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Abstract
Epidermal growth factor (EGF) can be efficiently used in wound healing process; but the
main obstacle of its clinical use is its susceptibility to proteolysis and maintaining its
effective concentration in the site of action. In this study, chitosan nanoparticles con-
taining EGF is formulated using a simple method to increase its stability in physiological
pH as well as protect its biological activity and effectiveness in wound healing process.
Nanoparticles with different ratios of chitosan/EGF were prepared and evaluated in vitro
and in vivo. Obtained results showed nanoparticles with 2:1 ratio of chitosan/EGF were
able to release 80% of encapsulated protein after 12 h. Cell proliferation study demon-
strated that prepared nanoparticles could protect EGF functionality in physiological pH.
In vivo results showed that nanoparticles with 2:1 ratio of chitosan/EGF could signifi-
cantly accelerate the wound closure‐rate, re‐epithelialisation and collagen deposition. In
conclusion, the designed nanoparticles in optimal ratio can be considered as a potential
vehicle for EGF delivery to wounds with the aim of improving healing process.
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1 | INTRODUCTION

Epidermal growth factor (EGF) is a single‐chain protein con-
taining 53 amino acid residues (Molecular weight = 6045 Da)
and three disulphide bridges, which show a potent regeneration
activity [1]. This protein can accelerate wound healing process
by stimulating the proliferation of epidermal cells as well as
other cell types such as fibroblasts and endothelial cells [1, 2].
Epidermal growth factor protein acts by binding to the EGF

receptor–tyrosine kinase, thereby initiating a series of events
which regulate cell proliferation process [3]. Topical adminis-
tration of EGF can accelerate dermal regeneration of partial
thickness burns or split‐thickness incisions in vivo [4, 5]. Ac-
cording to these properties, EGF can be used as an attractive
candidate for dermal regeneration in wound healing process.
However, studies have shown that EGF is susceptible to pro-
teolysis and has low stability in physiological condition.
Furthermore, the main obstacle of its clinical usage is its short

This is an open access article under the terms of the Creative Commons Attribution‐NonCommercial‐NoDerivs License, which permits use and distribution in any medium, provided the
original work is properly cited, the use is non‐commercial and no modifications or adaptations are made.

© 2023 The Authors. IET Nanobiotechnology published by John Wiley & Sons Ltd on behalf of The Institution of Engineering and Technology.

204 - IET Nanobiotechnol. 2023;17:204–211. wileyonlinelibrary.com/journal/nbt2

https://doi.org/10.1049/nbt2.12116
https://orcid.org/0000-0001-9074-828X
https://orcid.org/0000-0002-7365-3534
https://orcid.org/0000-0003-2952-7271
https://orcid.org/0000-0003-2232-4121
https://orcid.org/0000-0002-2591-9684
https://orcid.org/0000-0003-2612-3511
https://orcid.org/0000-0003-1122-992X
https://orcid.org/0000-0003-0256-7353
mailto:mohammadi.z@iums.ac.ir
mailto:rastegari.a@iums.ac.ir
mailto:rastegari.a@iums.ac.ir
https://orcid.org/0000-0001-9074-828X
https://orcid.org/0000-0002-7365-3534
https://orcid.org/0000-0003-2952-7271
https://orcid.org/0000-0003-2232-4121
https://orcid.org/0000-0002-2591-9684
https://orcid.org/0000-0003-2612-3511
https://orcid.org/0000-0003-1122-992X
https://orcid.org/0000-0003-0256-7353
https://ietresearch.onlinelibrary.wiley.com/journal/1751875X


half‐life and difficulty to maintaining its effective concentration
at the wound site [6–8].

Preparation of a robust EGF delivery system to improve its
stability and bioavailability has been recently investigated in
some studies [9]. In recent years, polymeric nanoparticles have
been considered as a potential protein‐delivery systems [10].
Chitosan as a natural linear cationic polysaccharide could be a
good candidate for bimolecular delivery [11, 12]. Studies have
shown chitosan can regulate the inflammatory cells functions
which leads to positive effect on wound healing process
[13, 14]. Moreover, chitosan nanoparticles can enhance bio-
molecules stability and protect them from enzymatic degra-
dations [15, 16]. For protein and peptide delivery, the use of
biocompatible polymer along with anti‐inflammatory charac-
teristics is advantageous [17–20].

