration method and characterized by various methods.

Results: Pre-release evaluation confirmed the controlled release of human insulin-like growth factor (hIGF-1) supported by TEM
images, showing dispersed spherical shapes with particle sizes below 100 nm. In vitro studies of these nanovesicles demonstrated that
encapsulation significantly improved the stability and functionality of hIGF-1, enhancing cell migration and complete closure of cell
monolayer gaps. In vivo studies on diabetic rats treated with TF/hIGF-1 hydrogel revealed accelerated wound healing compared to
controls. Histopathological analysis also showed increased epidermal thickness and dermal protrusions, indicating enhanced healing
effects.

Conclusion: Overall, this study demonstrated that hIGF-1 released from TF/hIGF-1 in a controlled manner could effectively promote
re-epithelialization and granulation tissue formation in diabetic wounds of animal models compared to controls. These findings suggest
a promising and effective approach for potential use in treating diabetic wounds.
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Introduction

Recent clinical studies have demonstrated the significant therapeutic effects of growth factors such as epidermal growth
factor, vascular endothelial growth factor, and insulin-like growth factors in regenerative medicine applications.' These
protein factors when used as recombinant drugs, stimulate cell proliferation, migration, and differentiation to facilitate
damaged tissues repair. However, after in vivo administration, they are enzymatically degraded at their site of action,
resulting in a relatively short half-life (less than 15 min). The hIGF-1, also known as somatomedin-C, is a peptide
composed of 70 amino acids in a single strand with three disulfide bridges and a molecular mass of 7.6 kDa.*?
Recombinant hIGF-1 (Mecasermin) has been approved by the US Food and Drug Administration (FDA) for the
treatment of severe primary IGF-1 deficiency or growth hormone (GH) gene deletion with neutralizing antibodies to
GH in children.*> Beyond endocrine therapy, hIGF-1 contributes to the regulation of glucose metabolism and bone
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formation, and has therefore been investigated for its therapeutic potential in diabetes mellitus and osteoporosis.®’
Moreover, hIGF-1 acts as a key regenerative growth factor, stimulating stem-cell proliferation, migration, and differ-
entiation into fibroblast-like cells and other reparative phenotypes that support wound healing and tissue regeneration.®’

10,11 and

This factor also acts as a mitogen for keratinocytes, stimulating keratinocyte proliferation and migration,
indirectly increases angiogenesis by stimulating Vascular Endothelial Growth Factor (VEGF).'? Consequently, hIGF-1
is considered an important factor in the wound healing process due to its stimulatory impact on epidermal stem cell
proliferation and differentiation, as well as re-epithelialization and vascularization in the wound bed. On the other hand,
as reported in the literature, impaired healing of diabetic wounds is due to ineffective angiogenesis resulting from
glucose-dependent changes in capillary permeability and defects in endothelial and endothelial progenitor cells.'*'* The
expression levels of many growth factors, such as hIGF-1, are reduced in the basal keratinocyte layer and fibroblasts,
leading to delayed wound healing.'>'® It has also been shown that hIGF-1 levels are reduced in streptozotocin-induced
diabetic wounds in rats.'” Additionally, the reduced levels of hIGF-1 have been identified as the directly responsible for
endothelial dysfunction in diabetic individuals.'® Numerous studies have demonstrated that the application of growth
factors can significantly enhance the healing of wounds of this nature.'® For example, hIGF-1, produced by mesenchymal
cells like dermal fibroblasts and dermal papillae,? plays a critical role in the proliferation, survival, and maintenance of
skin cells and tissue balance.*'** It is also effective in treating various wounds by stimulating collagen synthesis and
acting as a potent mitogen for keratinocytes and fibroblasts.'®*~* Similarly, overexpression of hIGF-1 in diabetic
wounds through cell-based non-viral gene therapy has exhibited a significant improvements in diabetic wound healing.?

Currently, hIGF-1 is manufactured using recombinant DNA technology and has been suggested as a therapeutic
protein for various skin conditions, including wound healing.?*’” While the oral route is appealing for drug delivery due
to its non-invasive nature and ease of administration, it is unsuitable for peptide drug administration because of
challenges like rapid pH-induced or enzymatic degradation and poor absorption.?® Intravenous injection of hIGF-1 can
lead to adverse effects such as hypoglycemia, changes in mental status, and in severe cases, death.?>**’ In contrast, dermal
drug delivery is a local and non-invasive method that offers advantages such as sustained drug release and cost-
effectiveness. Delivery of growth factors like recombinant hIGF-1 through the dermal route can enhance collagen
synthesis by skin cells and expedite wound healing.'® Despite these advantages, the use of this type of drug delivery
is limited to molecules with small sizes (less than 500 daltons) and lipophilic properties to pass through the stratum
corneum, a dermal barrier against external agents.>® Nanocarrier-based drug delivery systems are utilized to transport
larger drug molecules into the skin. Therefore, the use of lipid nanoparticles and dressing gels has shown promise for
efficient dermal delivery of therapeutic proteins such as hIGF-1. Various dressings have been designed to incorporate
active pharmaceutical ingredients for wound healing applications. For instance, the electrospun Janus wound dressing,
which can include multiple chambers for loading pharmaceutical ingredients into different polymer matrices, has
demonstrated its versatility in wound healing.*' Multifunctional electrospun fibrous coatings (EFCs) have also been
developed with an inner three-layer core-sheath nanostructure to individually load pharmaceutical ingredients in the
shell, middle, and core sections. Hydrogels, another type of polymer matrix, have the ability to retain significant amounts
of water and drugs, releasing them gradually.*? Hydrogels can also regulate drug release by altering the gel structure in
response to environmental stimuli, such as pH, temperature, and ionic strength.*

