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1. Introduction
The wound healing process is a complex but co-

ordinated cascade of cellular interactions starting 
automatically after injury leading to save skin in-
tegrity [1]. This natural, time-consuming process 
has a severe impact on patient’s health due to the 
possibility of inflammation, bacterial infection, 
even amputation and reducing the quality of life 
[2]. In addition, sometimes with special conditions 
such as infected or chronic wounds including dia-
betic ulcers, the biological event of healing seems 
to be ineffective for wound closure, therefore appli-
cation of supplementary equipment is required [1]. 
Various poultices and compounds have been evalu-

ated as a salve for the optimal treatment of wounds 
to promote the healing process and prevent scar 
tissue formation [3, 4]. Further developments have 
yielded biomaterials, composed of both synthetic 
and natural polymers, efficient in wound healing 
and hemorrhage control while exhibiting other 
crucial properties including non-toxicity, inert-
ness, non-antigenicity, bio-adhesion, bio-compati-
bility, antimicrobial properties and bio-degradabil-
ity [5]. However, traditional wound dressings only 
passively cover the injury site and their therapeutic 
effect is highly reliant on the biomolecules released 
from them [6, 7]. 

Unimpaired healthy skin exhibits a transepithe-

Conductive polymers offer great potential in skin tissue regeneration due to the promoted cellular activity and accel-
erate healing process. Herein, a polymeric nanofibrous dressing was prepared based on oxidized-nanocrystal cellu-
lose/aminated reduced graphene oxide and polyvinyl alcohol (AD-CNCs/NH2rGO/PVA) to enhance cell proliferation 
with electrical fields for wound healing. For this purpose, CNCs were produced from cotton cellulose and oxidized 
in the presence of sodium periodate. Following the synthesis of rGO and its functionalization with amine, the cross-
link between oxidized CNCs and NH2rGO was created by the Schiff-base reaction. The prepared nanocomposite was 
mixed with PVA and different proportions of curcumin. The polymeric nanofibrous scaffolds were prepared by elec-
trospinning. With the increase in curcumin content, the hydrophobicity of the composition and the diameter of the 
nanofibers increased, while the uniformity and mechanical properties were optimized. The PVA/AD-CNCs/NH2rGO/
curcumin nanofibrous scaffold exhibited electrical conductivity and satisfactory thermal stability. The PVA/AD-CNCs/
NH2rGO/curcumin biodegradable nanofibrous scaffold was biocompatible and presented a satisfactory performance 
in cell attachment, proliferation and spreading, requirements for wound healing purposes.
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lial potential (TEP) of up to 100 mV across the epi-
dermis, varying based on the anatomical part [8]. 
Injury to the skin disrupts the TEP, generating an 
endogenous electrical field (EF) channeled from the 
normal skin to the site of injury. This phenomenon 
guides cell orientation, migration and proliferation, 
promotes tissue growth, and regulates angiogene-
sis and re-epithelialization [9]. The electroactive 
dressings engineered from conductive polymers 
create a channel transmitting endogenous bioelec-
tric signals to the wound in order to promote the 
proliferation and differentiation of electrical stim-
uli-responsive cells and consequently accelerate 
the wound healing process. Inspired by the endog-
enous EF of the injury site, several current studies 
have shown that conductive materials not only can 
regulate cellular activities in acute wounds but also 
can be beneficial in treating chronic diseases such 
as diabetic ulcers [10, 11]. Pathogenesis of chron-
ic or non-healing ulcers is mainly associated with 
the prolonged presence of myeloid cells due to in-
creased expression of pro-inflammatory cytokines 
and imbalanced oxidative stress leading to necrot-
ic tissues [1]. It seems that applying electroactive 
material containing conductivity comparable to 
the natural skin, on the wound bed to stimulate the 
endogenous current can correct the imbalance and 
modulate the behavior of macrophages, neutro-
phils and keratinocytes as a beneficial way to accel-
erate wound healing [12, 13]. 

