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ABSTRACT: Chronic wounds have become a major health problem
worldwide. Curcumin (Cur), with strong anti-inﬂammatory and anti-infective
properties, is introduced as a unique molecule for wound dressing
applications. In the present study, Cur-loaded chitosan/poly(ethylene
oxide)/collagen (Cho/PEO/Col) nanoﬁbers were developed for wound
dressing applications by the blend−electrospinning process. Structural,
mechanical, and biological properties of nanoﬁbers were evaluated using
SEM, FTIR, tensile testing, in vitro release study, Alamar blue cytotoxicity
assay, and in vivo study in a rat model. According to the results, Cur was
successfully released up to 3 days without any signiﬁcant cytotoxicity of the
above hybrid to human dermal ﬁbroblasts. In vivo studies on full-thickness
wounds in the rat model indicated signiﬁcant improvement in the mean
wound area closure by applying Cur-loaded Cho/PEO/Col nanoﬁbers. The
electrospun Cho/PEO/Col nanoﬁbers loaded with Cur could be considered as a promising type of wound dressing in the woundhealing process.
KEYWORDS: wound dressing, curcumin, collagen, chitosan, electrospun nanoﬁbers

1. INTRODUCTION
Chronic wounds are one of the major clinical challenges in the
healthcare system.1 Currently, the main treatment for fullthickness wounds is applying skin grafts that are limited by
diﬀerent factors such as the amount and size of available grafts,
creation of a secondary wound, and other risks.2,3 In this
regard, skin tissue engineering tries to develop new strategies
for wound healing by fabrication of wound dressings with
antimicrobial agent properties.2,4
Curcumin (Cur), (1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6heptadiene-3,5-dione), is extracted from Curcuma longa. Cur is
a good candidate for wound dressing applications based on its
strong antioxidant (free-radical-scavenging) activity and antiinﬂammatory and anti-infective properties.5,6 Application of
high concentrations of Cur may be toxic to living organisms,
representing risk regarding this material.7 Loading Cur in
polymeric solution can be a useful way to control the manner
of Cur release in biomedical applications.8
Chitosan (Cho), a linear polysaccharide derived from chitin,
acts as a biodegradable, biocompatible, and nontoxic polymer
and has a wide range of biomedical applications.9−11 It is
known that hemostasis, inﬂammation, removal of damaged
matrix components, and remodeling of the extracellular matrix
© XXXX American Chemical Society

(ECM) are four overlapping phases in the wound-healing
process.12,13 Cho has hemostatic properties such as promotion
of platelet adhesion, platelet aggregation, and platelet
activation.14,15 It has positively charged amino groups that
play a key role in interfacial interactions with the negative
charge of red blood cell membranes.5,16 In this regard, Cho has
a wide range of applications in the pharmaceutical industry to
induce blood clotting as a wound dressing.5,17 It is reported
that the application of Cho nanoﬁbers for wound dressing
signiﬁcantly improves cell attachment and proliferation.18,19
Moreover, electrospinning pure Cho nanoﬁbers is not an easy
task due to chitosan’s polycationic nature and intrachain
hydrogen bonding in Cho.20 Recent studies have reported that
some polymers such as poly(ethylene oxide) (PEO) as a
hydrophilic synthetic and FDA-approved polymer can
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Table 1. Conditions of Preparation of the Polymer Solutions of Cho/PEO/Col (with and without Cur)
weight (g)

stirring conditions

samples

concentration (w/v%)