Using nanoparticles not only improves the permeability and effectiveness of therapeutic agents but also can reduce
the required dose of administration, resulting in a substantial reduction of side effects and less frequent medication
dosing, which is more cost-effective.”>** TF, as a type of lipid nanoparticle, can slowly release its cargo into the target
organs without causing outstanding toxicity. It is indicated that TF functions as an ultra-deformable nanoparticle, which
can traverse the epithelium with extensive elasticity due to the presence of phospholipids together with an edge activator
(EA).*>~° The EAs, including tweens, spans, and sodium salt of deoxycholate, are ionic surfactants that weaken the lipid
bilayers of the vesicles.*”

The aim of this study is to develop a TF nanoparticle containing hIGF-1 (TF/hIGF-1) for sustained release of the
active ingredient in diabetic wounds through transdermal administration. The platform is designed to release hIGF-1
continuously, prolonging the presence of the growth factor at the wound site, and effectively promoting diabetic wound
healing. To synthesize the nanoparticle, phosphatidylcholine (Phospholipon 90 H) and sodium deoxycholate (SDC) were
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utilized as oil phases and surfactants, respectively, with hIGF-1 added to the aqueous phase. After constructing the
nanoparticle using the film hydration method, it was characterized based on optimal values of particle size, polydispersity
index, zeta potential, and encapsulation efficiency. In vitro studies were conducted to validate the encapsulation
efficiency, improved stability, sustained release, functionality of hIGF-1, and enhanced cell migration. Subsequently,
the in vivo application of TF/hIGF-1 nanoparticle on animal models with diabetic wounds demonstrated faster and more
complete wound healing compared to control groups.

Materials and Methods

Materials

Phospholipon 90 H, a hydrogenated soy phosphatidylcholine, was purchased from Lipoid GmbH (Germany).
Carboxymethylcellulose (CMC) was obtained from Sigma-Aldrich (USA). Recombinant human IGF-1 was purchased
from Peprotech (USA). Streptozotocin (STZ), hematoxylin and eosin (H&E) stain, phosphate-buffered saline (PBS)
buffer, ketamine hydrochloride, xylazine, sodium deoxycholate (SDC), paraformaldehyde, hydrochloric acid (HA),
dimethyl sulfoxide (DMSO), ethanol, and methanol were obtained from Sigma-Aldrich (USA), while other solvents
were purchased from Merck Company (Germany).

Preparation of TF

The different TF vesicles were prepared using the film hydration method.*® A specific amount of Phospholipon 90 H and
SDC as an edge activator (4:1 w/w ratios) were dissolved in 2 mL of chloroform in a 50 mL round-bottom flask. The
solvent was evaporated using a rotary flash evaporator (Heidolph, Germany) at 50°C and 150 rpm under vacuum to
produce a dry lipid film. The thin film was then hydrated with a 50 pg/mL hIGF-1 solution in PBS buffer (0.1 M, pH 4)
at a w/w ratio of 200:1 by rotating for 2 h at 37°C and 70 rpm without vacuum. The multilamellar vesicles (MLVs) and
small unilamellar vesicles (SUVs) were reduced in size through sonication. Once the TF/hIGF-1 vesicles were formed,
they were extruded and filtered to isolate vesicles of the desired size. The unloaded TFs were also prepared and
characterized using the same method.

Physicochemical Characterization of TF/hIGF-I

The hydrodynamic size, zeta potential, and polydispersity index (PDI) of the prepared TF/hIGF-1 were determined using
dynamic light scattering (DLS) with a Malvern Instruments system (UK). Encapsulation efficiency (EE) and drug loading
(DL) were calculated using the equations provided below (n = 3). The concentration of hIGF-1 was also measured using
the Bradford protein assay.*’

Weight of hIGF1 in NPs

EE(%) =
(%) Total weight of hIGFI used in formulation X

100

Weight of hIGF1 in the NPs
DL(%) = 100
(%) Total weight of the NPs %

Evaluation of TF/hIGF-1 Morphology

The morphology of the nanoparticles was evaluated using transmission electron microscopy (TEM). For this, a drop of
TF suspension was applied to a carbon-coated grid. After 30 seconds, excess liquid was removed with filter paper, and
a 1% (w/v) uranyl acetate solution was used as a negative stain. The morphology of TF/hIGF-1 was examined using
transmission electron microscopy at 100 kV.

