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Presently, efficient protection from bacterial infections is considered a potential threat owing to the raise of
multidrug resistant bacterial phenotypes. Hence, there is an urgent requirement to develop alternative strategies
for eliminating bacterial infections. In this regard, near infra-red (NIR) responsive photothermal agents (PTAs)

if;g;:g rI;Zlm%at forms has received significant attention. We report a mussel-inspired NIR-responsive unzipped CNT (uCNT)-based
Antibiofilm P nanocomposite to combat against bacteria. The modification of mussel-inspired polydopamine (PDA) coating

improved the NIR responsiveness and biocompatibility of uCNTs. The temperature of uCNT@PDA increased by
40 °C upon exposure of 808 nm NIR light (1.0 W/cm?, 10 min) showing the excellent photothermal property.
PCL/uCNT@PDA nanofiber mats showed controlled photothermal heating upon low power density (0.5 W/cm?)
NIR irradiation and exhibited robust mechanical strength up to 20 MPa (PCL/uCNT@PDA-1). Taking advantage
of photothermal effect and ROS generation, the nanofiber displayed remarkable antibacterial efficacy against
Bacillus subtilis (gram positive) and Escherichia coli (gram negative) and displayed the release of curcumin in
presence of NIR light. The fabricated PCL/uCNT@PDA platform is bioactive, anti-oxidative, and non-toxic for
human dermal fibroblast cells. Therefore, we anticipate that the developed uCNT@PDA is a potential PTA and
the fabricated nanofiber may provide a versatile platform for eradicating bacterial contamination in medical and
non-medical sectors.

Drug delivery

1. Introduction

Bacteria are well known for their ability to adapt and reproduce in
any environment. They can cause severe infections by entering the body
through contaminated water, edible items, and biomedical equipment
[1]. To eradicate bacterial infections, more effective and safe treatments
must be developed and employed in practice. In the last few years, near-
infrared (NIR) light-induced photothermal and ROS generation effects
on antibacterial activity have been recognized as promising strategies
[2-7]. These photothermal materials are excited upon exposure to light
at a suitable wavelength, generating vibrations in the lattice to produce
heat. The heat generated can rupture bacterial membranes and protein
structures [8-10]. To date, considerable efforts have been dedicated to
synthesizing NIR-responsive materials and determining their applica-
tions in antibacterial and photocatalytic material synthesis, drug

delivery, cancer treatment, bioimaging, shape memory polymer syn-
thesis, sterilization of surfaces and 4D printing. However, an important
precaution to consider while treating human cells with NIR-responsive
materials is that the power density should not harm the human cells
and surrounding environment. NIR light (NIR-I, 650-950 nm; NIR-II,
1000-1700 nm) has a high tissue penetration depth and low absorp-
tion in the blood and body water of organisms [11]. He et al. suggested
that when light-sensitive materials are exposed to a specific wavelength
of light, these materials can generate a large number of electron-hole
pairs, resulting in the production of hydroxyl radicals (eOH), singlet
oxygen (102), or superoxide radicals (eO, ), which can effectively kill
bacteria by interfering with the metabolic pathways [12]. The integra-
tion of multiple bacterial killing strategies, such as heat production and
ROS generation, has been considered beneficial in many ways. These
mechanisms can improve bactericidal efficiency, reduce the time

* Corresponding author at: Department of Biosystems Engineering, Kangwon National University, Chuncheon 24341, Republic of Korea.

E-mail address: ktlim@kangwon.ac.kr (K.-T. Lim).

https://doi.org/10.1016/j.apsusc.2022.155949

Received 23 September 2022; Received in revised form 18 November 2022; Accepted 29 November 2022

Available online 5 December 2022
0169-4332/© 2022 Elsevier B.V. All rights reserved.


mailto:ktlim@kangwon.ac.kr
www.sciencedirect.com/science/journal/01694332
https://www.elsevier.com/locate/apsusc
https://doi.org/10.1016/j.apsusc.2022.155949
https://doi.org/10.1016/j.apsusc.2022.155949
https://doi.org/10.1016/j.apsusc.2022.155949

T.V. Patil et al.

required to kill bacteria and the need for repeated doses of antibacterial
agents. Recently, some composite structures, including Au NBPs@SiO4
[13], MoS,-PEI [14], Au@Ag NPs [15], and TiO-FeS, [16], have been
fabricated, and their NIR-responsive properties and antibacterial activ-
ities have been studied. Nevertheless, these expensive metal-based ma-
terials have limited advantages owing to their high cost and the
environmental issues caused by the use of these metals. In addition,
noble and precious metals are expensive due to their limited availability.