In the current study, we used simple complexation method
for preparing EGF loaded nanoparticles. In this method,
crosslinker agents was not be used in order to facilitate the
scale up process of EGF loaded nanoparticles production.
Furthermore, we stabilised EGF by encapsulation in chitosan
nanoparticles and evaluated in vivo functionality of prepared
nanoparticles in wound healing process.

2 | MATERIALS AND METHODS

2.1 | Materials

Chitosan (MW: 127kD, deacetylation degree: 97%) was pur-
chased from Primex Co. (Island). Epidermal growth factor
were purchased from Sigma Aldrich Co. (Germany). Human
melanoma skin cancer (A375) cells were obtained from the cell
bank of the Avicenna Research Institute (Iran). Dulbecco's
Modified Eagles' Medium (DMEM) was purchased from
Gibco Co.(USA). The rest of the materials used in the cell‐
culture study, heat‐inactivated foetal bovine serum, trypsin,
sodium2,3,‐bis(2‐methoxy‐4‐nitro‐5‐sulfophenyl)‐5‐[(phenyl-
amino)‐carbonyl]‐2H‐tetrazolium inner salt (XTT) and powder
PMS are from Sigma‐Aldrich Chemical Co. (Germany). All
chemicals were of analytical grade.

2.2 | Preparation of protein‐loaded chitosan
nanoparticles

Chitosan nanoparticles were prepared using simple complexa-
tion technique. Briefly, chitosan solution was prepared at a
concentration of 1 mg/ml in 0.25% acetic acid and placed on a
stirrer at 25°C for 48 h. The pH of the chitosan solution was
adjusted to 4.5 by NaOH 1 N. Nanoparticles with various ratios
of chitosan/EGF (1:2, 1:1,2:1, 4:1, 6:1, and 8:1) were prepared
using chitosan solution (1 mg/ml) and EGF solution (50 μg/ml
in acetic acid 10 mM pH = 8) in different volumes. In all ex-
periments, chitosan solution was stirred (500 rpm) at room
temperature, and then EGF was added to it dropwise. Finally,
prepared nanoparticles incubated 20 min at room temperature.

2.3 | Size distribution and zeta potential

The mean particle size, polydispersity index, and zeta potential
of different nanoparticles were determined by Nanozatasizer
Malvern ZSP (England) at a wave length of 633 nm. The laser
beam angle was 173 for measuring particle size at 25°C. Each
sample was measured three times.

2.4 | Morphological examination of
nanoparticles

The morphology of protein‐loaded chitosan nanoparticles was
evaluated using a Zeiss Transmission Electron Microscope
(TEM) EM10C (at 80 kV). The Sample was placed on a slide
and allowed to air dried at room temperature, then observed by
TEM.

2.5 | Protein loading efficiency

To evaluate the protein loading efficiency, EGF loaded chitosan
nanoparticles with different ratios of chitosan/EGF (1:2,
1:1,2:1, 4:1, and 6:1) were centrifuged for 1 h at 5300 g and 4°C
to precipitate nanoparticles. Unbound protein was collected
from the supernatant. The concentration of free EGF was
determined using an HPLC instrument (Knauer,Germany).
The samples were analysed using a reversed‐phase C18 column
(particle size 5 µm, 4.6� 250 mm). The mobile phase was 100%
water (A) and 100% acetonitrile (B). The gradient elution was as
follows: 100% A to 100% B for 15 min at flow rate of 0.5 ml/
min and 280 nm in the UV detector. A calibration curve of free
EGFwas used to calculate the percentage of loaded polypeptide
according to the Equation (1):

% Loading Efficiency ¼ 100� ½ðtotal rhEGF − free rhEGFÞ
=total rhEGF�

ð1Þ

All measurements were performed in triplicate.

2.6 | In vitro protein release

In vitro release study of EGF loaded chitosan nanoparticles
with different ratios of chitosan/EGF (2:1, 4:1 and 6:1) was
carried out by dialysis sac. 1 ml of solution containing chito-
san/EGF nanoparticles with a concentration of 50 µg/ml was
placed in a dialysis sac (pore size of 12,000 Da) and the sac was
immersed in a constantly stirred receiver vessel containing
phosphate buffer (11 ml, pH = 7.4) at 32 � 0.5°C. The release
study was carried out for 24 h, and at pre‐decided time in-
tervals 2 ml sample was withdrawn from the receiver vessel
and replaced with fresh buffer. The samples were analysed
using an HPLC according to the method described in session

MONTAZERI ET AL. - 205



2.6, and release profile was obtained. All measurements were
performed in triplicate.