Stability Analysis of Released hIGF-|

To assess the short-term stability of the encapsulated hIGF-1 post-release from the TF/hIGF-1 nanoparticles, SDS-PAGE
analysis was performed. Dialysis method was employed with samples collected at various time intervals ranging from 2
to 48 hours. Dialysis was carried out using membranes with a molecular weight cut-off of 10 kDa. These membranes
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were immersed in a pH 7.4 PBS buffer and incubated at 37°C with a rotation speed of 70 rpm. The TCA precipitation
and acetone wash procedure were utilized to concentrate the low-concentration protein samples collected from the PBS
dialysis buffer. At each time point, 1 mL of PBS was withdrawn, and 200 pL of 100% trichloroacetic acid was added to
the protein solution. Following a brief vortex, the samples were chilled on ice and then centrifuged at 4°C and
14,000 rpm for 5 minutes. The supernatants were discarded, and the precipitates were washed twice with 100% acetone.
After acetone evaporation, the samples were heated at 95°C for 10 minutes. The dried samples were then loaded onto
a 15% SDS-PAGE gel and subjected to electrophoresis. Subsequently, the bands were visualized using silver staining.*

Evaluation of hIGF-1 In vitro Release Kinetics

The release profile of hIGF-1 in TF/hIGF-1 was analyzed using the dialysis method. For this, equal amounts of free hIGF-1, TF/
hIGF-1, and unloaded TF were placed in dialysis membranes with a molecular weight cut-off of 10 kDa separately and dialysis
was carried out according to the previous section. Sampling was carried out at different time points over a period of 1 to 48 h to
monitor the release of hIGF-1. The amount of released protein was quantified using the Bradford method, and a release profile was
constructed. The kinetic profile model of hIGF-1 release from the nanoparticles was also analyzed and fitted using various release
models.

Synthesis of CMC Hydrogel

CMC is a water-soluble polymer widely used in various fields, including as a drug carrier for therapeutic applications.*'
The preparation of a CMC hydrogel containing TF, hIGF-1, and TF/hIGF-1 was carried out following the method by Che
Nan et al.*? Briefly, the hydrogels were prepared by slowly immersing the sodium salt of CMC in water at 70°C,
resulting in a final concentration of 20% w/v CMC in water. The mixture was then stirred for 4 h at 70°C to completely
dissolve the salt and form a transparent, uniform wet gel.

In vitro Pharmacokinetic Study of TF/hIGF-1

Cell Culture

NIH-3T3 cells were obtained from the National Cell Bank of Iran (Pasteur Institute of Iran, Tehran). The cells were
cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 1%
Glutamax, and 100 U/mL ampicillin and streptomycin (all from Gibco, USA) at 37 °C and 5% CO,. The culture
medium was replaced every two days, and when the confluence reached approximately 80%, the adherent cells were
trypsinized using 0.05% Trypsin-EDTA (Gibco, USA) and subcultured. Cryopreservation and recovery of the cells were
performed according to standard procedures.

MTS Assay

The viability of NIH-3T3 fibroblast cells was assessed after treatment with TF/hIGF-1. For this, NIH-3T3 cells were
initially seeded in 96-well plates at a density of 4000 cells per well in complete culture medium. After 24 h of incubation,
the medium was replaced with DMEM containing 0% serum and the plates were further incubated for 6 h. Subsequently,
samples including a negative control, free hIGF-1 in a dilution series ranging from 200 to 6.25 ng/mL, empty TF, and TF/
hIGF-1 were added to the wells. The cells were then cultured under the same conditions for 24, 48 and 72 h with
experiments conducted in triplicate. Following each incubation period, 100 pL of MTS reagent (Abcam, USA) was
added to the wells and incubated for 4 h. The absorbance was measured at 450 nm with 650 nm as the reference
wavelength. The absorbance values were directly correlated with the number of viable cells in the culture.

In vitro Wound Healing and Cell Migration Assay

After determining the optimal dose of TF/hIGF-1 and hIGF-1 on the NIH-3T3 cell line, a cell migration and wound
healing assay was performed using wound inserts in a 12-well plate. Briefly, when the cell culture reached a density
above 90%, the culture medium was replaced with serum-free DMEM, and wound inserts were placed in each well,
creating a 500 um wide cell gap to measure cell migration and wound healing rates. Subsequently, different drug doses
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were added to each group, and images of wound closure were captured at various time points (0, 24, 48, 96, 144 h) using
a light microscope. The cell migration rate was then analyzed using Image J software (version 1.52).

In vivo Application of TF/hIGF-1 in Wound Healing Study

Induction of Diabetic Animal Model

The chronic STZ-diabetic rat is a valuable model for creating a diabetic rat to test therapeutic approaches for alleviating
chronic diabetic complications in humans. Intraperitoneal and intravenous injections of STZ are common methods for
inducing stable hyperglycemia.** In this study, adult male Wistar rats aged 3 months (weighing 200 =+ 50 g, obtained from
the Laboratory Animal Center at Royan Institute) were used to establish the diabetic model. For this purpose, the rats
were fasted overnight before drug administration but had free access to water. The next day, STZ dissolved in normal
saline with a final concentration of 45 mg/mL was intraperitoneally injected at a dose of 60 mg/kg of body weight. After
two days of injection, blood glucose levels were measured using a Glucometer (ACCU-CHEK, Switzerland) by sampling
the tail vein of the rats, and those with blood glucose levels reaching 250 mg/dl were considered diabetic. This study was
conducted on male Wistar rats after obtaining approval from the Ethics Committee for Experimental Animals at the
Royan Institute (ethics code: IRRACECR.ROYAN.REC.1400.041) and in accordance with the Guidelines for the Care
and Use of Laboratory Animals in Iran.**

Animal Grouping and Treatment

In this study, two main groups of rats were used, normal and diabetic. Three similar wounds were created on the back of
each rat in both groups with one serving as a control. The normal and diabetic animals were randomly divided into 6
groups, each consisting of 4 rats, as outlined below:

