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Abstract
The most widely used one-dimensional (1D) carbonaceous nanomaterials in tissue engineering are carbon nanotubes, either 
single or multiwalled. Other forms of 1D nanomaterials, such as carbon nanowires and carbon nanofibers, have been less 
explored for biomedical applications. Herein, we synthesized 1D-activated carbon nanofiber nanoparticles (ACNF NPs) 
from the polyacrylonitrile electrospun nanofibers by continuous processes like stabilization, alkali treatment, calcination, 
and grinding. Two different sets of ACNF NPs-containing electrospun polycaprolactone (PCL) nanofiber mats, viz. surface-
modified NP-deposited mats (ACNF@PCL) and NP-incorporated mats (ACNF-PCL), were prepared to examine their poten-
tial as skin tissue engineering scaffolds. Raman spectra demonstrated that ACNF NPs exhibited graphitization degree with 
an ID/IG ratio of 1.05. Scanning electron microscopy (SEM) observations showed that ACNF NPs are sized 280 ± 100 nm 
by diameter and 565–3322 nm by length. The NPs concentrated above 30 μg/mL were found to exhibit toxicity with < 70% 
viability of NIH3T3 fibroblasts on 48 h. The ACNF-PCL nanofiber mats displayed better cell proliferation profile showing 
significant changes compared to PCL and ACNF@PCL mats on days 1, 3, and 5. Hence, we concluded that ACNF-PCL 
mats with less concentration of ACNF NPs have more potential to support cellular growth, ensuring its possible impact on 
skin tissue regeneration.
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1  Introduction

Carbonaceous nanomaterials are the specialized candidates 
in biomedical fields, including drug delivery, bioimag-
ing, antibacterial application, and tissue engineering [1]. 

The nanomaterials exhibit massive structural diversities as 
the carbon atoms involve in covalent bonding at different 
hybridization states (sp, sp2, and sp3) [2]. The allotropes 
of carbon nanomaterials are classified into different dimen-
sional nanostructures, i.e., 0D (ex. quantum dots), 1D (ex. 
carbon nanotubes), and 2D (ex. graphene nanosheets), 
and their electrical properties are highly influenced by the 
degree of replication [3]. As far as 1D-carbon nanomaterials Sangmun Choi and Iruthayapandi Selestin Raja contributed equally 

to this work.

 *	 Dong‑Wook Han 
	 nanohan@pusan.ac.kr

 *	 Jong‑Chul Park 
	 parkjc@yuhs.ac

1	 Department of Medical Engineering, Graduate 
School of Medical Science, Brain Korea 21 Project, 
Yonsei University College of Medicine, Seoul 03722, 
Republic of Korea

2	 BIO-IT Fusion Technology Research Institute, Pusan 
National University, Busan 46241, Republic of Korea

3	 Department of Electrical Engineering, Pusan National 
University, Busan 46241, Republic of Korea

4	 Department of Cogno‑Mechatronics Engineering, College 
of Nanoscience & Nanotechnology, Pusan National 
University, Busan 46241, Republic of Korea

5	 School of Chemical Engineering, College of Engineering, 
Pusan National University, Busan 46241, Republic of Korea

6	 BMG Inc, Kyoto 601‑8023, Japan

http://crossmark.crossref.org/dialog/?doi=10.1007/s42114-022-00608-x&domain=pdf


	 Advanced Composites and Hybrid Materials (2023) 6:24

1 3

24  Page 2 of 14

are concerned, carbon nanotubes (CNTs) (either single or 
multiwalled) are the well-explored nanomaterials as their 
nanocomposites in several biomedical applications, includ-
ing tissue engineering [4]. But, other 1D-carbon nanomate-
rials such as carbon nanofibers and carbon nanowires have 
been less studied for their biomedical applications. In the 
present work, we have prepared activated carbon nanofiber 
nanoparticles (ACNF NPs) from the electrospun polyacry-
lonitrile (PAN) nanofiber mats following subsequent experi-
mental processes such as stabilization, alkali treatment, cal-
cination, and grinding. And, we prepared two various types 
of electroactive nanofiber mats, i.e., ACNF@PCL by self-
deposition of ACNF NPs over electrospun polycaprolactone 
(PCL) nanofiber mats and ACNF-PCL by electrospinning 
the composite of PCL and ACNF NPs. In each type, we 
varied the concentration of NPs to have different samples 
and provided comparative data in physicochemical and cell 
line experiments for the perspective application of skin tis-
sue engineering.