Cho

PEO

Col

Cur

Cho/PEO
Cho/PEO/Col
Cho/PEO/Col/Cur 5%
Cho/PEO/Col/Cur 10%
Cho/PEO/Col/Cur 15%

2.5
2.5
2.5
2.5
2.5

0.625
0.625
0.625
0.625
0.625

0.625
0.625
0.625
0.625
0.625

−
0.625
0.625
0.625
0.625

−
−
0.094
0.187
0.281

temperature (°C)
room
4
room
room
room

temperature
temperature
temperature
temperature

time (h)
12
2
0.33
0.33
0.33

respectively. Sodium chloride (NaCl, 7647-14-5), potassium dihydrogen phosphate (KH2PO4,7778-77-0), potassium chloride (KCl,
7447-40-7), sodium phosphate monobasic dihydrate (NaH2PO4·
2H2O, 13472-35-0), and glacial acetic acid (99.7% purity, 64-19-7)
were purchased from Merck (Germany). Isolated human dermal
ﬁbroblasts (HDFs) were used for the cytotoxicity assay, according to
extraction methods in our previous study.11 Fetal bovine serum
(FBS), Alamar blue, and Dulbecco’s modiﬁed Eagle’s medium
(DMEM) were purchased from Gibco (Waltham, MA). Cur powder
was obtained from Sami Laboratories Limited, Bengaluru, India. All
chemicals were used as received without further puriﬁcation. The
animals (rats) were purchased from Mashhad University of Medical
Sciences, Mashhad, Iran. In addition, all animal procedures were
performed under the approval of the Institutional Research Ethics
Committee of Mashhad, University of Medical Sciences (Mashhad,
Iran).
2.2. Electrospinning Process. 2.2.1. Preparation of the
Polymer Solutions. A Cho/PEO solution was prepared by dissolving
0.625 g of each of the Cho and PEO polymers (2.5 w/v%) in 25 mL
128 of aqueous acetic acid (80%) for 12 h at room temperature using
129 magnetic stirring. Subsequently, 0.625 g of Col was slowly added
to the main solution and mixed for 2 h at 4 °C. At the ﬁnal stage,
0.094, 0.187, and 0.281 g of Cur (5%, 10%, and 15% w/w%) was
dissolved in 1 mL of ethanol, and the obtained solution was added to
each Cho/PEO/Col solution.41,42 More details are presented in
Table. 1.
2.2.2. Viscosity and Electrical Conductivity of Polymer Solutions.
The viscosity of all polymer solutions was measured with a Brookﬁeld
R/S + rotational rheometer (Brookﬁeld Co., Middleboro, MA) with
an SC4-31 spindle at a shear rate of 0−200 s−1. Electrical conductivity
properties of all polymer solutions were also evaluated with an RS232
conductivity meter (Goldpoint Co. Ltd., Taiwan).
2.2.3. Fabrication of Electrospun Nanoﬁbers. The polymer
solution was loaded into a plastic syringe (5 mL) connected to an
18-gauge stainless needle. The syringe was placed into the
electrospinning device (Fanavaran Nano-Meghyas, FNM Co., Tehran,
Iran) with a high-voltage power supply (High Voltage-35-OC, FNM
Co.) and a syringe pump (SP1000HOM, FNM Co.). The
electrospinning process was carried out with an applied voltage
between 6 and 8 kV, a ﬂow rate of 0.5 mL/h, rotational speeds of 150
rpm for the cylinder collector, and a distance of 20 cm (between the
needle and the cylinder collector) for 10 h. The electrospun
nanoﬁbers were collected on the cylinder collector that was covered
with aluminum foil. Also, the temperature and relative humidity were
kept at 28 °C and 30%, respectively. Finally, the fabricated nanoﬁbers
were stabilized by UV cross-linking treatments for 30 min at room
temperature.43,44
2.3. Characterization of Electrospun Nanoﬁbers. 2.3.1. Fiber
Diameter and Porosity Measurement. Characterization of the
surface morphology and ﬁber diameter distribution of all electrospun
nanoﬁbers (with and without Cur) was evaluated by ﬁeld emission
scanning electron microscopy (FESEM, MIRA3, Tescan Co., Czech
Republic) with 15 kV accelerating voltage after gold-platinum coating
(n = 3). The obtained images were analyzed with Image-J 1.46r
software. Fiber diameter distribution was evaluated by examining 50
ﬁber diameters of each structure.
The apparent density and porosity of the fabricated electrospun
nanoﬁbers (with and without Cur) were calculated by the gravimetric
method using eqs 1 and 2, respectively:45,46

signiﬁcantly improve Cho spinnability in the nanoscale
range.21
Collagen (Col) is known as the most abundant ECM
protein in native tissues.22 Col is able to cross-link to the
human biological system and, as a biodegradable and
biocompatible polymer, has been widely used in biomedical
applications.23,24 Col plays a key role in the management and
healing of chronic wounds. This polymer stimulates new tissue
growth under in vivo conditions by attracting ﬁbroblasts and
promotes deposition of new tissue to the wound bed.25,26
Electrospinning is a well-known highly productive, uncomplicated, simple, and inexpensive method for fabrication of
nonwoven and porous nanoﬁbers with unique biocompatible
properties.27,28 The electrospun nanoﬁbers show speciﬁc
abilities in encapsulating functional agents to achieve a
sustained-release system.29,30 Therefore, electrospun nanoﬁbers have attracted great attention as wound dressings.31,32
The chronic wound-healing process is an intricate, timeconsuming process susceptible to external biological attack,
which promotes wound infection. Therefore, it is necessary to
form a controlled environment for wound healing with the
help of a suitable wound dressing.33
According to the best of the author’s knowledge, a number
of studies have been published on hydrogel-based and
polymeric electrospun nanoﬁber-based wound dressings for
the wound-healing process.34−37 But these structures, as drugfree and nonabsorbent wound dressings, encourage bacterial
growth in the wound due to trap exudates, a major drawback of
such dressings.38
In this regard, fabrication of drug-loaded wound dressings
with anti-inﬂammatory and anti-infective properties by
polymeric electrospun nanoﬁbers is a vital need. An ideal
wound dressing should have special properties such as cell
delivery into wounds, oxygen exchangeability, and speciﬁc
surface area for angiogenesis.16,39,40 Therefore, drug-loaded
electrospun nanoﬁbers as a porous structure with high surfaceto-area ratio can oﬀer the best framework for controlling the
wound environment.
Recent studies have shown that drug-free Cho/PEO/Col in
the form of electrospun nanoﬁbers is a promising candidate for
the wound-healing process as a wound dressing. Because Cur is
responsible for the antibacterial activity, Cur-loaded Cho/
PEO/Col in the form of electrospun nanoﬁbers is suggested as
a unique template of wound dressing scaﬀolds which is not
reported elsewhere. Accordingly, the present study has focused
on fabricating electrospun Cho/PEO/Col nanoﬁbers containing Cur for wound dressing applications.