. Non-diabetic group + hIGF-1 hydrogel

. Non-diabetic group + TF hydrogel

. Non-diabetic group + TF/hIGF-1 hydrogel
. Diabetic group + hIGF-1 hydrogel

. Diabetic group + TF hydrogel

. Diabetic group + TF/hIGF-1 hydrogel

AN L bW

Two types of control wound dressings were applied in each group:

1. Groups without any dressing
2. Groups with dressing containing hydrogel only

The rats were housed in an air-controlled environment with 55% humidity, a 12-h dark/light cycle, and a temperature of
25°C, with free access to food and water. The rats were carefully monitored and maintained following standard protocols.
Treatments were administered every other day for each group until the first wound closed. The amount of hydrogel
applied per wound was 100 pL of gel/cm? containing 250 ng/mL of hIGF-1.

Histological Analysis

After the initial wound had healed, histological evaluation was performed using established techniques.*>*¢ Adult
male rats were euthanized in accordance with the guidelines of the American Veterinary Medical Association
(AVMA).*” The rats were placed in a chamber of appropriate size that was not pre-filled with CO,. The gas from
a compressed cylinder was gradually introduced at a controlled flow rate, displacing 30% to 70% of the chamber
volume per minute to ensure a smooth and rapid induction of anesthesia. After all vital signs ceased, the animal’s
death was confirmed by observing the absence of respiration, heartbeat, and other vital signs for a minimum of
5 minutes. Skin sampling was then performed on the animal’s carcass. The specimens were obtained from the
widest area of the wound tissue with surrounding normal skin margin and were fixed in a 10% paraformaldehyde
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solution for 24 h. Subsequently, they were decalcified, dehydrated with ethyl alcohol, cleared with xylene, and
paraffin blocks were prepared by melting paraffin. Slides with a thickness of 7 um were obtained from the tissue
blocks using a microtome (Rotary microtome DS8402, Iran). The tissue sections were collected on glass slides,
deparaffinized, and stained with H&E. Pathological changes were examined under a light microscope at x40
magnification.

Statistical Analysis

For all data, a one-way analysis of variance (ANOVA) was used to compare between different groups. The data are
presented as means = SD, and a statistically significant difference was considered at P < 0.05. The statistical analyses
were conducted using GraphPad Prism 8.0.0 (GraphPad Software Inc., USA).

Results

Characterizations of Nanoparticles Structure
The construction and physicochemical evaluation of TF/hIGF-1 were conducted to optimize the formulation for
therapeutic application in healing diabetic wounds.

Preparation and Characterization of TF Nanoparticles

The preparation process of TF is carried out using the thin lipid film dehydration method, in which a thin lipid film is
formed through the evaporation of the organic solvent. Once the thin film comes into contact with water, the sample
dissolves, forming a vesicular phase that is then probe-sonicated and extruded to achieve the desired size. The results of
dynamic light scattering (DLS) using the SBL algorithm for the TF obtained from 30 min of probe sonication and 11
filtration cycles showed a size of 59.03 + 10 nm. To prevent potential damage to the protein hIGF-1, the sonication time
was reduced to 10 minutes. Following these adjustments, the particle size was measured at 88.86 = 7 nm with a uniform
distribution.

Physicochemical Characterizations of TF/hIGF-1 Nanoparticles

After optimizing TF synthesis, the construction of TF/hIGF-1 nanoparticles was achieved by modifying the dehydration
step. The constructed nanoparticles with a weight ratio of 1:200 (hIGF-1: lipid) were added to PBS to prepare a solution
with a concentration of 50 ug/mL. The results of measuring the optimized nanoparticles including size, DPI, and zeta
potential after preparation with 10 min of probe sonication and 11 filtration cycles, were as follows: a size of 57.56 + 3
nm, PDI of 0.194, and zeta potential of —50.1 mV. Furthermore, the EE% and DL% were found to be 81.37% and 0.4%,
respectively.

Transmission Electron Microscopy (TEM)

Electron microscopy investigation was conducted using TF/hIGF-1 nanoparticles negatively stained with uranyl acetate.
The TEM micrographs in Figure 1 revealed that the nanoparticles exhibited dispersed spherical shapes with particle sizes
below 100 nm. Although the DLS data were deemed reasonable and accurate, a slight discrepancy was observed between
the results of DLS and TEM measurements. This difference can be attributed to the staining and dewatering process
required for TEM samples, as well as the approximate nature of DLS in size measurement.

Short-Term Stability of Released hIGF-I

The stability of hIGF-1 after its release from TF/hIGF-1 was assessed over a 48-hour period using SDS-PAGE
analysis with silver staining. A protein ladder was included in the analysis to verify the molecular mass. The
electrophoretic profile revealed that all samples displayed high intensity with a distinct band migrating at an
estimated molecular weight of ~8 kDa, corresponding precisely to the predicted mass of monomeric hIGF-1
(Figure 2A). Monitoring the stability profile over the 48-hour duration showed that the structural integrity of the
target protein was effectively maintained. The band intensity of monomeric hIGF-1 gradually increased over the

6 https: International Journal of Nanomedicine 2026:21



Nojoki et al

Figure | TEM images of the optimized TF/hIGF-1 formulation. The images display nanoparticles with dispersed spherical shapes and particle sizes below 100 nm. The scale
bars represent 100 and 200 nm.

monitored time points, indicating continuous release from the nanoparticles into the physiological buffer (PBS).
Importantly, no new lower molecular weight species were detected throughout the entire period, ruling out
proteolytic cleavage or chemical degradation. These results demonstrate that the released hIGF-1 remains stable
in the PBS environment, predominantly existing as a monomeric and homogeneous form for at least 48 hours post-

release.