2.7 | Cell proliferation assay

XTT method was used to evaluate the performance of EGF‐
chitosan nanoparticles with different ratios of chitosan/EGF
(2:1, 4:1 and 6:1) on cell proliferation using skin melanoma cell
line (A375). For this purpose, 7 � 103 cells were seeded into
96‐well plates. After cells confluency about 60%, the samples
or controls were added to the wells in triplicate. 50 μL of each
sample (EGF loaded nanoparticles in different ratios, free
EGF and free chitosan nanoparticles) was added to each well
containing 100 μL DMEM (phenol red free) and incubated at
37°C with 5% CO2 for 24 h. Then 50 μL of XTT reagent
(50 μg of XTT and 0.38 μg of PMS per well) was added to each
well and incubated in 37°C, 5% CO2 for 4 h. After incubation,
the absorbance of each well was measured at 450 nm with
BioTekELISA reader. All measurements were performed in
triplicate.

2.8 | In vitro stability assay

The ability of chitosan nanoparticles to protect EGF func-
tionality was investigated in vitro. Firstly, free EGF incubated
at different pHs by using sodium citrate buffer (100 mM at
pHs 3.5, 5.5), and tris buffer (50 mM at pHs 7.5, 9.5) at room
temperature for 2 h. Cell proliferation assay was performed on
incubated free EGF according to described XTT method. Due
to instability of free EGF protein at pH 7.5, nanoparticles with
different ratios of chitosan/EGF (2:1, 4:1 and 6:1) were
incubated in pH 7.5 for 2 h then cell proliferation assay was
performed based on described XTT method (the protein
concentration was 50 μg/ml). Fresh and free EGF protein and
unloaded chitosan nanoparticles were used as control and all
measurements were performed in triplicate.

2.9 | In vivo wound healing study

In the present study, 20 mature Sprague‐Dawley rats weighing
200–300 g were used. The rats were purchased from the
Centre of Medicine at the Tehran University of Medical Sci-
ence and treated according to the discipline of animal man-
agement and welfare of the University of Helsinki, Finland.
Animals were placed in a standard cage with free access to tap
water and a rodent's pellet chow diet. Then, the rats were
divided into five experimental groups including control, free
chitosan nanoparticles, free EGF, EGF loaded nanoparticles
in chitosan/EGF ratio 2:1 and 6:1. (n = 5 in each group).
The rats were anesthetised using a mixture of ketamine10%
and sedaxyl 20 mg/ml in a ratio of 70 to 30. Excision wounds
of approximately 1 cm2 were made via cutting out of a skin
layer from the shaved area. Groups received different topical
formulations on the wounds area (protein concentration was

50 μg/ml) in the first 3 days in a row and the rats receiving
no treatment served as a control group. The percentage of
wound healing was measured according to the following
equation [21]:

Wound healing percentage

¼

�
First day wound area − Specific day wound area

First day wound area

�

�100

2.10 | Wound histological analysis

After 14 days, the animals were sacrificed by spinal cord injury
under anaesthesia. Wound skin tissues (each in 3 � 2 cm) with
full thickness were removed, and paraffin‐embedded sections
were prepared. The sections (each with 2 mm thickness) were
cut with a microtome, cutting perpendicular to the width of the
skin surface. The sections were all stained with haematoxylin‐
eosin are analysed by Masson's trichrome staining. The degrees
of epithelialisation, fibrosis, inflammation, and granulation
were assessed for all of the specimens. In order to calculate the
wound healing process quantitatively, histopathological
changes of skin tissue (the degrees of epithelialisation, fibrosis,
inflammation, and granulation) were blindly scored by an
expert clinical pathologist as mild (+1), moderate (+2) and
severe (+3).

2.11 | Statistical analysis

All data are reported as mean � standard deviation. The results
were analysed using t‐test and two ANOVA at the significance
level of P < 0.05 by GraphPad Prism software (version 5.04 for
Windows, GraphPad Software, San Diego California USA,
www.graphpad.com).