In this regard, carbon nanotubes (CNT) are cheaper and widely
considered one of the ideal materials for biomedical research and related
applications owing to their high surface area, high aspect ratio, and
impressive material properties, such as mechanical strength and thermal
and electrical conductivity, which are favorable for the bulk-scale
manufacture of next-generation composite materials [17]. Due to
these distinctive properties, CNT has been extensively used in biomed-
ical, electrical, energy, and water purification applications [18-20].
CNT has a long history of antibacterial activity [21]. The antibacterial
effect of CNTs has already been studied in gram-positive and gram-
negative bacteria, such as Staphylococcus aureus and Pseudomonas aeru-
ginosa [22,23]. Functionalization can alter the properties of pristine
CNT. Unzipping of multiwalled CNT (MWCNT) can be used as a hybrid
carbon material with improved CNT properties. The procedure for the
horizontal unzipping of CNT was previously reported by Mondal et al.
[24]. These carbon materials have been widely used in the energy sector.
However, the NIR-responsive properties of unzipped carbon nanotubes
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(uCNT) have not yet been substantially explored. Hence, there is scope
for further investigation and utilization. In a recent study [20], the po-
tential and applicability of uCNT in tissue engineering were studied, and
these materials exhibited enhanced osteogenic properties. Bacterial
eradication and NIR properties of uCNTs are yet to be explored.

Since the decade, NIR properties of carbon materials such as CNT,
graphene oxide (GO), and reduced graphene oxide (rGO) have been
explored. Several studies have been published stating that these carbon
materials are NIR sensitive and applicable in bio-imaging, cancer
treatment, drug delivery, and bacteria-killing [25]. Table 1 presents the
literature on carbon composites with their NIR properties and applica-
tions. Recently, Nguyen et al. [26] studied the photothermal properties
of water-soluble MWCNT. The 60.0 mg/L sample showed a maximum
NIR effect. The temperature increased to 66.4 + 0.2 °C after 30 min of
808 nm NIR light irradiation. In another study, NIR effect of GT-DA/CS/
CNT composite was examined for the application of bacteria infected
skin regeneration [27]. The composite displayed 17.2 °C and 23.3 °C
temperature differences for 1 wt% and 4 wt% CNT-PDA concentration
after irradiating 808 nm NIR light for 10 mins. Nonetheless, the tem-
perature required to kill bacteria should be more high which can be
regulated by time exposure and concentration. In order to overcome this
drawback, we developed PCL/uCNT@PDA nanofibers which showed
remarkable results against bacteria. The temperature achieved by NIR
exposure of our fabricated material was enough to kill bacteria. PCL and
polydopamine were selected depending upon their biocompatibility.

Table 1
A comparative study of some previously reported NIR responsive systems demonstrating their advantages and limitations with our developed system.
System Conc. Laser Time Temp  Advantages Limitations Ref.
Power (min) “Q)
w/
cm?)
PAA@rGO 4 mg/ml 1.0 5 67 Antibacterial, and wound healing Mechanical strength of material [33]
(980 not
nm) performed
relatively slow
increase in
temperature,
and high concentration
GT-DA/CS/CNT 4 wt% CNT-PDA 1.0 10 49.2 Antibacterial, and wound healing Relatively slow [27]
(808 enhancement in
nm) temperature after
NIR irradiation
DQp.5C1 1% CNT and 0.5% QCGM in 1.6 4 73.8 Antibacterial, and wound healing Relatively high [64]
DEA (808 power density
nm)
Thermogel rGO 10 pg/ml 1.7 10 8.1 Cancer therapy, Mechanical and thermal strength [65]
(808 (AT) Bacteria killing not
nm) performed, and
relatively slow
enhancement in
temperature
PU-EDM/rmGO 2 wt% rmGO 1.0 1 150 Soft robotics Thermal strength [66]
(808 and biocompatibility
nm) not performed
CNTs-PAMAM- 1 mg/ml 1.0 7 62.4 Efficient enhancement in Mechanical, and thermal strength [67]
AgoS (980 temperature not
nm) performed,
Biocompatibility not shown
PCL/uCNT@PDA- 1% uCNT@PDA 1.0 5 115 Improved Present
1 (808 mechanical and thermal study
nm) strength,
rapid

enhancement in temperature
sustained drug release,
biocompatible,

antioxidant, andsuperior
antibacterial

potentials

Abbreviations: Poly (acrylic acid)-PAA, reduced graphene oxide-rGO, gelatin-GT, dopamine- DA, chitosan-CS, carbon nanotube-CNT, glycidyl methacrylate func-
tionalized quaternized chitosan-QCGM, N,N-diethylacrylamide-DEA, Polyurethane-PU, hydrazine hydrate modified maleimide functionalized graphene oxide-rmGO,