2. MATERIALS AND METHODS
2.1. Materials. Low molecular weight Cho powder (85%
deacetylation degree, 9012-76-4), collagen (type I, C9879), and
PEO (MW ∼ 900 000, 25322-68-3) were purchased from Atomix
(Belgium), Sigma-Aldrich (St. Louis, MO), and Aldrich (Germany),
B
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Figure 1. Steady-shear viscosity (shear rate 100 S−1) as a function of shear rate for Cho/PEO/Col solution before and after adding 5%, 10%, and
15% of Cur. P-value is deﬁned as ***P < 0.001 compared with Cho/PEO/Col as control sample.
apparent density =

2

mat thickness (cm) × mat area (cm )

(1)

g

( )
bulk density of poylmer ( )
apparent density

porosity (%) = 1 −

humidiﬁed atmosphere under 5% CO2. Culture medium (DMEM
with 10% FBS) containing cells without any membrane or Cur was
tested as a control. The Alamar blue assay was used to assess the cell
growth on the mats at days 1, 3, and 7 (three replicates for each
group). The absorbance (optical density) of each solution was
determined at 570 nm using a microplate reader (BioTek, Bad
Friedrichshall, Germany), and the obtained results were reported as
the percentage of relative growth rate using eq 4:

mat mass (g)

cm3

g

cm3

(2)

The bulk density of Cho, PEO, and Col is 1, 1.3, and, 1.21 g/cm3,
respectively.
2.3.2. Fourier Transform Infrared (FTIR) Spectroscopy. Fourier
transform infrared (FTIR) spectra of all electrospun nanoﬁbers and
Cur were evaluated using an FTIR spectrometer (AVATAR 370 FTIR
Nicolet Thermo Scientiﬁc Co., Waltham, MA). Spectra were recorded
between 400 and 4000 cm−1.
2.3.3. Water Uptake Ability. To evaluate the water uptake behavior
of electrospun nanoﬁbers, all structures were incubated in pH 7.4
phosphate-buﬀered saline (PBS) at 37 °C for 24 h (n = 3). Water
uptake was calculated using eq 3:
WC (%) =

W − W0
× 100
W0

relative growth rate (RGR)%
mean absorbance of the sample
=
× 100
mean absorbance of the control

(4)

2.6. In Vivo Study. 2.6.1. Animals. Wistar male rats (n = 15)
weighing 200−280 g were used for the in vivo wound study. All
animals were kept in cages and housed in a standard animal house
(with soft wood pellets as bedding) in a 12 h light/dark cycle and at
room temperature. Also, a pellet diet and water were applied ad
libitum in the animal house of Animal Care Committee of the
Mashhad University of Medical Sciences, Iran (project approval ID:
IR.MUMS.PHARMACY2.REC.1397.0.29 dated from Oct 6, 2018 to
Oct 6, 2019). All rats were allowed to acclimatize to laboratory
conditions (for feeding, watering, housing, analgesia, and any health
problems) for a week before starting the experiment without any
antibiotic treatment until the end of the in vivo study. At the end of
the in vivo study, all animals were sacriﬁced with a high dose of
halothane (according to the internationally accepted laboratory
animal use, care, and guidelines)48
2.6.2. In Vivo Wound Model. At ﬁrst, the dorsal skin of each rat
was shaved well by an electric hair clipper and sterilized with 70%
ethanol. All animals were anesthetized using a mixture of ketamine/
xylazine (0.1 mL/kg rat wt ip, contains: 100 mg/kg ketamine and 10
mg/kg xylazine) at a ratio of 1:1 given by intraperitoneal injection.
After the hair was shaved, full-thickness wounds were created in the
unreachable area between the shoulders of each rat using a 10 mm
round biopsy punch and scissors. To investigate the eﬀect of the
electrospun nanoﬁbers in treating the wound, nanoﬁber membranes
(Cho/PEO/Col and Cho/PEO/Col/Cur 15% groups) as a wound
dressing were applied to cover the wounds. Additionally, ordinary
dressing (sterile cotton gauze) was used as the untreated control
sample. On days 1, 5, 10, 15, and 20 after surgery, serial digital images
were taken from the top view of the full-thickness wound area of rats
for further analysis.
2.6.3. In Vivo Study of Wound Healing Eﬃciency of Electrospun
Nanoﬁbers. The rate of wound healing was determined by
examination of the mean wound area (mm2). To that end, digital
images were taken with a digital camera on days 1, 5, 10, 15, and 20.
The obtained images were processed with ImageJ 1.41 software.
Finally, total wound closure and the wound-healing rate of the wound