3 | RESULTS AND DISCUSSION

3.1 | Characterisation of nanoparticles

Size, zeta potential, and poly dispersity index of prepared
nanoparticles were investigated. According to the obtained
results (Supplementary material), by increasing the ratio of
chitosan to EGF from 0.5 to 4 particle size of nanoparticles
were decreased. However, at the ratios 6 and 8 the size of
nanoparticles increases significantly. Furthermore, the nano-
particles with higher zeta potential were found at ratios of 6
and 8 which related to higher amount of chitosan in these
ratios. In this study, using of organic solvents and high tem-
peratures have been avoided. This approach is very important
for safe preparation of protein loaded nanoparticles for clinical
application. Furthermore, in current study we did not use
crosslinker agents for preparation of nanoparticles which could
facilitate the production of EGF loaded nanoparticles in scale
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up stage. Prepared nanoparticles with desire features revealed
the size range within 63.5–127 nm which is in a range of op-
timum particle size for biological efficiency [22, 23]. The
average zeta potential of chitosan nanoparticle containing EGF
in this study was within +35 to +40 mV that provides good
stability and reasonable dermal penetration. Zeta potential af-
fects the efficiency of encapsulation, colloidal stability and the
interaction of the particle with the cell. Nanoparticles with
cationic charge in contrast to anionic and neutral charges could
penetrate into the deeper layers of skin within 8 h [6]. Recently,
Jayakumar et al. found that the penetration amounts of
nanoparticles covered with cationic charges were 2–6 times
higher than those with negative charges [6].

3.2 | Morphological examination of
chitosan/rhEGF nanoparticles

According to the image obtained by TEM (Supplementary
material), the prepared nanoparticles were spherical, distinct
and regular. It is noteworthy that the hydrodynamic diameter
of the particles measured by light scattering was higher than
the size estimated by microscopy. This can be explained by the
dehydration of the CS nanoparticles during sample preparation
for imaging. Furthermore, previous studies demonstrated that
the shape and morphology of nanoparticles can influence on
their ability to penetrate into the skin. Montiero et al. indicated
spherical nanoparticles can penetrate deeply into the dermal
layers, while egg shape nanoparticles accumulate only within
the epidermis layer within 8 h [24, 25].

3.3 | Protein loading efficiency

CS nanoparticles exhibited a high encapsulation efficiency of
up to 90% in all ratios except at ratio of 1:2 (supplementary
material). Ratios 4:1 and 6:1 revealed loading efficiency of
96.4% and 97.4% respectively. There was apparent correlation
between the chitosan ratios and encapsulation efficiency of
protein. The results in this study exhibited a relative high
encapsulation efficiency more than 90% which was complied
with other studies (31).

3.4 | In vitro protein release

The results of in vitro release of EGF protein from chitosan
nanoparticles at three different ratios of chitosan/EGF
(2:1, 4:1 and 6:1) has been shown in Figure 1. In all formula-
tions an initial burst release in 2 h has been observed which
could be related to the EGF presents at the surface of nano-
particles [26]. After 12 h, the release rates reached a constant
level. The rate of release in ratios 2:1 and 4:1 in the first 4 h was
about 75%, and after 12 h reached to 81%. However, the
release rate of 6:1 ratio was slower in compared with other
ratios (59% and 65% of the protein was released after 4 and
12 h respectively).

3.5 | Cell proliferation assay

In vitro proliferation of A375 cells induced by EGF loaded
chitosan nanoparticles was evaluated to determine the bio-
logical activity of prepared nanoparticles with different ratios
of chitosan/EGF (2:1, 4:1 and 6:1). According to Figure 2, cell
proliferation induction by all three EGF loaded nanoparticles
was significantly higher than free EGF. Prepared nanoparticles
at ratios 2:1 and 4:1 induced cell proliferation more than 1.5
fold and nanoparticles with ratio 6:1 induced cell proliferation
about 2 fold. Additionally, free chitosan nanoparticles also
induced cell proliferation. Obtained results demonstrated chi-
tosan nanoparticles have two effects; firstly, protection of EGF
activity and secondly synergistic behaviour with EGF on cell
growth.