Poly(N-isopropylacrylamide)-PNIPAAm, Liquid crystal elastomer-LCE.
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Polydopamine is synthesized from monomer dopamine which is an
important material within the marine mussel adhesive protein. It can
undergo non-covalent self-assembly and oxidative self-polymerization
under weak and basic conditions. Moreover, an intramolecular
Michael addition reaction could lead to the formation of a cross-linked
polydopamine homopolymer [28,29]. PDA also has good biocompati-
bility and shows a strong photothermal effect under stimulus of near-
infrared (NIR) light [30]. In past few years, the potential of PDA in
free radical scavenging, UV shielding, photothermal conversion has
been highly explored [31,32]. However, within our knowledge, the
potential of unzipped CNT with polydopamine has not been yet explored
in the arena of NIR properties.

Altinbasak et al. [33] prepared PAA@rGO nanofiber composed of
rGO and poly(acrylic acid) to apply “on-demand” Ampicillin and Cefe-
pime release. The material showed better wound healing in bacteria-
infected mice due to NIR-responsive Ampicillin and Cefepime release.
However, the NIR effect for bacteria-killing was not studied. In the
present study, the bacteria-killing effect of fabricated material PCL/
uCNT@PDA was demonstrated in presence of NIR. Additionally, cur-
cumin, which is well known for its antibacterial property, can enhance
the bacteria killing. It is anticipated that PCL/uCNT@PDA itself kills
bacteria in presence of NIR light, but addition of curcumin can enhance
the property.

Stimuli-responsive materials are well-known smart materials with
unique properties that can be used in biomedical fields [34,35]. Light is
an ideal stimulus to be applied remotely, focused accurately, and
switched rapidly among various stimuli, such as magnetic field, pH,
electric field, and pressure. Though, electrospun PCL scaffolds rein-
forced with uCNT@PDA have not yet been studied, particularly for NIR-
responsive antibacterial and drug delivery applications. This study
examined the synergetic effects of uCNT and PDA on NIR responses. This
study aimed to fabricate mechanically strong PCL/uCNT@PDA plat-
forms using the electrospinning technique and, more importantly, study
the NIR effect on bacterial killing and drug delivery. The biocompati-
bility with the skin cell line was also analyzed, showing the potential of
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PCL/uCNT@PDA nanofibers in medical applications.

The drug, curcumin, is a nature-derived compound that is very
effective; but, it has weak aqueous solubility and low bioavailability,
which could limit its further applications [36]. Thus, an efficient drug
delivery carrier need to be designed for curcumin delivery. This study
focuses on creating NIR light-responsive surfaces and analyzing their
potential for antibacterial and drug delivery applications (Scheme 1).
The developed hybrid PCL/uCNT@PDA nanofibers were successfully
designed with curcumin drug to understand the drug-release behavior of
the nanofibers. The hybrid material was the most appropriate system for
sustained release of curcumin in the presence and absence of NIR light.
In addition, detailed characterizations, morphological investigations,
and antibacterial properties of the PCL/uCNT@PDA nanofibers were
extensively investigated. Moreover, by selecting human dermal fibro-
blasts (HDF) as model cell lines, the cytotoxicity of nanofibers was
examined to explore the potential of the fabricated nanofibers in the
biomedical field.

2. Experimental section
2.1. Materials and reagents

All the chemicals were used as received unless stated. Multiwalled
CNTs (MWCNT) were received from Applied Carbon Nano (ACN) (Re-
public of Korea). The reagents Sulfuric acid (H2SO4) (95.0%), hydro-
chloric acid (HCl) (35.0%), and hydrogen peroxide (H20) (30%) were
purchased from Wako Chemicals (Republic of Korea). Potassium per-
manganate (KMnO4) and dimethylformamide (DMF) were purchased
from Daejung chemicals (Republic of Korea). The chemicals such as
Dopamine hydrochloride, Tris(thydroxymethyl) aminomethane (Tris
buffer), curcumin, 5,5-Dimethyl-1-pyrroline N-oxide (DMPO), and so-
dium nitrate were purchased from Sigma-Aldrich (USA). The Poly-
caprolactone (PCL; >95%, Sigma-Aldrich, USA; CAS: 24980-41-4) with
an average molecular weight of 80,000 g/mole was used for preparing
the PCL/uCNT@PDA composites. Tween 20 was received from BIO-
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Scheme 1. Synthesis of uCNT@PDA nanofiber and NIR effect on bacteria killing and drug delivery in the presence of NIR light source.
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RAD, Republic of Korea.