(3)

where WC is water uptake ability (%), W is the weight of the wet
sample after a speciﬁc time, and W0 is the initial weight of the dry
sample.
2.4. Mechanical Properties. The mechanical properties of the
electrospun nanoﬁbers (n = 3) were determined for 10 × 40 mm
strips. The mechanical testing device (Hounsﬁeld H50SK, UK) at a
crosshead speed of 5 mm/min to the breaking point with a 100 N
load cell was applied.
2.5. In Vitro Studies. 2.5.1. Release of Curcumin. The
electrospun Cur-loaded Cho/PEO/Col nanoﬁbers (5%, 10%, and
15% w/w) were incubated in 10 mL of PBS (pH 7.4) containing
Tween 1% v/v under shaking at 100 rpm at 37 °C (n = 3). The Cur
release was measured in the time intervals 0.08, 0.16, 0.25, 0.5, 1, 1.5,
2, 3, 4, 6, 8, 16, 24, 80, and 120 h in each sample. In this regard, 10
mL of the dissolution medium was collected from each sample tube
and replaced by the same volume of fresh PBS. The released Cur in
the PBS was determined with a UV−visible spectrophotometer
(CECIL 9000, EN) at 280 nm wavelength. Finally, the drug
concentration was calculated and expressed as the cumulative
percentage of the drug released.
2.5.2. Cytotoxicity. The cell cytotoxicity of the electrospun
nanoﬁbers (n = 4) to HDF cells was evaluated by the Alamar blue
assay. At the ﬁrst stage, the punched samples were placed in a 96-well
culture plate and sterilized with plasma for 1 h at 30 °C (Renosem,
Bucheon-si Co, Korea).47 The HDF cells (at the density of 5 × 103
cells/well) were cultured in DMEM with 10% (v/v) FBS, 100 mg/mL
streptomycin, and 100 U/mL penicillin and incubated at 37 °C in a
C
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Figure 2. Conductivity of polymer solutions before and after Cur-loading (5%, 10%, and 15%). P-value is deﬁned as **P < 0.01, ***P < 0.001,
compared with Cho/PEO/Col as control sample.
area (size) were calculated by dividing the surface area at each time
point by that of the original wound as shown by eq 5:

total wound closure (%)
ij
wound surface area on day X yzz
= jjj1 −
zz × 100
j
wound surface area on 1st day z{
k

the electrospinning process of Cho/Col was successfully
carried out in nanoscale range without any beads and with
random formation (Figure 3A). The average ﬁber diameters
were 348 ± 64 nm (Cho/PEO), 400 ± 63 nm (Col), and 371
± 46 nm (Cho/PEO/Col). According to the obtained results,
the ﬁber diameters were signiﬁcantly increased by adding the
5% and 10% of Cur into the polymer solution, up to 430 ± 43
nm and 514 ± 82 nm, respectively, compared to Cho/PEO/
Col nanoﬁbers as a control sample (Figure 3B).
The mean porosity of the Cho/PEO and Cho/PEO/Col
nanoﬁbers was reported as 89 ± 0.69 and 61 ± 0.46,
respectively. In the Cur-loaded Cho/PEO/Col nanoﬁbers with
5%, 10%, and 15% of Cur the porosity was determined to be
70 ± 0.69, 81 ± 0.4, and 75 ± 0.91, respectively.
3.2.2. Fourier Transform Infrared (FTIR) Spectroscopy.
The FTIR spectra of the functional groups of electrospun
nanoﬁbers composed of Cho, PEO, Col, and Cur are shown in
Figure 4 in the spectral range of 400−4000 cm−1. For the
Cho/PEO nanoﬁbers, the characteristic broad band exhibited
at 3400−3500 cm−1 belongs to the OH group. The broad
absorptions observed at 1638 cm−1 were attributed to the NH2
and O−C−NH2 groups. The absorptions of N−H, C−H
stretching (aromatic group), C−H stretching (aliphatic
groups), CO (carbonyl ketone stretching), and aromatic
C−C stretching in Cho/PEO were observed at 3000−3500,
2930 and 2865, 1655, and 1400−1600 cm−1, respectively. The
FTIR spectrum of Col nanoﬁbers exhibited broad absorptions
around 1243, 1454, and 1656 cm−1 attributed to N−H
bending vibrations for amide III, II, and I of the protein
structure of Col molecules, respectively. Also, the peak in the
3000−3500 cm−1 range indicated the presence of O−H
stretching of PEO in Cho/PEO/Col nanoﬁbers.
For Cur, the characteristic broad band at 3450 cm−1 and
broad absorptions at 1580 and 1480 cm−1 belong to OH and
CC stretching (aromatic group). Also, the broad absorptions of CO stretching (carbonyl ketone), C−O stretching
(aromatic group), C−O stretching (aliphatic group), and 

(5)

Also, the wound-healing rate was calculated by the following
equation:
recov % = (wound surface on 1st day − wound surface on day X )
× 100
where X is the surface measurement on a given day.
2.7. Statistical Analysis. All data are expressed as mean ±
standard deviation (SD). Statistical analyses were performed by oneway analysis of variance (ANOVA) and Tukey’s post-hoc analysis
using SPSS (version 16.0) software with signiﬁcance set at P < 0.05.