Among various known conductive polymers, 
studies mostly used polyaniline, polypyrrole and 
polythiophene, however, their inherent limitations 
such as poor mechanical properties necessitate 
chemical modification or physical blending with 
non-conductive polymers [14-17]. Notwithstand-
ing, important limitations exist with regard to these 
conductive materials including toxicity, non-de-
gradability, and difficult performance [8].

Owing to its biocompatibility, biodegradability, 
hydrophilicity, water-holding capacity and various 
biological activities, cellulose has been employed 
for the development of wound dressings and skin 
substrates. Cellulose-based scaffolds have been rec-
ommended as temporary dressings for the treat-
ment of wounds, including critical wounds, sec-
ond-degree burns, skin graft sites, post-traumatic 
abrasions and tears, and tissue removal sites by 
surgeons [6, 18, 19]. A crucial feature of a favorable 
skin repair material is the ability to absorb wound 
secretions during the dressing process and remove 
it from the wound surface after healing which is one 

of the limitations of traditional wound dressings. 
The hydrophilic nature of cellulose contributes 
to creating a moist environment for an improved 
healing process and acts as a barrier to microorgan-
isms and prevents post-operative adhesion [20].

In order to meet the structural characteristics 
of a scaffold, a synthetic polymer must be incor-
porated into the cellulose-based formulation [21]. 
Polyvinyl alcohol linear polymer is widely used in 
the field of wound dressing production due to low 
protein absorption, water solubility, chemical resis-
tance, hydrophilicity, non-toxicity, biodegradabil-
ity, non-carcinogenicity, swelling ability and bio-
compatibility [22]. However, cellulose and PVA are 
naturally lacking conductivity properties. There-
fore, in this study, we intend to combine the con-
ductivity of the carbonous materials with the bio-
logical properties of cellulose/PVA-based scaffold 
to develop an electrical field for wound healing.

Graphene and graphene oxide (GO) with excel-
lent conductivity, unique physicochemical struc-
ture, and biocompatibility have risen to the fore-
front of the attention for their industrial, chemical, 
and biomedical applications [23]. Reduced GO is 
preferred to GO owing to its better conductivity 
and mechanical properties, which make it a prom-
ising reinforcing nanomaterial for tissue engineer-
ing [24]. Moreover, graphene tends to aggregate in 
aqueous media and the poor dispersion places a 
limit on its applications as a biomaterial [25, 26]. 
Herein, rGO was added to the polymeric network 
not only to provide electroconductivity but also to 
increase the mechanical properties, cell adhesion, 
proliferation and ultimately facilitate the wound 
healing process. Previous studies showed that in-
corporation of rGO into non-conductive polymer-
ic material forms electroactive dressings for wound 
healing by providing a channel for electrical signal 
transmission [27, 28]. Furthermore, the immuno-
modulatory properties of GO provide it with sig-
nificant advantages to overcome chronic diabetic 
ulcers [13, 29]. 

In the present study, polymeric nanofibers were 
prepared based on nanocrystal cellulose/reduced 
graphene oxide and polyvinyl alcohol (AD-CNCs/
NH2rGO/PVA). For this purpose, crystalline nano-
cellulose was prepared from cotton cellulose and 
oxidized in the presence of sodium periodate. Fol-
lowing the synthesis of reduced graphene oxide 
and its functionalization with amine, the crosslink 
between oxidized nanocrystalline cellulose and 
aminated reduced graphene oxide was created by 
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the Schiff-base reaction. The prepared nanocom-
posite was mixed with polyvinyl alcohol and dif-
ferent proportions of curcumin. Polymeric nanofi-
bers were prepared by electrospinning. Synthesized 
compounds were characterized and the properties 
of nanofibers including mechanical properties, hy-
drophilicity, electroactivity, biocompatibility and 
degradability were also investigated. 