2.2. Synthesis of unzipped MWCNT (uCNT)

Synthesis of uCNT was performed with reference to the previously
reported procedure [37]. In brief, 1.0 g of MWCNTs were dispersed in
the mixture of 100 ml sulfuric acid and 10.0 g sodium nitrate and
agitated for 2 h in an ice bath. Next, 5.0 g of potassium permanganate
was gradually added to the resultant mixture. As per the report of
Kosynkin et al. [38], unzipping of CNTs initiates by the addition of
KMnOy, in a concentrated H2SO4 solution in hot conditions. Unzipping of
MWCNTs can be regulated by breaking of internal C—C bonds of
MWCNTs, followed by further sequential stretching and breaking [39].
Further, the resultant solution was treated at 70 °C under continuous
stirring for 2 h. In order to avoid precipitation of manganese oxide, the
oxidized materials were treated with a hydrogen peroxide solution,
followed by repeated washing with distilled water. The acquired solid
product was dried for 48 h in a hot air oven at 50 °C. MWCNT was
successfully unzipped using the above procedure and denoted as uCNT.

2.3. Preparation of uCNT@PDA

Fabrication of polydopamine (PDA) with uCNT was performed by
using the previously reported procedure [40], by keeping a 1:1 wt ratio
of uCNT and dopamine hydrochloride. In this synthesis, uCNT powder
(0.5 g) was dispersed into Tris buffer solution (100 ml, 10 mM, pH 8.5)
by using ultrasonication. After homogenous dispersion of uCNT, dopa-
mine hydrochloride (0.5 g) was added to the dispersion and stirred at
room temperature overnight. The synthesized uCNT@PDA were sepa-
rated from the reaction mixture by centrifugation at 8000 rpm for 10
min. The resultant product was further washed with distilled water and
ethanol three times and dried at 40 °C overnight.

2.4. Preparation of electrospun nanofiber

Polycaprolactone with an average molecular weight of 80,000 g/mol
was used to prepare the PCL/uCNT@PDA nanofibers. In this study,
different concentrations of PCL/uCNT@PDA nanofibers were synthe-
sized using varying amounts of uCNT@PDA (0.25%, 0.5%, and 1% w/
v). The desired amount of uCNT@PDA was dispersed in dime-
thylformamide (DMF) by ultrasonication to obtain a homogeneous black
dispersion. Furthermore, 15% (wt.%) PCL solution was prepared by
adding PCL in DMF solvent at 70 °C with continuous agitation. After the
preparation of a homogeneous mixture of PCL, uCNT@PDA dispersions
(0.25%, 0.5%, and 1%) were added dropwise to the PCL solution and the
resultant mixture was kept under stirring conditions till a homogeneous
mixture was obtained. Electrospinning of the PCL/uCNT@PDA solution
was performed using an electrospinning device, PCL/uCNT@PDA was
loaded into a 10 cm® plastic syringe, and the collector was wrapped with
aluminum foil for ease of removal of the nanofibers. The polymer so-
lution was pumped through the syringe using a 21-gauge needle at a
constant flow rate of 2.0 ml/h and 16.0 kV/cm voltage. The distance
between the collector roller and needle tip was maintained at approxi-
mately 15 cm. The electrospun mats were prepared at room temperature
with 40-50% humidity. The fabricated nanofibers were named PCL,
PCL/uCNT@PDA-0.25, PCL/uCNT@PDA-0.5, and PCL/uCNT@PDA-1,
depending on the amount of uCNT@PDA added.