3. RESULTS
3.1. Viscosity and Electrical Conductivity of Polymer
Solutions. As shown in Figure 1, by adding drug into polymer
solutions, the viscosity was decreased from 2.03 ± 0.11 mPa·s
in Cho/PEO/Col solution to 1.82 ± 0.62, 1.58 ± 0.08, and
1.50 ± 0.07 mPa·s in solutions containing 5%, 10%, and 15%
of Cur, respectively.
A signiﬁcant diﬀerence was observed between Cur-loaded
(10% and 15%) polymer solutions with Cho/PEO/Col drugfree polymer solution (P < 0.001). Cho/PEO revealed
maximum conductivity among all polymer solutions, and by
adding Col into Cho/PEO solution, the conductivity of the
mentioned polymer solution was dramatically decreased.
Consequently, the most and the least values of conductivity
were reported for polymer solutions containing 15% (708 ± 33
μS/cm) and 5% (415 ± 5.0 μS/cm) of Cur, respectively
(Figure 2).
3.2. Characterization of the Electrospun Nanoﬁbers.
3.2.1. Fiber Diameter and Porosity Measurement. Despite
adding the Cur into the Cho/PEO/Col as polymer solution,
D
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Figure 3. Morphological characterization of electrospun Cho/PEO/Col nanoﬁbers with or without Cur-loading: (A) FESEM images of
electrospun nanoﬁbers. (B) Average ﬁber diameter of nanoﬁbers. P-value is deﬁned as ***P < 0.001 compared with Cho/PEO/Col as control
sample.

C−H bending were observed at 1600 cm−1, 1250 cm−1, 1180
cm−1, and 980 and 900 cm−1, respectively.
Furthermore, the two typical absorption bands of PEO at
960 and 846 cm−1 were observed in all nanoﬁbers. Likewise,
after Cur-loading in the Cho/PEO/Col nanoﬁbers, the
characteristic peaks of N−H bending vibrations at 1243
(amide III) and 1454 cm−1 (amide II) shift to 1254 and 1458
cm−1, respectively. In addition, the CO stretching vibration
at 1654 cm−1 (amide I) in Cho/PEO/Col nanoﬁbers shifted to
1630 cm−1 for the Cho/PEO/Col/Cur nanoﬁbers. Furthermore, C−H bending was observed at 2854 cm−1 and is related
to Cur in Cho/PEO/Col nanoﬁbers. The O−H bond in the
range of 3000−3500 cm−1 conﬁrmed the presence of the
characteristic peaks of O−H in all nanoﬁbers (with and
without Cur).
3.2.4. Water Uptake Ability Assay. The results of water
uptake capacity of the Cho/PEO/Col nanoﬁbers (with and
without Cur) after 24 h incubation in PBS of pH 7.4 at 37 °C
are given in Table 2. According to the obtained results, Cho/
PEO and Cho/PEO/Col nanoﬁbers showed maximum (944%

± 19%) and minimum (350% ± 7%) water uptake capacity
compared to Cur-loaded Cho/PEO/Col nanoﬁbers. Our
ﬁnding conﬁrmed that by adding Col and Cur into Cho/
PEO nanoﬁbers, water absorption capacity was reduced,
compared to the Cho/PEO nanoﬁbers (Table 2). The water
absorption capacities of Cur-loaded Cho/PEO/Col nanoﬁbers
(5%, 10%, and 15%) were signiﬁcantly increased compared to
those of Cho/PEO/Col nanoﬁbers and were reported as 506%
± 15%, 827% ± 11%, and 666% ± 5.4%, respectively.
3.3. Mechanical Properties of Electrospun Nanoﬁbers. Young’s modulus of Cho/PEO/Col nanoﬁbers with
diﬀerent Cur contents was evaluated (Figure 5). Young’s
modulus of Cho/PEO/Col/Cur nanoﬁbers with 5%, 10%, and
15% concentrations of Cur was 5551 ± 1217, 5388 ± 1088,
and 6151 ± 270 Pa, respectively, and was higher than Young’s
modulus of Cho/PEO/Col nanoﬁbers (5004 ± 1042 Pa). By
adding 5%, 10%, and 15% Cur into Cho/PEO/Col nanoﬁbers,
Young’s modulus increased compared to Col nanoﬁbers and
decreased compared to Cho/PEO nanoﬁbers, respectively.
However, there were no signiﬁcant diﬀerences between
E

https://doi.org/10.1021/acsbiomaterials.1c00131
ACS Biomater. Sci. Eng. XXXX, XXX, XXX−XXX

ACS Biomaterials Science & Engineering

pubs.acs.org/journal/abseba

Article

Figure 4. FTIR spectra of electrospun nanoﬁbers with or without Cur loading.