Diffusion Study and in vitro Release Kinetics Evaluation of hIGF-I

The in vitro release behavior of hIGF-1 from the TF/hIGF-1 was investigated through dialysis. The results of hIGF-1
release were analyzed over time using a standard release plot (Figure 2B). The results indicated that the release of
hIGF-1 from the TF was significantly more controllable compared to the hIGF-1 solution. Particularly in the initial
hours, only 36% of the hIGF-1 diffused from the nanoparticles, and half of the protein released from this system
occurred within the first 10 h. The encapsulation of hIGF-1 in TF not only enhances drug stability but also improves
its controlled delivery, as demonstrated in previous studies.*® The kinetic profile of hIGF-1 release from the TF was
evaluated using various release models to determine their equation coefficients and correlation coefficients
(Table 1). The model with the highest R* value was considered the optimal model. Based on the analysis of the
results, the Korsmeyer-Peppas model (R? = 0.9582) was identified as the best-fitted model for hIGF-1 release. This
model elucidates the process of water infiltration into the matrix, swelling, and dissolution of the matrix.
Furthermore, the Hixson-Crowell model, which explains release via surface dissolution (R2 = 0.9523), also demon-
strated a good fit.

In vitro Evaluation of VWound Healing

Cell Viability Assay

The viability and proliferation of NIH-3T3 fibroblast cells were assessed following treatment with the designed
nanoparticles. The MTS assay results indicated a mitogenic effect of hIGF-1 within the first 24 h (Figure 3A). Groups
treated with TF/hIGF-1 and free hIGF-1 exhibited significant cell proliferation compared to the control and TF groups.
Unloaded TF did not significantly impact cell growth and proliferation. By 48 h, most therapeutic concentrations showed
no significant effect on the biological activity of the growth factor due to the nanoencapsulation process (Figure 3B).
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Figure 2 In vitro stability and release kinetics of hIGF-1 in TF/hIGF-1 nanoparticles. (A) The short-term stability of encapsulated hIGF-1 after release from TF nanoparticles was
assessed using |5% SDS-PAGE analysis at various time points ranging from 0 to 48 h. (B) The percentage curve shows the release profile of hIGF-1 from both hIGF-1 solution and
TF/hIGF-1 nanoparticles at different time points up to 48 h. PL, Protein ladder (PageRuler Prestained Protein Ladder (10—170 kDa, Thermo Fisher Scientific, USA); F, Free hIGF-1.

However, some variations were observed 72 h post-treatment (Figure 3C). Prolonged encapsulation of hIGF-1 in TF
enhanced the protein’s mitogenic potential compared to free hIGF-1. These findings suggest that nanoencapsulation could
enhance the stability of the growth factor over 72 h, enabling the sustained delivery of hIGF-1. This, in turn, allows for
continuous binding of hIGF-1 to its cell surface receptor, leading to ongoing activation of the hIGF-1 signaling pathway
(Figure 3D).

Cell Migration Assay

After determining the optimal dose of TF/hIGF-1 and hIGF-1 on the NIH-3T3 cell line, the ability of hIGF-1 to promote
cell migration and wound healing was evaluated using a scratch test. The results showed that the addition of 25 ng/mL
hIGF-1 and 12.5 ng/mL hIGF-1 encapsulated in TF to a serum-free medium of NIH-3T3 cells significantly enhanced the
cell migration after 24 h. As shown in Figure 4, cell monolayer gap was completely closed in the presence of TF/hIGF-1
containing 12.5 ng/mL of the active ingredient after 144 h compared to the control groups.
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Table | Mathematical Modeling lllustrating the Kinetics of hIGF-1
Release from TF

Release Profile Linear Equation R’ K

Zero order Qr = 0.938IT + 16.0880 0.7443 | 0.938I
First order Ln(1-Qq) = 0.0403T + 2.7645 | 0.5841 | 0.0403
Hixson-Crowell (1-Qp)'® = —0.0352T- 1.8271 | 0.9523 | 0.0352
Higuchi Qr = 0.0582T"2 + 1.3463 09155 | 1.3463
Korsmeyer-Peppas | Ln(Qr) = 0.5991Ln(t) + 1.9642 | 0.9582 | 0.0500

Abbreviations: R Regression coefficient; K, Release constant.