When a wound appears on the skin, the transepithelial 
potential of epithelial cells is severely disturbed, causing a 
decrease in wound potential. As a result, a potential gradi-
ent is generated with a drive of positive charge flow from 
the surrounding healthy tissue to the damaged tissue [5]. 
As the effect induces directional migration of cells, the 
researchers presume that applying electroactive dressings 
at the wound site can be a promising approach healing 
the wound effectively. Electrospun nanofiber mats are a 
kind of promising 3D wound healing scaffolds exhibit-
ing air permeability, flexibility, drug encapsulation, wet-
tability, and mechanical strength [6]. It is noteworthy that 
the nanofibers’ surface properties can be tuned by the 
changes in solvent or polymeric composition, alteration 
in experimental parameters such as humidity, the distance 
between the needle and collector, and voltage, and various 
post-treatments to achieve effectiveness in tissue regenera-
tion [7, 8]. Carbon nanofibers are mainly synthesized by 
chemical vapor deposition (bottom-up) or electrospinning 
(top-down) techniques. The vapor-grown CNFs are pro-
duced up to 200 μm in length from the hydrocarbon gas 
using a catalytic growth process. They possess a stacking 
arrangement of graphene sheets with three established 
structural patterns: platelet, tubular, and herringbone [9]. 
Meanwhile, the electrospun CNFs are prepared from PAN 
polymer dissolved in dimethylformamide (DMF). Oxida-
tive stabilization is necessary to inherit the thermoset 
properties and preserve the structural integrity in PAN 
before the calcination process. These electrospun CNFs 
are continuous, highly pure, and less expensive, and can 
be prepared in large quantities with well-defined topolo-
gies. The hollow cavity in CNFs, as present in CNTs, can 
also be produced by processing the core–shell type PAN 
electrospun nanofibers [10].

CNFs possess a high aspect ratio and low electrical 
resistivity. The tensile strength and tensile modulus of 
CNFs-containing polymeric composites have been esti-
mated to be at least two orders of magnitude higher than 
that of neat polymers. For these reasons, CNFs are promis-
ing nano-filled thermosetting materials with high electri-
cal conductivity for polymers. The CNFs can be adequate, 
inexpensive replacements for CNTs in developing high-
performance resin formulations [11]. The researchers have 
revealed that electrospun non-woven carbon nanofiber 
mats have acted as the templates for anchoring photocata-
lysts like indium sulfide (In2S3) and formed hierarchical 
nanostructured heterojunction systems through the one-
pot hydrothermal method. These CNF-In2S3 photocatalysts 
exhibited larger surface area, increased photo-induced 
charge separation, and enhanced light absorption, which 
allowed them to possess greater photocatalytic activity 
than pure In2S3 [12]. However, the CNFs are not yet well 
explored for their photothermal and photodynamic proper-
ties though several research findings are available to dem-
onstrate the same for other carbon nanomaterials, including 
CNTs and graphene [13]. Notably, the researchers have 
utilized different carbon nanomaterials for the combined 
photothermal and photodynamic treatments, like the transi-
tion metal dichalcogenides, pnictogens, MXene, graphitic 
carbon nitride, and boron nanosheets [14]. Though CNFs 
have been widely studied in cathodes, anodes, and super-
capacitors for energy applications [15, 16], their uses in 
tissue engineering are significantly less. However, there 
are some scientific reports to prove the potential of CNFs 
in other kinds of tissue engineering, such as bone, muscle, 
and nerve [17–19].

For decades, researchers have been developing func-
tional electrospun nanofiber mats by incorporating bioac-
tive molecules and nanoparticles for enhanced skin tissue 
engineering [20, 21]. For instance, silver nanoparticle-
incorporated nanofiber scaffolds exhibited antimicrobial 
properties to fight against a broad spectrum of microbes at 
the wound site [22]. Copper-containing nanofiber scaffolds 
acted as wound dressing materials preventing biofilm for-
mation on the wound site [23]. Cerium oxide nanoparticle 
functionalized electrospun scaffolds have improved wound 
healing through their antioxidant properties [24]. Under 
this context, carbon-based nanomaterials such as graphene 
oxide and carbon nanotubes are included to enhance the 
electrical property of the scaffolds [25]. Some research-
ers have used them as fillers to increase the mechani-
cal strength of nanofiber mats [26]. Our work expects 
enhanced cell proliferation using NIH3T3 fibroblasts as 
the ACNF NP-based nanofiber mats are also electroac-
tive. A brief outline of the work, including synthesis of 
ACNF NPs and ACNF@PCL and ACNF-PCL mats and 
in vitro cell line studies, has been shown schematically 
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in Fig. 1. We anticipate that the comparative experimen-
tal data would determine the optimized concentrations of 
ACNF NPs in the scaffold, which can be considered for the 
in vivo skin tissue-engineering model.

2 � Experimental

2.1 � Preparation of electrospun PAN nanofiber 
and conversion into CNF and ACNF NPs