2. Experimental
2.1. Materials and Methods

Cellulose nanocrystals (CNCs) were extracted 
from cotton and prepared by sulfuric acid hydroly-
sis. Sodium periodate (NaIO4), and ethylene glycol 
were purchased from Sigma–Aldrich and used as 
received. Polyvinyl alcohol (Mw≈72000), N,N′-di-
cyclohexylcarbodiimide (DCC), 4-dimethylami-
nopyridine (DMAP) and p-anthranilic acid were 
purchased from Sigma-Aldrich and used without 
any purification. All other reagents were purchased 
from Merck and Sigma-Aldrich and purified ac-
cording to the standard methods.

2.2. Preparation of CNC and AD-CNC
For the preparation of cellulose nanocrystals, 

first clean cotton (15 gr) was bleached using 500 
mL of sodium hypochlorite at a temperature of 
60ᶱC for 4 hours. Then the obtained bleached cot-
ton was washed several times with deionized water 
and dried for 3 days. The dried white cotton was 
hydrolyzed using 100 mL of sulfuric acid at 50°C 
for 4 hours. 

After cooling the solution using an ice bath and 
washing it with distilled water several times, in 
order to adjust the pH of the obtained product to 
pH=7.8, sodium hydroxide solution and hydro-
chloric acid were used. For homogenization, it was 
sonicated with a bath-type sonicator for 15 min, 
and dried.

In order to prepare oxidized cellulose nanocrys-
tals (AD-CNC), sodium periodate (0.24 gr, 1.13 
mmol) was dissolved (1%w/v) in 40 mL aqueous 
suspension of cellulose nanocrystals and the reac-
tion mixture was allowed to stir in a dark room for 
about 2 hours. Then, ethylene glycol (0.12 mL) was 
quickly added to the suspension to stop the oxida-
tion reaction. Ultimately, the resultant suspension 
was dialyzed and dried [30,31].

2.3. Determination of aldehyde content 
The grade of oxidation was determined by cal-

culation of the aldehyde content. For this purpose, 

through the Schiff-base reaction, the oxidized cel-
lulose nanocrystal was converted into oxide by 
hydroxylamine hydrochloride. In sodium hydrox-
ide solution with pH=5, 20 ml of 0.72 M hydrox-
ylamine hydrochloride was added to the oxidized 
cellulose nanocrystal solution and stirred for 24 
hours at 40°C. The consumption amount of sodium 
hydroxide (Vc) was recorded and the nanocrystal-
line cellulose solution without oxidation was used 
as a control (Vb). The amount of aldehyde in the 
oxidized solution was calculated by the eq. 1. If the 
sodium hydroxide concentration is 0.5 M, m is the 
dry weight of oxidized cellulose nanocrystals, and 
M is the molecular mass of repeating units in oxi-
dized cellulose nanocrystals [31,32].

Aldehyde(%) =
(Vc − Vb) × MNaOH

(m Mw⁄ )
× 100 

    
2.4. Amination of graphene oxide (NH2rGO)

The rGO was synthesized according to previ-
ous works [24, 33]. The NH2rGO was prepared 
using the esterification method. Briefly, a 100-mL 
two-necked flask was charged with rGO(1 gr) and 
4 mL of dimethylformamide (DMF). In order for 
homogenization, the suspension was sonicated 
with a bath-type sonicator for 10 min, and then dry 
30 mL of tetrahydrofuran (THF) and anthranilic 
acid(27 mmol) were added. Next, 4-dimethylamin-
opyridine(30 mmol) and N, N′-dicyclohexylcarbo-
diimide(30 mmol) were introduced to the solution 
and the reaction mixture was de-aerated by bub-
bling highly pure argon for 10 min and stirred for 
48 hours at ambient temperature. Succeeding the 
completion of the reaction, the precipitates were 
filtered and THF was removed and ultimately the 
product was dried at 60°C[31].