In vivo Evaluation of Wound Healing

In vivo Studies of hIGF-| Loaded into TF Hydrogel

We conducted a study to evaluate the efficacy of TF/hIGF-1-CMC hydrogel in promoting wound healing in diabetic rat
models compared to control groups. Diabetes was induced in rats initially using STZ, and rats with blood glucose levels
reaching 250 mg/dL after two days were considered diabetic. Full-thickness wounds with 8 mm diameters were then
generated in the paravertebral dorsal skin of each rat. Wound healing assessments were carried out with various
treatments, and results were recorded after the first wound had healed on the 12th day post-wound generation. Wound
photographs were taken throughout the treatment period. As depicted in Figures 5 and 6 there was a significant difference
in the wound area among the groups on day 12. The wound area treated with TF/hIGF-1 hydrogel decreased significantly
compared to all other groups without hIGF-1. The wound closure in the experimental groups (hIGF-1 and TF/hIGF-1)
was significantly faster than in the untreated and CMC hydrogel control groups. Besides, the wound area in the hIGF-1
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Figure 3 The survival of NIH-3T3 fibroblast cells after treatment with designed nanoparticles. The cells were cultured in DMEM medium without FBS. The graph depicts the
percentage of cell survival at various concentrations after (A) 24 h, (B) 48 h, and (C) 72 h. (D) Displays the percentage of cell survival at different concentrations after 24,
48, and 72 h. (*P < 0.05, **P < 0.005, ***P < 0.0005 vs the control group).

Abbreviations: U-Ctrl, Untreated cells; TF-Ctrl, Empty transfersome; TF/hIGF-1, Transfersome nanoparticle containing hIGF-1.

International Journal of Nanomedicine 2026:21 https: 9



Nojoki et al

A
U-Ctrl TF-Ctrl hIGF-1 TF/hIGF-1
0h
24h
48 h
96 h
144 h
B
100 1 () U-Ctrl
- 0 TF-Ctrl
S 80 ] ® hIGF-1
2 W TF/hIGF-1
£ 60 1
=
2
T 0 1
St
&
= 20 i
24h

Time (h)

Figure 4 Effects of unloaded TF, free hIGF-1, and TF/hIGF-1 on NIH-3T3 fibroblast scratch closure compared to untreated cells. (A) Scratch assay conducted on NIH-3T3
fibroblast cells. The closure of the scratches, indicating cell proliferation and migration, was compared among different treatment groups (hIGF-1, TF/hIGF-1, TF) and the

untreated control group at various time points up to 144 h post-scratching. The scale bar represents 100 pm. (B) Quantitative analysis of the migration rate among the
mentioned treatment groups presented as a percentage. (*P < 0.05, **P < 0.005).

Abbreviations: U-Ctrl, Untreated cells; TF-Ctrl, Unloaded transfersome; TF/hIGF-1, Transfersome nanoparticle containing hIGF-1.

group showed a significant reduction compared to the untreated control group. Overall, the results demonstrate
a significant acceleration of the wound healing process following the application of TF/hIGF-1 hydrogel compared to
the other groups with almost complete healing observed by the end of the treatment period on day 12.

Histological Evaluation of Wound Healing

Both diabetic and non-diabetic animals were divided into groups: unwounded (Ctrl), untreated wounded (U-Ctrl),
wounded treated with CMC hydrogel (CMC-Ctrl), wounds treated with TF containing hydrogel (TF//CMC-Ctrl), wounds
treated with hIGF-1 containing hydrogel (hIGF-1/CMC), and wounds treated with TF/hIGF-1 containing hydrogel (TF/
hIGF-1/CMC) groups. At the time of the first wound closure, animals were sacrificed, and skin sections were obtained
from the edge of the original wounds and from the center of the recently healed wounds. Histopathological studies were
conducted on skin sections to compare the effects of CMC, TF, hIGF-1, and TF/hIGF-1 in the various experimental
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Figure 5 Time-course analysis of diabetic wound healing induced by hIGF-I. The results demonstrate wound closure in diabetic rat models following a three-stage
treatment, with dressings applied once every 4 days. Scale bars in all subfigures are 0.9 mm.

Abbreviations: U-Ctrl, Untreated wound; CMC-Ctrl, Wound treated with CMC hydrogel; TF/CMC-Ctrl, Unloaded TF containing CMC hydrogel; hIGF-1/CMC, Free hIGF-
| containing CMC hydrogel; TF/hIGF-1/CMC, TF/hIGF-1 containing CMC hydrogel.
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Figure 6 The statistical analysis of wound healing in five experimental groups after a 12-day treatment period. The wound area was quantified using Image] software. The
data are presented as mean * S.D (n = 4) (*P < 0.05, **P < 0.0l vs the control group).

Abbreviations: U-Ctrl, Untreated wound; CMC-Ctrl, Wound treated with CMC hydrogel; TF/CMC-Ctrl, Unloaded TF containing CMC hydrogel; hIGF-1/CMC, Free hIGF-
| containing CMC hydrogel; TF/hIGF-1/CMC, TF/hIGF-1 containing CMC hydrogel.
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Figure 7 The histological analysis of regenerative tissue in the wound area 12 days post-treatment with hIGF-1. The representative images compare histopathological
features, epithelialization, and wound healing between diabetic wounds (A) and non-diabetic wounds (B) groups after H&E staining. Black stars indicate open wounds, blue
arrows indicate inflammatory cells, yellow arrows highlight fibrosis, one-sided black arrows show the superficial wound of the epidermal layer, and two-sided black arrows
indicate the thickness of the epidermal layer. (The scale bar represents 50 pm (Magnification % 100).