3.6 | In vitro stability evaluation

The ability of chitosan nanoparticles to protect EGF function-
ality was investigated in vitro. Firstly, according to Figure 3, cell
proliferation after 2 h incubation of free EGF at pH = 7.5 was
significantly lower than fresh EGF (p value = 0.0053). However,
the biological activity of other samples was not changed signif-
icantly. Due to instability of free EGF protein at pH 7.5, the
ability of nanoparticles to protect EGF functionality were
evaluated in pH 7.5 for 2 h. The obtained results (Figure 4)

F I GURE 1 The release rate of epidermal growth factor (EGF) protein
from chitosan nanoparticles in ratios 2: 1, 4: 1, and 6: 1. Data are
represented as mean � SD (n = 3).

F I GURE 2 Cell proliferation assay of A375 cells after 24 h exposure to
epidermal growth factor (EGF) loaded chitosan nanoparticles in different
ratios. Data are represented as mean � SD (n = 3).
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showed that EGF functionality preserved by chitosan nano-
particles with different ratios of chitosan/EGF in compared
with free EGF protein after 2 h incubation at pH 7.5.

This result can be related to isoelectric point of EGF,
which is near 7 as estimated theoretically with https://web.
expasy.org/cgi‐bin/protparam/protparam. Thus, EGF has
lowest solubility at pH 7.5 and it becomes toxic for cells
because of protein precipitation. Prepared chitosan nano-
particles with different ratios of chitosan/EGF could
completely preserve biological activity of EGF in that condi-
tion. However, cell proliferation induction by chitosan/EGF in
4:1 ratio was slower in compared with 2:1 and 6:1 ratios. It
could be related to release rate of protein within 2 h. According
to the release profile, the 4:1 ratio after 2 h released only 45%
of EGF but 2:1 and 6:1 ratios released 70 and 54% of active
component respectively.

3.7 | In vivo wound healing study

To evaluate the wound healing ability of prepared nano-
particles, the healing process of Rat skin wound was analysed
macroscopically for 14 days. According to the obtained results
(Figure 5), a typical pattern of healing has been observed in all
five groups and the wounds of all groups remained open and
similar after 4 days. The results obtained after 7 and 10 days
showed that wound healing percentage was significantly higher
in chitosan/EGF nanoparticles with ratio of 2:1. Also, the
wound healing process was faster in ratio 2:1. This observation
reveals that EGF stabilising by chitosan nanoparticles did not
reduce its functionality and biological effect. Moreover, ac-
cording to Figure 5 wound healing rate of chitosan: EGF (2:1)
were significantly higher than other treatments. Because after 7
and 10 days only chitosan: EGF (2:1) group showed significant
difference with control group regarding wound healing
percentage.

Previous studies have shown administration of chitosan
nanoparticles containing EGF led to accelerate the wound
healing process in compared with control and free EGF

F I GURE 3 Biological activity of free epidermal growth factor (EGF)
at different pHs for 2 h after incubation on A375 cells. Data are represented
as mean � SD (n = 3). *Denotes significant differences (P < 0.05).

F I GURE 4 Cell proliferation assay of A375 cells after 2 h exposure to
epidermal growth factor (EGF) loaded chitosan nanoparticles in different
ratios at pH 7.5. Data are represented as mean � SD (n = 3). *Denotes
significant differences (P < 0.05).

F I GURE 5 (a) Wound images of macroscopic pattern of wound healing for 14 days in different groups. (b) Wound healing percentage in treated animals at
4, 7, 10, and 14 days from wound creation. Data are represented as mean � SD (n = 5). *Denotes significant differences (P < 0.05).
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administration which can be related to EGF protection from
degradation, sustained releasing and enhancing skin permeation.
In this study induction of wound healing by chitosan/EGF
nanoparticles with ratio 2:1 was significantly higher than control
groups after 7 days (84% and 71% respectively). However, the
wound healing process of chitosan/EGF nanoparticle with 6:1
ratio was slower than 2:1 ratio and free EGF which could be
related to release rate of EGF. According to the obtained release
profile, the 6:1 ratio after 12 h released only 65% of EGF but 2:1
ratio could release 81%. Ling et al, observed topical adminis-
tration of chitosan nanoparticles containing five different
bioactive agents including EGF, ascorbic acid, hydrocortisone,
insulin and 1,25‐dihydroxy vitamin D3 could relatively complete
wound healing process after 24 days in compared with untreated
groups which was treated after 28 days [27]. In other study
results showed that topical administration of EGF loaded car-
boxymethyl chitosan nanoparticles could significantly acceler-
ated the wound healing process in treated group with 2:1 ratio
(95% wound healing percentage after 10 days however control
group reached to 93% after 14 days) that is in good agreement
with our obtained results [26]. In their study, researchers used a
chitosan derivative which can be more costly in scale up and
commercialisation.