A 10% (w/v) of PAN solution was prepared by dissolving in 
DMF solvent under magnetic stirring for 4 h and taken into a 
10-mL syringe fitted with a needle (inner diameter 0.5 mm). 
The distance between the needle and the aluminum foil col-
lector on a cylindrical rotating drum was 10 cm. The speed 
of the rotating drum was set to 1000 rpm, and the applied 
voltage was 15 kV. The feeding rate of the solution was main-
tained at 0.8 mL/ h during the electrospinning process. The 
relative humidity and temperature of the chamber were main-
tained to be 35% and 25 °C, respectively. The as-prepared 
electrospun nanofiber mats were stabilized by heating in an 
air atmosphere for 2 h at 280 °C with a heating rate of 1 °C/ 
min. The stabilized mat was soaked in KOH solution (6 M) 
for 6 h, and subsequently, the calcination treatment was fol-
lowed at 800 °C for 1 h with a heating rate of 5 °C/min. The 
obtained ACNF mat was washed using acetone to remove the 
impurities and then treated with 1 N HCl to decrease the pH 

to 7.0. Then, the mat was dried in a hot air oven at 80 °C for 
12 h [27]. Then, the nanofiber mat was crushed into powder 
manually using a pestle and mortar to obtain ACNF NPs 
for characterizations. We prepared CNF NPs also skipping 
the alkali treatment in the above experimental procedures 
and characterized them to compare with ACNF NPs. We 
have shown digital images of as-prepared PAN electrospun 
nanofiber mat, stabilized PAN, calcined CNF and ACNF, and 
the powdered samples in Fig. S1.

2.2 � Preparation of ACNF@PCL and ACNF‑PCL 
nanofiber mats

We prepared two different ACNF NPs-containing PCL 
nanofiber mat groups, viz. ACNF@PCL and ACNF-PCL. 
Firstly, PCL electrospun nanofiber mat was prepared from 
the 7 mL of 10% (w/v) PCL solution in HFIP medium fol-
lowing the experimental parameters, 0.7 mL/h flow rate, 
15  kV voltage, and 1000-rpm rotor speed. To prepare 
ACNF@PCL nanofiber mats, we cut the PCL mats into 
8-mm circular disks using a hole-piercing tool. The disk-
shaped mats were placed in three sets of 10-mL glass vials 
and wetted using EtOH. A 2 mL of ACNF NPs solution 
prepared at different concentrations (EtOH, 1, 3, and 5 mg/
mL) was added to the vials and incubated for 12 h to take 
place self-deposition of the nanoparticles over the mats (Fig. 
S2). The resulting ACNF@PCL mats were washed with 
EtOH and agitated against water in a shaker, maintaining 

Fig. 1   a Activated carbon 
nanofiber nanoparticles (ACNF 
NPs) obtained from electro-
spun polyacrylonitrile (PAN) 
nanofiber mat after stabiliza-
tion, alkali treatment, calcina-
tion, and manual grinding. b 
Various ACNF@PCL mats 
prepared by self-deposition of 
ACNF NPs over the electrospun 
polycaprolactone (PCL) mat. c 
ACNF-PCL mats prepared by 
electrospinning the polymeric 
composite of PCL and ACNF 
NPs using different concentra-
tions of NPs
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120 rpm for 2 h to remove the non-adhered NPs from the 
mats. The obtained mats were dried in the open air and 
labeled as ACNF@PCL-L, ACNF@PCL-M, and ACNF@
PCL-H, respectively, for further characterizations. We deter-
mined the average concentration of NPs deposited on each 
mat by subtracting the weight of uncoated PCL mats from 
the weight of ACNF@PCL mats, which was 150–200 μg 
(ACNF@PCL-L), 300–400  μg (ACNF@PCL-M), and 
700–800 μg (ACNF@PCL-H).

The ACNF-PCL nanofiber mats were prepared by elec-
trospinning the polymeric composites of PCL (7 mL, 10 
wt.%) and ACNF NPs (0.1, 0.4, 1.6, and 3.2 mg/mL). The 
experimental parameters were the same as specified for the 
preparation of the PCL nanofiber mat. The obtained mats 
were labeled as ACNF-PCL-a, ACNF-PCL-b, ACNF-PCL-
c, and ACNF-PCL-d, respectively. The digital images of pol-
ymeric composites of PCL and ACNF NPs, and the EtOH 
wetted nanofiber mats have been shown in Fig. S2.

2.3 � Bradford assay

Bradford assay, alternatively known as bicinchoninic acid 
assay (BCA), was performed to quantify protein adsorption 
onto the nanoparticles colorimetrically using the Abbkine pro-
tein quantification kit. A calculated concentration range of 
nanoparticles (50–2500 μg/mL) was dispersed in 200 μg/mL 
concentrated BSA solution in PBS at 25 °C. After incubation 
for 2 h, the solution was centrifuged at 3000 rpm to separate 
the protein adsorbed nanoparticles from the free protein solu-
tion in the supernatant. The particles were washed three times 
with distilled water and then redispersed in 150 μL of PBS. 
An equal amount of Bradford reagent (2 ×) was added to the 
solution. After incubation for 2 h at 37 °C, the absorbance 
of the solution was recorded at 562 nm using an Infinite F50 
microplate reader (TECAN, Switzerland). Previously, BSA 
solution at different concentrations (0.5–100 μg/mL) was 
subjected to the assay to determine the slope value from the 
standard linear plot of protein concentration vs. absorption.