Abbreviations: U-Ctrl, untreated wounded group; CMC-Ctrl, wounded treated with CMC hydrogel group; TF/CMC-Ctrl, wounds treated with empty TF-containing
hydrogel group; hIGF-1/CMC, wounds treated with hIGF-I-containing hydrogel group; TF/hIGF-1/CMC, wounds treated with TF/hIGF-1-containing hydrogel group; SFC,
Spindle fibroblast cell; FCT, Fibrous connective tissue; BV, Blood vessel; CG, Collagen; K, Keratin.

groups, including epidermal thickness, proliferation, and edema. Figure 7A and B display the histological skin sections of
diabetic and non-diabetic wound areas obtained from each group, respectively. There was little difference in the
appearance of the control skin between the groups. However, the epidermis of diabetic skin in the untreated group
with hIGF-1 was slightly thinner than that of the treated groups (double-headed black arrows). Increased epidermal
thickness and higher cell proliferation in the dermis of the TF/hIGF-1/CMC group were evident compared to the other
groups. As shown in this figure, the control wound groups exhibited severe edema, disorganized microstructures, and
intense infiltration of inflammatory cells. In contrast, the wound tissues in the hIGF-1/CMC and TF/hIGF-1/CMC groups
showed a more well-organized tissue state compared to their controls. The distribution of inflammatory cells (blue
arrows) increased in the inflammatory phase and decreased as wound healing approached, while fibrosis (yellow arrows)
increased as wound healing progressed. The dilated blood vessels also increased in the acute phase of inflammation in the
untreated group while they decreased as the wound entered the chronic phase or healed. The epidermis thickened in all
hIGF-1 and TF/hIGF-1 groups, although it was thinner in the untreated diabetic rats. There appear to be more spindle
fibroblast cells (SFCs) in the skin of non-diabetic and diabetic rats after treatment with hIGF-1 and TF/hIGF-1. Visually,
these cells were observed in red granular tissues, which could be found in all of the hIGF-1 and TF/hIGF-1 treated
groups. The tissue appearance in these groups suggests that the wounds were transitioning from the inflammatory phase
to the healing phase during the treatment period.

Discussion

In this study, nanocarrier-based drug delivery was used to improve the healing and repair of diabetic ulcers. Dermal drug
delivery by this system provides a localized and non-invasive approach to treating skin conditions, offering advantages
such as continuous and prolonged drug release, increased patient satisfaction, reduced drug doses, and cost-
effectiveness.”” TF-type nanoparticles were selected as carriers due to their unique chemical properties that facilitate
efficient and sustained release of therapeutic proteins into the skin. To promote the healing and repair of diabetic skin
injuries, hIGF-1 was chosen and encapsulated in TF nanoparticles. This growth factor is commonly employed in the
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treatment of skin wounds, fibrosis, diabetic ulcers, and inflammation. Overall, TF nanoparticles, as a drug delivery
system, are expected to improve the permeability of hIGF-1 through the skin, traversing the epidermis, and finally
reaching the dermis. It is also anticipated that these nanoparticles can effectively retain the drug in the dermis layer for an
extended duration, thereby expediting the healing process of skin wounds, burns, and chronic diabetic ulcers. This drug
delivery system has demonstrated success in delivering rivastigmine,’® insulin,’’ and thymoquinone™ for the treatment
of Alzheimer’s disease.

TFs were chosen in this study for their high deformability, enabling the continuous delivery of hIGF-1 to deeper skin
layers. The composition of TFs includes Phospholipon 90 H as a phospholipid and sodium deoxycholate as a surfactant,
with each ingredient playing a critical role in the carrier’s properties. After designing and optimizing the experiment, the
optimal TF size was determined to be 57.56 + 3 nm with a dispersion index of 0.194. To reduce the size of the multilayer
TFs, a sonicator was used to produce monolayer carriers. The resulting nanoparticles exhibited similar characteristics to

51,53,54

previously reported TF-based nanosystems for delivering various drugs, such as insulin, asenapine maleate,”> and

verapamil.”®

The zeta potential of hIGF-1 containing TF was measured at —50.1 mV. The negative charge of the carrier
reduces the possibility of aggregation and mass formation over time. The encapsulation efficiency of hIGF-1 in TF was
determined using the Bradford method, which showed an efficiency of 80.3% at a lipid-protein drug weight ratio of
200:1. The release of hIGF-1 from TF was assessed using the dialysis bag method, and the controlled release over
48 h was found to fit the Korsmeyer-Peppas kinetic model. In a study by Surini et al, the EF% exceeded 90% for thEGF-
loaded TF. Moreover, the particle size, PDI, and zeta potential were 128.1 + 0.66 nm, 0.109 + 0.004, and —43.1 + 1.07
mV, respectively.’” In another study where TF was used to enhance percutaneous delivery of thEGF, a concentration of
0.025% growth factor was successfully encapsulated into the TF formulation. The mean particle size, zeta potential, and
EE% were 155.57 £2.59 nm, —57.92 £4.35mV, and 9.00 +0.39%, respectively.58