3.8 | Wound histological analysis

The scores of epithelisation, inflammation, granulation, and
fibrosis at the end of day 14 are summarised in Table 1. Results
showed that the epithelisation processes were complete in all
groups except the control. Additionally, the inflammation in
the control and EGF groups was moderate in compare with
other groups that mas mild after 14 days treatment. The
granulation of skin tissue was severed in control group and
chitosan groups showed less granulation. Interestingly, the
degree of fibrosis was observed in all treatment groups but it
was less in chitosan nanoparticles with different ratios of chi-
tosan/EGF (2:1 and 6:1) (Figure 6). Furthermore, the obtained
result showed the collagen deposition in the treatment groups
by chitosan/EGF ratio 2:1 was significantly higher in
compared with other groups after 14 days treatment (Figure 7).

TABLE 1 Scores of skin histopathological changes in the animal
model of wound healing after 14 days treatment. Data are represented as
mean � SD (n = 5)

Treatments Epithelialisation Inflammation Granulation Fibrosis

Control Incomplete 2 3 2

Free Chitosan 2 1 1 2

Free EGF 3 2 2 2

Chitosan:
EGF = 2/1

3 1 2 1

Chitosan:
EGF = 6/1

2 1 2 1

F I GURE 6 Microscopical evaluation of wound healing 14 days after
wound induction, dot lines indicates the demarcation between the intact site
and wound site (a): Control group, the partially re‐epithelisation is evident
in wound bed (black arrow) and also immature granulation tissue in dermis
is shown (black star), (b): Pervious slide with higher magnification,
(c) Wound dressing with chitosan, note to appropriate re‐epithelisation
(black arrow) and the newly formed dermis accumulated with hypercellular
granulation tissue (star), (d): Higher magnification of pervious slide,
neoangiogenesis (ellipsoid) and infiltration of inflammatory cells (rectangle)
are evident, (e) Wound dressing with epidermal growth factor (EGF), the
amount of epithelial regeneration seems appropriate (black arrow), and also
note dermal reformation (star) (f) Pervious slide with higher magnification,
presence of inflammatory cells in the granulation tissue (rectangle) is seen,
(g) Wound dressing with chitosan/EGF nanoparticles ratio 2:1, note to
proper re‐epithelisation (black arrow) and the dermis is almost filled with a
mature granulation tissue (star), (h): Pervious side with higher
magnification, (i): Wound dressing with chitosan/EGF nanoparticles ratio
6:1, the regeneration in epithelium (black arrow) and dermis (star) looks
proper, (j) Pervious side with higher magnification, (H & E, Scale bar: A, C,
E, G, and (i) 500 μm, B, D, E, H, and (j) 50.0 μm).
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Wound healing process involves three main phases
including inflammation, proliferation and remodelling which
required a coordinated response of different cells including fi-
broblasts, keratinocytes and vascular endothelial cells [28]. Our
obtained results from histological studies demonstrated that
treated groups by different nanoparticles had mild inflammation
and fibrosis in compare with other groups. Presence of EGF in
the wound area could promote wound healing process by
accelerating angiogenesis, inducing the epithelial formation and
collagen accumulation which was observed in previous studies
[26, 29, 30].

4 | CONCLUSION

In conclusion, this study exhibited prepared chitosan nano-
particles by simple complexation method in optimal chitosan
to rhEGF ratio can be considered as a robust carrier for
local delivery of EGF for wound healing process. The results
were interesting since prepared nanoparticles could be able to
preserve EGF bioactivity over time and accelerated wound
healing in compared free EGF. Additionally, wound treatment
by prepared nanoparticle showed less tissue fibrosis and high
collagen deposition in wound tissue. The finding of our
study suggested the prepared chitosan nanoparticles as a po-
tential vehicle for safe delivery of EGF for wound healing
applications.
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