2.4 � In vitro cell culture experiments

The CNF and ACNF nanoparticles were dispersed in PBS 
buffer to prepare a stock solution of 500 μg/mL, which was 
sterilized under UV light for 12 h before the in vitro cell-
related experiments. NIH3T3 mouse embryonic fibroblast 
cell line was procured from Sigma Aldrich, and the cultiva-
tion of cells was processed in a DMEM medium (Gibco, US) 
containing 10% fetal bovine serum and 1% penicillin in an 
incubator maintaining a 5% of CO2 atmosphere at 37 °C. A 
500 μL of NIH3T3 cells (5 × 104 cell density) were seeded 
into a 48-well tissue culture plate. After 12 h of cell culture, 
experimental nanoparticles (5–100 μg/mL) were added to the 
plate with uttermost care without disturbing the adhered cells. 

The nanoparticle-treated cells were investigated using differ-
ent cell-related studies such as cell counting kit-8 (CCK-8), 
lactate dehydrogenase (LDH), and live and dead cell assays 
on different incubational periods at 24 h and 48 h. The cul-
ture medium was replaced for the CCK assay by a 500 μL of 
CCK reagent (Boya Biotech, China) solution in DMEM (1:9, 
v/v). After incubation for 1.5 h, 100 μL of the supernatant 
was transferred to a 96-well plate to measure the absorbance 
at 450 nm using the microplate reader. In the case of LDH 
assay, 100 μL of the supernatant was collected and mixed with 
the same volume of LDH reagent solution containing catalyst 
(diaphorase/NAD +) and dye (iodotetrazolium chloride and 
sodium lactate) in a 96-well plate. After 1 h of incubation, 
the absorbance of the solution was measured at 490 nm using 
the microplate reader. The control was the cells without the 
treatment of nanoparticles, and the blank was the reagent solu-
tion for both assays. The cells were stained with the com-
bined dye solution of 2 μM calcein AM and 4 μM ethidium 
homodimer-1 in PBS (LIVE/DEAD® Viability/Cytotoxicity 
Assay Kit). After 30 min of incubation at 25 °C, the images 
were obtained using the optical microscope equipped with a 
fluorescence light source and filters. A wound scratch assay 
was performed when the cells reached 90% of confluency. 
A scratch was made using a 100-μL pipette tip, and subse-
quently, 20 μg/mL of concentrated nanoparticles were added. 
The wound area was monitored for different periods 4, 8, 12, 
and 24 h using the optical microscope, and the remaining 
wound area was measured using ImageJ software.

2.5 � Cell proliferation study

While analyzing the cell proliferation of NIH3T3 cells 
(5 × 104 cell density) on PCL, ACNF@PCL, and ACNF-
PCL nanofiber mats by CCK, the measurement was carried 
out at different incubational periods (1, 3, and 5 days). The 
mats were sterilized under UV light for 12 h prior to the 
measurement. For the observation of CLSM images, the 
specimen was prepared as follows, fixation in buffered for-
malin (15 min), permeabilization with 0.5% Triton X-100 
(10 min), and subsequently blocked with 2.5% bovine serum 
albumin (10 min). The cells were stained by the incubation 
of 500 μL of dye mixture containing Alexa Fluor®594 phal-
loidin and DAPI for 20 min. For SEM analyses of the sam-
ples, the samples were fixed in buffered formalin (15 min) 
and subsequently incubated with increasing concentrations 
of EtOH in water (50, 80, and 100%). Then, the samples 
were air-dried for 12 h before the measurement.

2.6 � Statistical analysis

All the experimental data were expressed as mean ± stand-
ard deviation from the results of at least three independent 
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measurements. One-way ANOVA with a post-hoc Tukey 
test was performed to determine the statistical differences 
between different groups. The level of statistical significance 
was described as *p < 0.05 and **p < 0.01.

3 � Results and discussion

3.1 � Physicochemical properties and cytotoxicity 
of CNF and ACNF NPs

SEM observation and spectral characterizations (FTIR, XPS, 
and Raman) were carried out to confirm the transformation 
of PAN into CNF and ACNF. As shown in Fig. 2a, SEM 
images revealed that all PAN, CNF, and ACNF nanofib-
ers were cylindrically shaped, but ACNF nanofibers alone 
exhibited roughness on their surface. The nanofibers in the 
ACNF mat have shrunken together by combining alkali treat-
ment and calcination processes. The fiber diameter range 
of CNF and ACNF nanofibers has been almost equal with 
312 ± 68 nm and 280 ± 100 nm, respectively, whereas PAN 
nanofibers have a larger diameter (558 ± 93 nm) (Fig. 2b). 
We found that the size of the ACNF NPs (565–3322 nm) was 
smaller than CNF NPs (682–4129 nm) about their length 
after grinding, which indicates that the ACNF fiber mat was 
more brittle and susceptible to being broken down (Fig. 2c).