3.4. In Vitro Studies. 3.4.1. Analysis of in Vitro Release of
Cur from Synthesized Nanoﬁbers. The Cur release proﬁle of
Cho/PEO/Col nanoﬁbers was evaluated at 37 °C in a release
medium containing PBS (Figure 6). A burst release of Cur
from the 5%, 10%, and 15% of Cur-loaded Cho/PEO/Col
nanoﬁbers occurred during 2 (98 ± 0.02%), 6 (77.9 ± 0.05%),
and 16 h (80.6 ± 0.04%), respectively. Also, after 24 h, the in
vitro release proﬁle showed 100%, 93%, and 84% releases from
Cho/PEO/Col nanoﬁbers with 5%, 10%, and 15% of Cur,
respectively. The nanoﬁbers with a higher concentration of the
Cur (15%) showed slow-release behavior during longer
periods of time.
3.4.2. In Vitro Cytotoxicity Assay. The viability of HDF
cells cultured on Cho/PEO/Col nanoﬁbers (with or without
drug) at a period of 1 and 3 days was evaluated by the Alamar

Table 2. Water Uptake Ability of Electrospun Cho/PEO/
Col Nanoﬁbers (with and without Cur) after 24 h
sample
Cho/PEO
Cho/PEO/Col
Cho/PEO/Col/Cur 5%
Cho/PEO/Col/Cur 10%
Cho/PEO/Col/Cur 15%

after 24 ha
944%
350%
506%
827%
666%

±
±
±
±
±

19%
7%
15%*
11%*
5.4%*

a
P-value is deﬁned as *P < 0.05 compared with Cho/PEO/Col as
control sample.

Young’s modulus of all nanoﬁbers with Cho/PEO/Col, which
has been used as a control sample (P < 0.05).

Figure 5. Mechanical properties (Young’s modulus) of the Cho/PEO/Col nanoﬁbers with and without Cur.
F

https://doi.org/10.1021/acsbiomaterials.1c00131
ACS Biomater. Sci. Eng. XXXX, XXX, XXX−XXX

ACS Biomaterials Science & Engineering

pubs.acs.org/journal/abseba

Article

Figure 6. Drug-release proﬁle of Cur from the Cur-loaded Cho/PEO/Col nanoﬁbers.

Figure 7. Evaluation of cell viability of human dermal ﬁbroblast (HDF) cells cultured on Cho, Col, and Cho/PEO/Col with and without 5%, 10%,
and 15% of Cur. Cells cultured in medium only were used as control samples. P-value is deﬁned as ***P < 0.001 in compared with Cho/PEO/Col
as untreated control sample.

blue assay. The cell viability was reported as 107% ± 13% and
111% ± 10% for Col and Cho/PEO/Col nanoﬁbers. The Curloaded Cho/PEO/Col nanoﬁbers showed higher cell viability
(127% ± 11% for 5% Cur, 132% ± 6% for 10% Cur, and 115%
± 6% for 15% Cur) compared to Cho/PEO/Col as the
untreated control sample, and the maximum cell viability was
reported for Cho/PEO/Col/Cur 10% nanoﬁbers (Figure 7).
The mentioned results displayed similar viability in all

nanoﬁbers and untreated control samples along with good
cell viability after 3 days.
3.5. In Vivo Study. After creating wounds between the
shoulders of rats and covering them with nanoﬁber membranes
(Cho/PEO/Col and Cho/PEO/Col/Cur 15% groups) for 1,
5, 10, 15, and 20 days, the nanoﬁbers were removed, and
images were taken of the wound area (Figure 8A). The Curloaded Cho/PEO/Col nanoﬁbers (Cho/PEO/Col/Cur 15%)
treated the wound area signiﬁcantly faster than untreated
G
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Figure 8. Woundhealing study: (A) Evaluation of the wound area (as a measure of wound closure rate) in control, Cho/PEO/Col, and Cho/PEO/
Col/Cur 15% nanoﬁbers at the 0th, 5th, 10th, 15th, and 20th days in full-thickness wound-healing process in Wistar rat model (n = 4). (B) Analysis
of the percentage of the mean wound area (%). (C) Changes in percentages of recovery percentage (%). All data are expressed as means ± SD
(Tukey’s posthoc test, n = 4). P-value is deﬁned as *P < 0.05, **P < 0.01, and ***P < 0.001 compared with ordinary dressing as untreated control
sample, and #P < 0.05 Cur-loaded Cho/PEO/Col nanoﬁbers compared to Cho/PEO/Col nanoﬁbers.