2.5. Electrospun nanofibers preparation
In order to prepare nanofibers, PVA, NH2rGO 

and AD-CNCs in a ratio of 1:1:1 with different 
concentrations of curcumin (0.04 % and 0.08 % ra-
tio for all compositions) were mixed in methanol 
solvent. Then electrospinning was performed at a 
feeding rate of 0.5 mL/hour with a voltage of 20 kV 
and a distance of 15 cm from the collector. The pro-
duced scaffold was collected on a rotating drum, 
dried in a vacuum oven and kept in a desiccator.

2.6. Biocompatibility test
An MTT assay was used to determine the cy-

Aldehyde(%) =
(Vc − Vb) × MNaOH

(m Mw⁄ )
× 100 
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totoxicity of prepared electrospun nanofibers. 
Primary Dermal Fibroblast; Normal, Human, 
Adult (HDFa) (ATCC PCS-201-012) were em-
ployed in the cytotoxicity tests.  Cells were grown 
in Dulbecco’s modified Eagle’s medium (DMEM; 
Sigma-Aldrich, USA) containing 10% (v/v) fe-
tal bovine serum (FBS) and antibiotics (100 mg/
ml penicillin-streptomycin). Cells were seeded 
in 96-well plates with a density of 5 ×104 cells/ml 
and allowed to adhere overnight, and then treated 
with nanofibers (5 × 5 mm2). After an incubation 
period of 1, 3 and 5 days, 50 mL of 3-[4,5-dimeth-
ylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide 
(MTT) reagent (2 mg/mL in phosphate-buffered 
saline, PBS, pH 7.4, Invitrogen, CA, USA) was 
added to each well, followed by incubation at 37°C 
for 4 hours. The formazan crystals were dissolved 
in dimethyl sulfoxide and the UV absorbance was 
measured at 570 nm using an ELx 800 plate reader 
(Biotek, San Francisco, CA, USA) [31,34].

2.7. Characterization
The morphology of the prepared scaffolds was 

determined using field emission scanning electron 
microscope (FESEM) type 1430 VP (LEO Electron 
Microscopy Ltd, Cambridge, UK). Fourier trans-
form infrared (FT-IR) spectra of the samples were 
evaluated at room temperature using a Shimadzu 
8101 M FT-IR (Shimadzu, Kyoto, Japan) with a fre-
quency range of 400-4000 cm-1 and equipped with 
an attenuated total reflection center. The thermal 
properties of the samples were evaluated using a 
thermogravimetric analyzer (TGA-PL STA 1640 
equipment (Polymer Laboratories, Shropshire, 
UK). Thermogravimetric analyses (TGA) were 
conducted under a nitrogen atmosphere in a tem-
perature ranging from 25°C to 700°C with a heating 
rate of 10°C/min-1. Electrochemical data acquisi-
tion was performed using Auto-Lab PGSTAT302N 
(Metrohm, Switzerland). Electrochemical cell 
contained three electrodes (working, counter, and 
reference). Ultimate tensile strength and strain to 
failure were determined using a Zwick tensile tester 
(Z 010, Zwick/Roell, Ulm, Germany). The wettabil-
ity of the electrospun nanofibers was evaluated by 
measuring the water droplet contact angle with an 
OCA 20 Plus goniometer system (DataPhysics In-
struments GmbH, Filderstadt, Germany).
3. Results and discussion

Electrospinning is the most common way to 
manufacture nanofibers made of one polymer 
type, mixed polymers or polymers reinforced 

with different nanofillers. Addition of nanofill-
er reinforcements augments the properties of the 
fabricated electrospun nanofibers, including an-
tibacterial and biological activity, porosity, and 
electrical and mechanical properties. Studies have 
introduced nanofillers such as metals and metal 
oxides (silver nanoparticles and titanium dioxide) 
and carbon-based materials (graphene nanosheets, 
graphene oxide and carbon nanotubes) to the fi-
brous matrix. Among these nanofillers, graphene, 
a single-layer two-dimensional (2D) crystalline, 
has been proven as a practical biocompatible ma-
terial in several biomedical applications such as the 
development of scaffolds, drug delivery, imaging, 
and biosensors [23]. Incorporation of graphene 
nanosheets into nanofibers leads to the formation 
of highly oriented structures and networks inside 
polymer matrices modifying the electrical, me-
chanical, and thermal properties of the resulting 
composite [35, 36]. 