FTIR spectra were performed to analyze the functional 
groups present in the samples (Fig. S3). PAN showed its 
characteristic -C ≡ N vibrational band at 2243 cm−1 and 
C-H vibrational bands of aliphatic -CH and -CH2 groups 
at different regions such as 2933, 1448, 1362, 1241, and 
1073 cm−1. The C–C stretching vibrational mode has been 
observed at 1631 cm−1. PAN undergoes several molecular 
transformations during stabilization and carbonization. The 
aliphatic chain adopts the aromatic structure by evaporating 
heteroatomic gases like N2, H2O, H2, NH3, and HCN [28]. 
The FTIR trace of CNF is evident with the disappearance of 
the nitrile peak (2243 cm−1). There was a significant reduc-
tion in the intensity of the C-H stretching vibrational bands 
reflected at 2933, 1448, and 1362 cm−1. Furthermore, CNF 
demonstrated two typical broad peaks centered around 1627 
and 1113 cm−1. The former peak represents a combination 
of C = N, C–N, and C = C vibrational bands, and the latter 
indicates the traces of O–H, C–O–C, and N–H vibrational 
bands. In the case of ACNF’s FTIR spectrum, the peaks 
are almost similar to CNF. However, the peaks are widened 
comparatively, suggesting that ACNF has incorporated more 
hydroxyl and carbonyl groups by the treatment of KOH dur-
ing the carbonization process [27]. These results were con-
sistent with the previous literature reports [29, 30].

Raman spectra of CNF and ACNF were helpful in provid-
ing structural information like the degree of graphitization 
and disorderedness (Fig. 2d). The disordered carbon (D) and 

graphitic carbon peaks (G) were identified at 1348 cm−1 
and 1590 cm−1, respectively. The ID/IG ratio, a measure of 
D-band intensity relative to the G-band, represents the gra-
phitization degree [31]. The samples CNF and ACNF had 
the ID/IG ratio of 1.03 and 1.05, respectively, indicating that 
ACNF has exhibited a slightly lower graphitization extent 
than CNF. X-ray photoelectron spectroscopy (XPS) deter-
mined the elemental composition of the carbonaceous mate-
rials. As shown in Fig. 2e, the wide survey XPS spectra of 
CNF and ACNF have displayed three different peaks to indi-
cate the presence of carbon (290.8 eV), nitrogen (405.3 eV), 
and oxygen (537.0 eV). The Raman and XPS spectra were in 
close agreement with the previous reports [31, 32].

The cell culture medium contains adhesive proteins and 
growth factors for the growth and multiplication of the cells. 
It is a fact that the NPs can interact with the cells indirectly 
through protein coronas [33]. Hence, we studied protein 
adsorption onto the nanoparticles quantitatively using the 
colorimetric Bradford assay. As shown in Fig. S4, the results 
revealed that the quantity of adsorbed protein on ACNF NPs 
was higher than that of CNF NPs at all the concentration 
range (p < 0.001). Mainly, ACNF NPs, at 2500 μg/mL con-
centration, have adsorbed 149 μg of protein with a two-fold 
increase compared to CNF NPs (74 μg). It is inferred that 
the larger surface area of ACNF NPs has influenced to have 
more protein adsorption.

Cell biocompatibility of CNF and ACNF nanoparticles 
(5–100 μg/mL) was examined at 24 h and 48 h, using CCK, 
LDH, and live and dead cell assays, as shown in Fig. 3a–c. 
CCK assay showed a dose-dependent decrease in cell viabil-
ity for both CNF and ACNF NPs. The sample ACNF has 
accounted for more cell viability (%) than CNF at each con-
centration of the nanoparticles. There was no significant dif-
ference compared to control in their cell viability up to the 
concentration of 20 μg/mL at 24 h and 10 μg/mL at 48 h. How-
ever, we could observe a significant difference (p < 0.001) for 
both nanoparticles at ≥ 30 μg/mL concentrations at 48 h of 
the study. The optical images of cells captured just before the 
measurement of the CCK assay have been shown in Fig. S5. 
LDH assay monitors cell membrane integrity by quantifying 
the released lactate dehydrogenase into the medium, corre-
sponding to the number of damaged cells [34]. According to 
LDH release, 5–20 μg/mL concentrated CNF NPs showed 
toxicity with a significant difference of p < 0.001 at 24 h, 
whereas ACNF NPs displayed the same level of toxicity at 
5 μg/mL concentration only. At 48 h of the study, only CNF 
NPs (100 μg/mL) showed a significant difference at p < 0.001. 
In addition, we demonstrated cell viability by counting the 
live/dead cells after staining the nucleus and cytoplasm, and 
fluorescent images of the same have been shown in Fig. S6, the 
results of which were found to reflect the outcome of the LDH 
release pattern. CNF NPs demonstrated a high percentage of 
dead cells compared to ACNF NPs and showed a significant 
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difference compared to control at and above 20 μg/mL (24 h) 
and 30 μg/mL (48 h) of the NP concentration.