loaded into Cho/PEO/Col as polymer solutions, and then an
electrospinning process was applied to fabricate all structures.
The addition of antioxidant agents, antibacterial factors, and
drugs into the polymer solutions, before the electrospinning
process, is a common and valuable method for loading a
custom amount of functional agents into nanoﬁbers.9 The
viscosity and conductivity of the polymer solution can be
aﬀected by this method. Changing the viscosity beyond a
critical value (the viscosity at which beadless uniform
nanoﬁbers are formed) can prepare uniform electrospun
nanoﬁbers without any beads.51 In this study, viscosity was
respectively decreased up to 11%, 22%, and 26% in the Curloaded polymer solution, compared to the Cur-free polymer
solution. Also, by increasing 5% and 10% of Cur, the
conductivity of polymer solution was decreased, while the
ﬁber diameter was increased. Moreover, the conductivity of the
polymer solution was increased by the addition of 15% Cur.
The FESEM images indicated all structures had ﬁbers with a
nanoscale range similar to ECM structure in native tissue.52
Accordingly, the ﬁber diameters increase by adding 5% and
10% of Cur and decrease by adding 15% Cur into the polymer

groups (Figure 8A,B). The mean wound area in Cur-loaded
Cho/PEO/Col nanoﬁbers was 63% ± 18%, 26% ± 11%, 9% ±
4%, and 2.3 ± 0.9% during the in vivo study. In other words,
according to Figure 8C, the Cho/PEO/Col/Cur 15%
nanoﬁbers showed a signiﬁcant improvement in the woundhealing rate (36% ± 18% on the 5th, 73% ± 11% on the 10th,
91% ± 4.5% on the 15th, and 97% ± 0.9% on 20th day)
compared with the ordinary dressing and Cho/PEO/Col
nanoﬁbers as the untreated control samples (P < 0.05).

4. DISCUSSION
The main objective of this study was to investigate the eﬀect of
Cur-loaded Cho/PEO/Col nanoﬁbers in the wound-healing
process. Cho and Col as a wound dressing are suitable
biopolymers with biocompatibility, biodegradability, and
optimum clinical performance and can be used in skin
regeneration medicine.49 Cur has successful wound-healing
activity due to its biochemical properties that include antiinfectious, anti-inﬂammatory, and antioxidant eﬀects.50 So, in
this study, three diﬀerent concentrations of Cur have been
H
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loaded Cho/PEO/Col nanoﬁbers was observed, and this is in
accordance with results reported by Ma et al.63
Electrospun nanoﬁbers have great potential in tissue
engineering due to good cell adhesion and proliferation.64
The Cho and Col nanoﬁbers are produced as suitable polymers
for tissue engineering applications.21,49,65,66 The results of
cytotoxicity assays in this study showed that Cho/PEO/Col/
Cur had no cytotoxicity eﬀect on HDF cells, indicating that the
Cho/PEO/Col/Cur nanoﬁbers are biocompatible structures.
The fabricated Cur-loaded Cho/PEO/Col nanoﬁbers showed
a higher cell viability percentage compared with Col, Cho/
PEO, and control sample on the third day. The obtained
results conﬁrmed the eﬀective impact of cell−biomaterial
interaction between fabricated nanoﬁbers (with nanoscale ﬁber
diameter, speciﬁc surface area, and high porosity) and HDF
cells.67 Col nanoﬁbers were introduced as a promising wound
dressing in the wound-healing process. However, its use as a
wound dressing was limited due to poor mechanical properties
and fast biodegradation. Therefore, mixing Cho/PEO with Col
has been eﬀective in the reinforcement of the fabricated
structures and has compensated for the poor mechanical
properties of Col.
Nanoﬁbers as porous structures with high exudate
absorption capacity are known as promising candidates in
the wound-healing process.68 Also, the ability of nanoﬁbers to
exchange oxygen has a signiﬁcant inﬂuence on blood vessel
renewal, cell viability and proliferation, and control of
infection.69 A review of the literature has shown that Cho/
PEO/Col/Cur nanoﬁbers can be used as a compound for the
production of wound dressings, and it is useful to produce
strong hydrogel membranes and freeze-dried structures.8,70
In this study, visual observation of the wound area showed
that wounds treated by Cho/PEO/Col/Cur 15% nanoﬁbers
are healthier compared to other groups. It has also shown that
topical applications of Cho/PEO/Col/Cur 15% nanoﬁbers
with longer sustained drug release increase the wound closure
rate in full-thickness wound healing in the rat model. It is
hypothesized that the Cho/PEO/Col/Cur 15% nanoﬁbers,
with a faster wound-healing process, higher recovery
percentage (wound-healing rate), and decreased risk of
infection can provide a suitable environment for renewal cell
and exchange ability.