After designing and fabricating the TF/hIGF-1 nanoparticles, in vitro studies were conducted to assess their
cytotoxicity using the MTS test. The viability of NIH-3T3 fibroblast cells treated with the designed nanoparticles
demonstrated a mitogenic effect of hIGF-1 within the first 24 h. The groups treated with TF/hIGF-1 and free hIGF-I
exhibited a significant increase in cell proliferation compared to the control groups. These findings indicate that
encapsulating hIGF-1 in TF nanoparticles enhances the mitogenic potential of the growth factor over a longer period
compared to free hIGF-1. Additionally, these results suggest that nanoencapsulation may improve growth factor stability
over 72 h, enabling sustained delivery of hIGF-1 and continuous binding to cell surface receptors, thereby improving the
activation of the hIGF-1 signaling pathway. According to studies by Dupont et al, hIGF-1R and insulin receptor are
structurally similar and can activate many of the same signaling pathways, although they mediate distinct biological
functions. NIH-3T3 fibroblast cells expressing the IGF-1R are stimulated by hIGF-1, which promotes the expression of
IGF-1R and activates the mitogenic pathway in these cells®” as confirmed by the results of this study. More than half of
the genes regulated by hIGF-1 are associated with mitogenesis and differentiation.®® Following the determination of the
optimal doses of TF/hIGF-1 and hIGF-1 for NIH-3T3 fibroblast cells, wound healing and cell migration assays were
conducted using the scratch test. The addition of 25 ng/mL hIGF-1 and 12.5 ng/mL TF/hIGF-1 to the serum-free medium
significantly increased cell migration after 24 h of culture, leading to complete closure of the cell monolayer gap after
144 h in the presence of 12.5 ng/mL TF/hIGF-1 nanoparticles.

Similarly, Lin et al used a silk fibroin (SF) film as a sustained-release system for hIGF-1. The hIGF-1-loaded SF films
significantly accelerated wound healing in vitro compared to wounds treated with hIGF-1 and a hIGF-1-loaded
hydrocolloid dressing. Western blot analysis also showed that phosphorylation of the IGF-1R in diabetic wounds in
the hIGF-1 SF film group was significantly increased compared to other experimental groups. This study demonstrated
that the constant delivery of hIGF-1 from sustained-release systems promotes wound healing by continuously activating
the hIGF-1 pathway, leading to improved wound re-epithelialization and tissue formation in the dermis and fibroblast
cells.” In our study, an in vivo investigation was finally performed on male rats with induced diabetes to evaluate wound
healing. The results showed a significant difference in wound area between groups on day 12. The wound area treated
with TF/hIGF-1 hydrogel showed a significant acceleration of wound healing and almost complete healing on day 12
after the application of TF/hIGF-1 hydrogel compared to the other groups without hIGF-1. It is believed that the TF

International Journal of Nanomedicine 2026:21 hetps: 13



Nojoki et al

nanoparticles penetrates deeper into the skin tissue and maintains the controlled release of the growth factor throughout
the 12-day treatment period.

Previous studies have shown that wounds treated with hIGF-1 exhibit faster re-epithelialization by enhancing dermal
cell migration and viability.'®®" Furthermore, preliminary immunohistochemical analysis revealed a significant increase
in myofibroblasts, which are key cells that appear during the proliferative phase and produce collagen and extracellular
matrix to regenerate damaged tissue. This indicates that hIGF-1 actively promotes the reconstruction of the wound
dermal layer by enhancing collagen synthesis.®*®* In our study, histopathological examination also showed minimal
differences in the appearance of control skin between groups. However, the diabetic epidermis of the TF/hIGF-1 and
hIGF-1 untreated groups was slightly thinner than that of the treated groups (indicated by double-headed arrows). The
TF/hIGF-1 group exhibited an increase in epidermal thickness and appendages in the dermis compared to the other
groups, suggesting a better-organized histological state. Conversely, the control groups showed severe edema, disorga-
nized microstructures, and intense infiltration of inflammatory cells, indicating a less organized histological appearance.
Meanwhile, the thicker epidermis and more spindle-shaped fibroblasts in the hIGF-1 and TF/hIGF-1 groups, along with
the thinner epidermis in the wounds of untreated diabetic rats, also confirmed the superior therapeutic effects of TF/hIGF-
1. Similarly, in the study by Lin et al, they used hIGF-1 hydrocolloid treatments encapsulated in silk fibroin (SF-hIGF-1)
to heal diabetic wounds over a 12-day treatment period. The closure of wounds treated with SF-hIGF-1 was faster
compared to those treated with PBS or hIGF-1 alone. Furthermore, the SF-hIGF-1 treatment resulted in smoother
surfaces, indicating increased angiogenesis in diabetic wounds relative to the controls.”

Conclusion

In this study, TF/hIGF-1 nanoparticles were synthesized and characterized with the optimal formulation. The results
demonstrated that hIGF-1 was well-encapsulated in TF at an appropriate size and in an amorphous state. The application
of these nanoparticles in a CMC hydrogel formulation revealed that TF facilitated the transport of hIGF-1 into the skin
epithelium and significantly improved the prolonged release of hIGF-1 to the wound . Additionally, an in vivo study
showed accelerated wound closure after only 12 days compared to the control group, and histopathology tests of the
wounds confirmed that TF/hIGF-1 could enhance epidermal thickness and dermis regeneration indicating enhanced
diabetic wound healing effects due to the controlled-release and regenerative effect of hIGF-1. These findings suggest
a promising new approach for rapid and effective treatment of diabetic wounds. We believe that this approach could
potentially be applied for skin regeneration in other skin disorders such as fibrosis and inflammation. It is worth noting
that we did not investigate the TF/hIGF-1 mechanism of action in accelerating the repair of diabetic wounds in this study.
A comprehensive understanding of this mechanism in future studies can help to improve the therapeutic effect and safety
of this formulation.
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