We carried out in vitro wound scratch assay to evaluate 
the wound healing potential of CNF and ACNF NPs. We 
selected 20 μg/mL concentrated nanoparticles for evaluation 

as the cell biocompatibility profiles demonstrated the onset 
of toxicity above that concentration. As shown in Fig. 4 and 
Fig. S7, the percentage of wound closure was estimated for 
a 24-h duration after the scratched monolayer of the cells 
was treated with NPs. At the end of the study, we found that 

Fig. 2   a SEM images of electrospun PAN, CNF, and ACNF nanofiber 
mats at different scale bar 10 μm and 200 nm, and b their respective 
fiber diameter profile. c SEM images of CNF and ACNF nanoparti-

cles obtained after grinding the mats (scale bar 1 μm). d Raman and e 
XPS spectra of CNF and ACNF NPs
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both CNF and ACNF NPs healed the wound by 100% with 
the migration of cells to the damaged area, but the control 
still had the remaining wound area of about 8.2%. Mean-
while, ACNF NPs have slightly surpassed CNF NPs in the 

percentage of wound closure showing a significant difference 
compared to untreated control (p < 0.001) at the investiga-
tion periods of 4, 8, and 12 h. The results demonstrate that 
both carbon fiber nanomaterials have the potential to act as 

Fig. 3   In vitro cell line studies of CNF and ACNF NPs using NIH3T3 fibroblasts by the a percentage of cell viability, b LDH release, and c dead 
cells on different periods of 24 h and 48 h

Fig. 4   In vitro wound scratch 
assay using NIH3T3 fibroblasts. 
a The percentage of wound 
closure for control (untreated), 
CNF, and ACNF NPs were 
estimated at 4, 8, 12, and 24 h 
of post-wound creation. b 
Optical images of the cells have 
been shown with a scale bar of 
200 μm
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chemoattractant helping for cell migration, the same of which 
has been observed for CNTs also by the researchers [4].

Overall, the physicochemical and cell line-related 
characterizations of CNF and ACNF NPs demonstrate 
that ACNF NPs is the better candidate than CNF NPs in 
terms of size, protein adsorption, cell compatibility, and 
in vitro wound healing potential. Hence, we processed 
ACNF NPs to prepare NP-containing nanofiber mats as 
the cell scaffolds for the subsequent cell proliferation 
studies.

3.2 � Surface properties of ACNF@PCL and ACNF‑PCL 
mats

According to the DLS measurement, the average hydrody-
namic diameter, polydispersity index, and zeta potential of 
the colloidal ACNF NPs were observed to be 1808 ± 37 d. 
nm, 0.546 ± 0.029, and − 22.4 ± 3.2 mV, respectively (Fig. 
S8(a), (b)). We infer that the ACNF NPs have a large size 
with moderate distribution at a physiological pH of the solu-
tion. The negative sign of zeta potential is due to oxygen-
containing functional groups on the NP surface. As the 
particles are larger and are not protected by the encapsu-
lating agent, they aggregate and settle at the bottom after 
24-h incubation. However, we observed that the dispersion 
of ACNF NPs in PCL polymeric solution in HFIP main-
tained the colloidal stability even after incubation because 
the polymeric moieties surrounded the NPs (Fig. S8(c)). 
Hence, we expect that the NPs are found in the aggregated 
state in PBS solution or over ACNF@PCL scaffolds but 
in the dispersed state in the ACNF-PCL scaffolds during 
microscopic analyses.

SEM images of ACNF@PCL and ACNF-PCL 
nanofiber mats were captured to observe the pres-
ence of ACNF NPs and changes in fiber morphology. 
As expected, the ACNF@PCL-H mat possessed many 
ACNF NPs compared to ACNF@PCL-L and ACNF@
PCL-M mats (Fig. 5a). A spread of individual NPs is pre-
sent over ACNF@PCL-L and ACNF@PCL-M mats. In 
contrast, a densely packed structure of NPs can be seen 
over the ACNF@PCL-H mat due to the accumulation of 
more concentrated NPs by self-deposition. The NPs not 
only entrapped into the fiber mesh of the mat, but they 
have also firmly adhered to each PCL nanofiber, which 
is evident from Fig. 5c. As far as SEM images of ACNF-
PCL nanofiber mats are concerned, the morphology of 
the nanofiber from PCL to ACNF-PCL-c, cylindrically 
shaped with a fiber diameter of 175–485 nm, was not sig-
nificantly changed, but ACNF-PCL-d nanofibers appear 
with drumstick-like structure with the diameter range of 
313–570 nm (Fig. 5b). In addition, most of the fibers in 
ACNF-PCL-d have been found stuck together. The reason 
might be the polymeric composite with a large amount of 

ACNF NPs has affected the surface morphology during 
electrospinning as the carbon nanomaterials are generally 
electroactive [35]. When we analyzed the TEM image of 
ACNF-PCL-a nanofibers, we found that ACNF NPs are 
present in the nanofiber’s core and edge parts (Fig. 5d).