In this study, polymeric nanofibers were pre-
pared based on nanocrystal cellulose/reduced 
graphene oxide and polyvinyl alcohol. The pre-
pared nanocomposite was mixed with different 
proportions of curcumin and the polymeric nano-
fibers were prepared by electrospinning. 

3.1. Characterization of nanofibers
3.1.1. Morphological study of produced nanofi-
bers

Figure 1 presents SEM images of AD-CNCs/
NH2rGO/PVA nanofibrous composite without 
curcumin, and with 0.04% and 0.08% curcumin 
content. The polymeric structure of AD-CNCs/
NH2rGO/PVA possesses numerous pores. As can 
be seen, the morphology of the composite without 
curcumin has changed with presence of curcumin. 
With the increase of curcumin content, the diam-
eter of the nanofibers increased from 40-100 nm 
for composite without curcumin, 700-750 nm for 
composite with 0.04%  curcumin content to about 
850-900 nm for composite with 0.08% curcumin 
content and the nanofibers presented a uniform 
morphology, while in the samples without curcum-
in, the nanofibers did not have a uniform diameter 
and morphology. Previous studies demonstrated 
similar alterations in fiber’s morphology following 
the addition of curcumin [37, 38]. The distributed 
curcumin not only acts as an anti-oxidant but also 
plays a crucial role in reinforcing the fibrous ma-
trix, contributing to enhanced mechanical proper-
ties and bioactivity [38].
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3.1.2. FTIR analysis
Figure 2 demonstrates the FTIR spectra of AD-

CNCs/NH2rGO/PVA nanofibrous composite with 
and without curcumin content. The FTIR spectrum 
of rGO exhibits characteristic absorption bands due 
to stretching vibrations of aromatic C–H (3000– 
3100 cm-1), the OH stretching vibration at 3475 
cm-1, and the C=C stretching vibration of the ben-
zenoid units at 1550 cm-1, and the C-O stretching 
vibration at 1176 cm-1. A broad stretching vibration 
at 3419 cm-1 is detected in the FTIR spectrum of 
CNCs can be assigned to OH groups, and the C-O 

stretching vibration at 1114 cm-1. The spectrum of 
PVA shows the OH groups stretching vibrations 
at 3400 cm-1, and the absorption bands at 2800-
2950 cm-1 due to stretching vibrations of aliphatic 
C–H. In the spectrum of AD-CNCs/NH2rGO/PVA 
nanofibrous composite without curcumin, the ab-
sorption bands observed at 3400-3450 cm-1, 2800-
2950 cm-1 and 1610 cm-1 are due to the O-H groups 
of polyvinyl alcohol, aliphatic C-H and the imine 
group resulting from the Schiff-base crosslink re-
spectively. The band at 1600-1400 cm-1 corresponds 
to the C=C bonds of curcumin.

 
Figure 2. FE-SEM images of AD-CNCs/NH2rGO/PVA nanofibrous matrix without curcumin (a), 

with 0.04% (b) and 0.08% (c) curcumin  

 

 

 

 

 

 

 

Figure 3. FT-IR spectra of CNCs, rGO, PVA, Composite with and without curcumin 

Fig. 1- FE-SEM images of AD-CNCs/NH2rGO/PVA nanofibrous matrix without curcumin (a), with 0.04% (b) and 0.08% (c) curcumin.