solution. According to the obtained results, the conductivity of
Cho/PEO/Col nanoﬁbers played a prominent role in
controlling ﬁber diameter. Increasing the conductivity caused
an increase in the number of electric charges on the surface of
the droplet polymer solution at the ending point of the
injection. The surface of the charged droplet, form a Taylor
cone. Next, by increasing the conductivity, the elongation
capacity of the polymer solution increased, and ﬁbers with a
smaller diameter were fabricated by the electrospinning
process.53,54 Researchers have shown that the incorporation
of Cur actually increases the conductivity of the polymer
solution due to formation of conjugated double bonds with the
polymer solution.55 Cur acts as doping for the purpose of
modulating the electrical properties of the polymer solution.
Doping causes the mobility of either holes or electrons to
increase dramatically, thus increasing the electrical conductivity of the system and causing the Cur−polymer solution to
become a conductor.56 FTIR spectra have revealed the
functional groups of electrospun Cho/PEO/Col nanoﬁbers
with and without Cur to be in the spectral range of 400−4000
cm−1. Accordingly, the shifted broad absorptions of Curloaded Cho/PEO/Col nanoﬁbers at 1254, 1458, and 16530
cm−1 were attributed to N−H bending vibrations for amide III,
II, and I after drug loading, conﬁrming the presence of Cur in
Cho/PEO/Col nanoﬁbers. Also, as observed in the FTIR
spectra of Cur-loaded Cho/PEO/Col nanoﬁbers, they show
stronger peaks of NH and OH at about 3300−3500 cm−1
compared to the Cur-free nanoﬁbers. In other words, after
adding Cur, stronger hydrogen bonding occurred, causing
more hydrophilicity in Cur-loaded Cho/PEO/Col nanoﬁbers
than in drug-free structures. Additionally, by increasing the Cur
concentration, the hydrophilicity and water uptake capacity
were clearly increased, which is in agreement with those
reported by Xiao et al.57
Also, Xu et al.58 conﬁrmed the constant relation between
porosity and water uptake capacity. Accordingly, in Cho/PEO/
Col nanoﬁbers with 5% and 15% of Cur, the porosity and
water uptake capacity were reported as 70% ± 0.69%, 75% ±
0.91%, and 506% ± 15% and 666% ± 5.4%, respectively. In the
following, the Cho/PEO/Col nanoﬁbers with 10% Curloading were shown to have maximum water absorption
capacity due to having the most porosity between all
nanoﬁbers.
In the following, we hypothesize that the Cho/PEO/Col
nanoﬁbers with 10% Cur-loading showed maximum water
absorption capacity due to increased pore size, volume, and
porosity in Cho/PEO/Col nanoﬁbers. Diﬀerent drug concentrations signiﬁcantly impacted the drug loading eﬃciency. It
has been shown that electrospun nanoﬁbers, due to high
porosity and high speciﬁc surface area, can load a lot of drugs
(up to ∼98%).59−61 Anitha et al. reported that at low pH, due
to the residual amine group of Cho with a high density of
positive charge, greater amounts of drug would diﬀuse out.62
In the Cur-loaded Cho/PEO/Col nanoﬁbers, the amino
groups on Cho interact with anionic groups of Cur, and this
phenomenon is a key parameter in limiting Cur release.
According to Rezaei et al., in Cho/PEO/Col nanoﬁbers as a
hybrid, the hydroxyl and amino groups of Cho presented
intermolecular electrostatic attractions and hydrogen bonds
with carbonyl and amino groups of Col.8 Moreover, increasing
the Col content in the hybrid Cho/PEO/Col nanoﬁbers has a
positive impact on the Cur release in Cur-loaded Cho/PEO/
Col nanoﬁbers. Also, more sustained release behavior of Cur-

5. CONCLUSION
This study investigated the production of Cur-loaded Cho/
PEO/Col nanoﬁbers by the blend−electrospinning process to
provide for the treatment of full-thickness wounds in rat
models. The fabricated Cho/PEO/Col nanoﬁbers possess a
porous, nanoscale, and beadless structure with optimum
biocompatibility. The FTIR results conﬁrm the loading of
Cur in Cho/PEO/Col/Cur nanoﬁbers. The 15% Cur-loaded
Cho/PEO/Col nanoﬁbers had a long Cur release proﬁle and
showed good cell biocompatibility and excellent in vivo
performance for wound healing in comparison with drug-free
nanoﬁbers. The new formulation of Cur-loaded electrospun
nanoﬁbers can control the bacterial growth in the wound
environment and will help to overcome the drawbacks and
limitations of drug-free wound dressings. Overall, the ﬁndings
of this study have demonstrated that the novel developed
Cho/PEO/Col/Cur nanoﬁbers, with high biocompatibility,
suitable mechanical characteristics, and low cytotoxicity can be
a suitable platform for wound-healing applications as a
promising wound dressing.
I
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