Water contact angle (θ) analyses revealed that both 
ACNF@PCL and ACNF-PCL nanofiber mats had increased 
wettable surface while increasing the concentration of 
ACNF to PCL (Fig. 6). The sample PCL exhibited more 
water contact angle value with 134.3 ± 0.7°, whereas the 
ACNF@PCL-H mat has registered less contact angle 
(67.7 ± 1.6°). The samples ACNF@PCL-L and ACNF@
PCL-M have possessed 122.6 ± 0.9° and 115.1 ± 1.2°, 
respectively. The ACNF-PCL mat groups have exhibited 
a value between the range of 120–130.6°. The NPs have 
contained reactive functional groups on the surface area, 
and hence, they have provided wettability to the fiber sur-
face, increasing hydrophilicity. As ACNF@PCL mats have 
NPs on the surface to interact readily with water molecules, 
their hydrophilic nature is far higher than ACNF-PCL mats. 
Scientific reports reveal that most animal cells thrive well 
on a moderate hydrophilic surface with a θ range of 5–150° 
as the wettable nature of a biomaterial can control essential 
protein adsorption [36].

We analyzed the AC impedance spectra of PCL and 
ACNF-PCL nanofiber mats to determine whether the incor-
porated ACNF NPs into the fiber have increased electro-
chemical properties. The Nyquist admittance plot (Fig. 7a) 
shows that entrapment of charged moieties by the fibers’ 
functional groups has increased from PCL to ACNF-PCL-d, 
which is revealed by the steepness of the curve [37]. From 
Fig. 7b, we have determined corresponding dielectric con-
stant values of the mats at 0.01 Hz frequency as 7.79 ± 0.02 
(PCL), 7.82 ± 0.03 (ACNF-PCL-a), 7.88 ± 0.03 (ACNF-
PCL-b), 7.99 ± 0.02 (ACNF-PCL-c), 8.05 ± 0.03 (ACNF-
PCL-d). It was reported that an increase in the dielectric 
constant value of a scaffold would favor cell proliferation 
[38]. In our previous research work, we have demonstrated 
that increased dielectric constant by the addition of chitosan 
to PCL has contributed to improved cell proliferation on the 
scaffold [39]. We also recorded ATR-FTIR spectra of PCL 
and ACNF-PCL nanofiber mats to confirm the incorporation 
of NPs into PCL (Fig. S9). PCL was confirmed by its char-
acteristic peaks at 1728 cm−1 (C = O stretching), 1174 cm−1 
(symmetric C–O–C stretching), 1239  cm−1 (asymmetric 
C–O–C stretching), and 1293 cm−1 (C-O and C–C stretch-
ing). None of the ACNF-PCL mats (ACNF-PCL-a, ACNF-
PCL-b, ACNF-PCL-c, and ACNF-PCL-d) showed either 
new peak formation or shift in wavenumber, which indicates 
that ACNF NPs are interacting with PCL by weak physical 
forces only. The characteristic peaks of NPs were also not 
observed in the spectra (studied in Fig. S3) because the nan-
oparticles were incorporated into the nanofibers and were 



Advanced Composites and Hybrid Materials (2023) 6:24	

1 3

Page 9 of 14  24

Fig. 5   SEM images of ACNF@PCL a  and ACNF-PCL b  nanofiber 
mats at different magnifications (5 μm, 1 μm, and 200 nm). c SEM 
image of ACNF@PCL-L showing adhered nanoparticles over the 
single nanofiber (scale bar 500  nm). d TEM images of PCL single 

nanofiber (i), ACNF NPs (ii), and the presence of ACNF NPs in 
the core (iii) and edge parts (iv) of the ACNF-PCL-a mat’s single 
nanofiber (scale bar 200 nm)
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not freely available at the surface. The results were concord-
ant with the previous research reports [40, 41].

3.3 � Cell proliferation on ACNF@PCL and ACNF‑PCL 
scaffolds

We analyzed cell proliferation on ACNF@PCL nanofiber 
mats to investigate cell biocompatibility when the cells are 
close to the adhered ACNF NPs on the mats. CCK assay 
demonstrated that the ACNF NPs deposited on PCL mats 
have not supported cell proliferation and triggered cell toxic-
ity while increasing the NPs’ concentration from ACNF@

PCL-L to ACNF@PCL-H (Fig. 8a). Hence, we observed cell 
proliferation profile in the following order, PCL > ACNF@
PCL-L > ACNF@PCL-M > ACNF@PCL-H on each day of 
cell proliferation with a significant difference (p < 0.001). 
In particular, the optical value registered for ACNF@
PCL-H (0.38 ± 0.04) on day 5 was found to be less than 
that of PCL (0.43 ± 0.02) on day 3. Meanwhile, we have 
observed that NPs inside the fiber ACNF-PCL mat groups 
have promoted cell proliferation (Fig. 8b). And, the order of 
cell proliferation was also found as ACNF-PCL-a > ACNF-
PCL-b > ACNF-PCL-c > ACNF-PCL-d > PCL. On the 5th 
day of cell proliferation, ACNF-PCL-a and ACNF-PCL-b 

Fig. 6   Water contact analysis 
revealing the wettable property 
of PCL, ACNF@PCL, and 
ACNF-PCL nanofiber mats

Fig. 7   Electrochemical studies of PCL and ACNF-PCL mats showing a Nyquist admittance and b frequency-dependent dielectric constant 
curves. Y′, real part of admittance; Y′′, imaginary part of admittance; S, Siemens; εr′, real part of relative permittivity
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mats showed a significant difference of p < 0.001 compared 
to PCL mat, while ACNF-PCL-c and ACNF-PCL-d mats 
showed a difference at the level of p < 0.05.