Fig. 2- FT-IR spectra of CNCs, rGO, PVA, Composite with and without curcumin.
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3.1.3. XRD
XRD patterns of rGO are shown in Figure 3 

(red). For rGO, the amorphous surface correspond-
ing to the reduced graphene oxide at 2θ=26 can be 
seen.  XRD patterns of CNCs with typical features 
are shown in Figure 3 (blue). The peaks related to 
the crystalline surfaces of cellulose nanocrystals 
are seen at 2θ=23.3, 29.14, 32.1, 34.1, and 47.9. As 
can be seen in XRD patterns of composite without 
curcumin (navy blue), the created crystalline sur-
faces are different from rGO and CNCs, because 
the crosslink between the two compounds changes 
crystalline surfaces creating new crystalline regions. 
Moreover, the polyvinyl alcohol has semi-crys-
talline surfaces around degrees 19 and 39, related 
to intermolecular and intramolecular hydrogen 
bonds. The XRD patterns of composite with 0.04% 
curcumin demonstrate the crystal levels related to 

curcumin up to the 2θ=30, such as 7.96, 8.90, 12.26, 
14.54, and 17.24. The crystalline surfaces related to 
the combination of PVA/AD-CNCs/NH2rGO are 
also seen in the sample. It seems that compared to 
the sample without curcumin, the peaks have over-
lapped, but the intensity of the peaks has increased. 
Furthermore ,crystallit sizes and lattice parameters 
for samples are shown in Table 1. As can be seen in 
Table 1, the lattice strain in the composite and also 
with the addition of curcumin increases. Also, the 
crystallite size in the composite with curcumin has 
decreased compared to other samples. In addition, 
in XRD spectra, the degree of crystallinity increas-
es with the sharpening of the peaks.

3.1.4. Thermal stability
The thermogravimetric analysis of CNCs, PVA/

AD-CNCs/NH2rGO and PVA/AD-CNCs/NH2r-

Table 1- Crystallit sizes and lattice parameters for samples 

 

Figure 4. XRD spectra of rGO (red), CNCs (blue), Composite without curcumin (Navy blue), 

and composite with curcumin (green) 

Fig. 3- XRD spectra of rGO (red), CNCs (blue), Composite without curcumin (Navy blue), and composite with curcumin (green).
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GO scaffold containing curcumin were carried out 
to determine the weight changes in relation to tem-
perature increase. According to the TGA curves 
(Fig. 4), from the ambient temperature (24°C) to 
100°C, there is a slight weight loss in the samples 
due to the evaporation of adsorbed water. By in-
creasing the temperature up to 349.09 °C, 334.4 °C 
and 384.9 °C there is a large loss of mass in CNCs, 
PVA/AD-CNCs/NH2rGO and PVA/AD-CNCs/
NH2rGO/curcumin samples respectively, destroy-
ing 65%, 46.7% and 41.1% of the compositions. 
Cellulose has a high ability to absorb moisture; 
therefore, this result can be due to dehydration and 
loss of remaining moisture. Degradation tempera-
ture of cellulose has been reported to be 300-450°C, 
depending on various additives and bondings [39]. 
As can be observed addition of PVA and curcumin 
to the fibrous matrix increased the decomposition 
temperature. At 700°C, only 19.8% of CNCs, 9.1% 
of the composite without curcumin and 12.1% of 
the composite with curcumin remained.

3.1.5. Electroactivity
Cyclic voltammetry is a tool for measuring the 

electrical activity of compounds, which can be an 
advantage in tissue engineering since electrical sig-
nals are useful for proliferation, adhesion and dif-
ferentiation of different types of cells. CV voltam-
mograms were recorded using 1 M H2SO4 with a 
potential range of -0.2 to +1.2 V vs. Ag/AgCl at a 
scan rate of 10-50 mV s-1 [35].

As can be seen in Figure 5, compounds con-
taining rGO showed a pair of redox peaks. The 
displacement of the anode peaks is towards higher 
potentials with increasing scan rates. Therefore, the 
oxidation/reduction of polymer films is chemically 
reversible.

3.1.6. Water contact angle
Images of water drop on composite without 

curcumin, composite with 0.04% curcumin and 
composite with 0.08% curcumin are shown in Fig-
ure 6. The bioactivity of dressing scaffolds as the 

 

/Curcumin (red), and rGO 2CNCs/NH-PVA/ADrGO (blue), 2CNCs/NH-Figure 5. PVA/AD

CNCs (black) 

 

 

 

 
using 1 M  (c) without curcumin scaffoldCNCs (b), and -rGO2Vs of rGo (a), NHC. gure 6Fi

 1 -50 mV s-of 10 s0.2 to +1.2 V at a scan rate-with a potential range of  4SO2H 

 

 

 

 

 

 

 

 

 

 

Fig. 5- CVs of rGo (a), NH2rGO-CNCs (b), and scaffold without curcumin (c) using 1 M H2SO4 with a potential range of -0.2 to +1.2 V 
at a scan rates of 10-50 mV s-1 .

Fig. 4- PVA/AD-CNCs/NH2rGO (blue), PVA/AD-CNCs/NH2rGO /Curcumin (red), and CNCs (black).
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fibroblast adhesion, and proliferation on the nano-
fibrous matrix depends on its hydrophilic nature. 
The contact angle of water to nanofibers shows that 
by increasing the amount of curcumin, the compo-
sition becomes more hydrophobic. The PVA/AD-
CNCs/NH2rGO scaffold is highly hydrophilic with 
a WCA of 15.80°, however, the scaffold with 0.04% 
and 0.08% curcumin exhibit a WCA of 101.91° and 
112.48° respectively. Previous studies also cor-
roborated that the addition of curcumin to a 
nanofibrous scaffold decreases its hydrophilic-
ity [37].

3.2. Biodegradability
The degradation of the electrospun nanofibrous 

scaffold depends on various factors, including their 
hydrophobic nature, geometrical and morpholog-
ical properties and environmental factors such as 
pH and temperature. In this work, SEM was used 

to indicate the degradability of nanofibers. The im-
age of the degradability of nanofibers after 10 days 
of immersion in PBS solution at 37°C is shown in 
Figure 7. 

3.3. Mechanical properties
The mechanical properties of engineered scaf-

folds are a crucial factor for tissue engineering and 
wound healing since they affect cell-scaffold inter-
actions, cell adhesion, growth, and signaling proce-
dures. For instance, the elasticity of scaffolds affects 
cellular activity such as cell distribution and differ-
entiation. The wound dressings have to be strong 
enough to be applied to the wound site and readily 
removed without causing any damage to the newly 
formed tissues. Furthermore, the stiffness controls 
the cell-scaffold interactions. Cell adhesion and 
stretching along the matrix necessitate sufficient stiff-
ness to resist the deformations by cell tractions [40]. 

 

 (c) (b) (a) 

Figure 7. Contact angle images of scaffold without curcumin (a), scaffold with curcumin (0.04%) 

(b) and scaffold with curcumin (0.08%) (c) 

 

 

 

 

 

 

 

 

Figure 8. FE-SEM image of nanofibers in-vitro degradability after 10 days of immersion in PBS 

at 37°C 

 

 

 

 

 

 

 

 

Fig. 6- Contact angle images of scaffold without curcumin (a), scaffold with curcumin (0.04%) (b) and scaffold with curcumin (0.08%) 
(c).

Fig. 7- FE-SEM image of nanofibers in-vitro degradability after 10 days of immersion in PBS at 37°C.
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Mechanical parameters of the synthesized nano-
fibers are presented in Table 2. The obtained results 
show that with the increase of curcumin content, 
the amount of Young’s modulus of nanofibers has 
increased, as the scaffold with 0.08% curcumin is 

stiffer than other groups. The tensile strength of the 
scaffold decreased with addition of 0.04% curcumin 
and the elongation at break was found to be higher 
with the PVA/AD-CNCs/NH2rGO scaffold with-
out curcumin. This correlates with studies report-

 

Figure 9. In vitro cytotoxicity effects of fabricated scaffolds on HDFa cells 

 

 

 

 

 

Figure 10. Morphology of fibroblasts on scaffold with 0.04% curcumin (a), scaffold with 0.08% 

curcumin (b) and scaffold without curcumin 

 

 

 

 

 

 

Table 2- Mechanical properties of scaffolds

Fig. 8- In vitro cytotoxicity effects of fabricated scaffolds on HDFa cells.