The CLSM images of cells grown on both mat groups 
on days 1, 3, and 5 have been shown in Fig. 9, the results of 
which have been found to correspond to the CCK data. As 
ACNF@PCL-L and ACNF-PCL-a scaffolds have witnessed 
more cell proliferation than other scaffolds in their respec-
tive series, we captured their SEM images on days 1, 3, and 
5. As shown in Fig. 10 and Fig. S10, it is apparently seen 
that cell morphology and cell–cell communication were not 
affected on any of the scaffolds by ACNF NPs.

There are some discussions on why ACNF NPs 
decreased cell proliferation gradually from ACNF-PCL-a 

to ACNF-PCL-b, though the ACNF-PCL mat group sup-
ported cell viability. The reason might be that wettability 
and dielectric properties are favorable factors in increased 
cell proliferation in ACNF-PCL mats compared to PCL. 
But, NP exposure was inevitable in ACNF-PCL fibers 
prepared by the conventional electrospinning method in 
the present work. We have already reported that the NPs 
are also present at the nanofiber’s edge part, as evidenced 
by the TEM image (Fig. 5d), which must be considered as 
they may have been involved in interaction with the cells 
to contribute to a bit of toxicity. Similar to our research 
work, More N. et al. prepared various graphene oxide 
(0.5, 1, 1.5, and 2%, w/v) nanoparticles reinforced poly(3-
hydroxybutyrate-co-3-hydroxy valerate) piezoelectric 

Fig. 8   CCK assay demonstrat-
ing cell proliferation over PCL, 
a ACNF@PCL, and b ACNF-
PCL scaffolds through optical 
density (OD) measurable at 
450 nm on days 1, 3, and 5 of 
post-treatment. Inoculum cell 
density is 5 × 10.4 cells/well. 
n = 5; *p < 0.05, **p < 0.01

Fig. 9   CLSM images of cell 
proliferation on PCL, ACNF@
PCL, and ACNF-PCL scaffolds 
on days 1, 3, and 5 post-
treatments with a scale bar of 
100 μm
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electrospun nanofiber mats and found that GO incor-
poration into the scaffold promoted cell proliferation of 
freshly isolated goat chondrocytes at low concentration 
only (0.5%, w/v) on days 2, 5, and 7 [42]. Pan L. et al. fab-
ricated different multiwall carbon nanotubes (MWNTs)/
polycaprolactone composite scaffolds by the solvent evap-
oration technique with the addition of MWNTs (0.25, 0.5, 
1, and 2 wt. %). They reported that the scaffold with a 
low concentration of 0.5 wt. % enhanced cell prolifera-
tion and differentiation of the rat bone-marrow-derived 
stromal cells (BMSCs) than that with high concentrations 
of MWNTs [43].

Overall, the systematic studies demonstrated that ACNF 
NPs are less biocompatible in free and bound states, but 
they can promote cell proliferation when incorporated 
into the nanofiber. By comparing cell compatibility 
among the investigated groups, the results were found 
ACNF-PCL-a > PCL > ACNF@PCL-L > ACNF NPs, and 
hence, we anticipate that the ACNF-PCL-a mat could be 
applied for skin tissue engineering. In our future work, 
we have planned to conduct a similar study by synthesiz-
ing smaller-sized NPs and preparing core–shell nanofibers 
by coaxial electrospinning with NPs available only in the 
core part of the fiber to reflect a more significant differ-
ence in cell proliferation. Furthermore, we will resume 
in vivo animal studies using the optimized concentration 

of the NPs in the scaffolds to replicate the in vitro results. 
Besides, we will provide a deep insight into the ACNF’s 
safety assessment by evaluating various toxicity profiles, 
such as genotoxicity and hemolytic activity.

4 � Conclusions

In the present work, we have prepared ACNF NPs from the 
electrospun PAN nanofiber mat through synthetic proce-
dures such as stabilization, alkali treatment, and calcination. 
And, we developed ACNF NP-deposited mats (ACNF@
PCL) and ACNF NP-incorporated mats (ACNF-PCL), vary-
ing the concentrations of NPs. We investigated their cell 
cytotoxicity and cell proliferation potential using NIH3T3 
fibroblasts after evaluation of spectral and electron micro-
graphs characterizations. We observed that ACNF NPs cause 
a concentration-dependent cytotoxicity effect, which has 
been reflected in ACNF@PCL mat groups. Meanwhile, we 
noticed a progressive cell proliferation profile using ACNF-
PCL mat groups. We found that ACNF-PCL-a promoted 
significant cell proliferation compared to PCL mat due to 
NPs’ dielectric properties. We concluded that low concen-
trated ACNF NPs-incorporated PCL mat is opting for skin 
tissue engineering.

Fig. 10   SEM images show-
ing proliferated cells on PCL, 
ACNF@PCL-L, and ACNF-
PCL-a nanofiber mats on days 
1, 3, and 5 post-treatments 
(scale bar 100 μm)
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