Fig. 9- Morphology of fibroblasts on scaffold with 0.04% curcumin (a), scaffold with 0.08% curcumin (b) and scaffold without 
curcumin(c).
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ing that the mechanical strength of fibrous scaffolds 
is controllable by the ratio of their additives. The 
mechanical properties of the scaffolds are adjusted 
according to the type of tissue. Several studies sug-
gest that nanofibrous scaffolds with tensile strength 
ranging from 0.7 to 18 MPa are suitable for dermal 
applications [40, 41]. 

3.4. Biocompatibility
Biocompatibility of biomaterials is an essential 

requirement for their application in wound healing 
due to its direct effect on cell attachment, prolifera-
tion, migration, differentiation and ultimately new 
tissue formation. The cytotoxicity of electrospun 
nanofibers was investigated by MTT assay at an ini-
tial seeding density of 5 ×104 cells/mL using HDFa 
cells. As shown in Figure 8 compared to the con-
trol sample, the fabricated wound healing scaffolds 
were conductive to HDFa cells proliferation. No 
significant difference is detectable in cell viability 
between scaffolds at days 1 and 3. The slight differ-
ence might be due to the reduced hydrophilicity of 
fibrous scaffold following the addition of curcum-
in, which has a noticeable effect in cell adherence 
and proliferation.

Structural properties of fabricated biomaterials 
regulate the cell and scaffold interactions, cellular 
signaling, nutrients transport and biological mo-
lecular activity for cell proliferation and deposition 
of ECM, initiating a cascade of biological pro-
cesses leading to tissue repair. It has been shown 
that cells prefer to attach and penetrate the fibrous 
scaffolds with thicker fibers. Moreover, the surface 
porosity and wettability affect the cell attachment 
and spreading capabilities [40]. The SEM images 
(Fig. 9) of the cultured fibroblast cells on scaffolds 
showed that all fabricated nanofibrous scaffolds 
support cell morphology, attachment and spread-
ing indicating that the nanoporous topology of 
the fiber scaffolds affects the fibroblast’s activity. 
Fibroblast cells grown on the scaffolds containing 
curcumin showed irregular stretched morphology 

with an increased number of cells. Although the 
hydrophilicity of the curcumin-containing scaf-
folds was lower than the ones without curcumin, 
the increased fiber diameter, nanoporous struc-
ture and presence of curcumin resulted in high cell 
impregnation in the scaffolds. The results demon-
strated that PVA/AD-CNCs/NH2rGO nanofibrous 
scaffolds with and without curcumin content can 
support the high proliferation of fibroblasts with 
cell growth and spreading as a wound dressing ma-
terial. The scaffolds containing curcumin presented 
an acceptable performance in terms of cell spread-
ing and cell density suggesting them as a potential 
candidate for wound dressing.

4. Conclusion
Electroactive dressings containing conductive 

biomaterials, which have conductivity comparable 
to the skin, can reportedly accelerate wound re-
generation and repair [8]. Therefore, in the present 
work, electroactive wound dressings were prepared 
based on AD-CNCs/NH2rGO/PVA with different 
ratios of curcumin as an anti-inflammatory agent. 
The morphology, electroactivity and hydrophilici-
ty of nanofibers were investigated and the results 
showed that with the increase in curcumin content, 
the hydrophobicity of the composition and the di-
ameter of the nanofibers increases, while the uni-
formity and mechanical properties are optimized. 
Overall, PVA/AD-CNCs/NH2rGO/curcumin 
nanofibrous scaffolds are a potential candidate for 
wound dressing since the scaffolds presented a sat-
isfactory performance in cell attachment, prolifer-
ation and spreading, requirements for wound heal-
ing purposes.
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