2.5. Preparation of PCL/uCNT@PDA-Cur

In this study, 3% curcumin was added to the PCL/uCNT@PDA so-
lution and stirred overnight to obtain a homogeneous solution. The
resultant samples were electrospun using parameters similar to those of
the aforementioned parameters. The prepared nanofibers were denoted
as PCL/uCNT@PDA-Cur.
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2.6. Characterization

Characterization of synthesized material was conducted to confirm
the morphology and physicochemical properties using traditional
characterization techniques. Morphology and structural properties of
MWCNT, uCNT, and uCNT@PDA were examined through transmission
electron microscopy (TEM, JEM2100F, Jeol, Japan) and collected
quality TEM images. In addition, the morphology of fabricated samples
and nanofiber were evaluated through scanning electron microscopy
(FE-SEM; Hitachi S-4800, USA). Elemental composition in uCNT and
uCNT@PDA was confirmed through EDS mapping analysis. X-ray
Photoelectron Spectroscopy (XPS, K Alpha™, ThermoFisher, USA) anal-
ysis was additionally performed to confirm the elemental composition
and binding energies. Fourier transform infrared spectroscopy (FTIR,
Perkin-Elmer, UK) was used to investigate functionalization (bonding
information) between organic functional groups in the samples. Mid-
infrared region (4000-500 em™ 1) was used to collect the FTIR spec-
trum. The desired functionalization was also confirmed through the
Raman spectroscopy technique (SENTERRA) by analyzing non-
functionalized and functionalized materials using an excitation wave-
length of 532.04 nm. Raman spectroscopy was conducted to study the
defects and graphitization structure of carbonaceous materials and
further confirm the structural change in the unzipping process. X-ray
diffraction patterns (XRD) were recorded using Panalytical, X’pert Pro
diffractometer in the range of 15-30° using Cu Ka radiation. The zeta
potential of the dispersions was determined through a dynamic light
scattering analyzer (Malvern Palanytical ZSP) at a temperature of 25 °C.
Characterization of PCL/uCNT@PDA nanofibers was also performed by
FE-SEM, FTIR, and XRD following the previously mentioned parameters.
The thermal stability of prepared materials was evaluated through a
thermogravimetric analyzer, and the sample was analyzed under a ni-
trogen atmosphere at a heating rate of 10 °C/min from 30 to 800 °C. A
thick film of PCL and PCL/uCNT@PDA was prepared to analyze the
mechanical properties. Tensile test was performed by Universal Testing
Machine (UTM; MCT-1150, AND Inc., Japan) using a constant speed of
10 mm/min. The hydrophilicity of electrospun nanofibers was evaluated
using a static contact angle instrument (Phoenix-MT). Contact angles,
indicating surface wettability, were calculated by depositing deionized
water droplets directly on the membrane surface.

2.7. Degradation study

To analyze the degradation of PCL composite nanofibers, all four
nanofibers were cut into 15 x 5 mm? pieces and immersed in 5 ml of 0.1
mM NaOH solution. Test tubes were placed in a water bath at 37 °C
under shaking conditions. Each of the four nanofibers was removed from
the NaOH solution at predetermined intervals. The nanofibers were
cleaned with deionized water and dried in a hot air oven. The weight of
the dried samples (W;) was recorded, and the mass loss (W) of the
samples was calculated using the formula:

Wi7W1
=———x

w 100 (@)

i

Where W; is the initial weight of each sample.

2.8. Antioxidant efficiency of membranes

The antioxidant efficiency of specimens was tested by measuring
their capacity to scavenge the stable 2, 2-diphenyl-2-picrylhydrazyl
(DPPH) free radical, using the previously mentioned protocol [41].
Typically, 1.0 mg of prepared nanofibers were added to 500 uL of 100
uM DPPH (100 x 10® M) solution in ethanol. Further, the mixture was
incubated in the dark for 30 min. Then, the wavelength scanning was
performed using a UV-vis spectrophotometer (Infinite® M Nano 200
Pro; TECAN, Switzerland) at 517 nm. The DPPH degradation was
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calculated using the following equation.

Ap—A
DPPHscavenging = BA—S x 100% )
B

Where Ag and Ag are the absorbance values of the blank (DPPH +
ethanol) and the samples (DPPH + ethanol + sample), respectively.

2.9. In vitro photothermal performance

The in vitro photothermal performance of uCNT, uCNT@PDA, and
PCL/uCNT@PDA nanofibers was systematically studied by exposing the
nanofiber to 808 nm NIR laser light. Different concentrations of uCNT
dispersions in water were used to evaluate the photothermal properties.
The real-time temperature was recorded at 30 s, followed for every 1
min interval up to 5 min. The photothermal effects of the uCNT,
uCNT@PDA, and nanofibers were studied by irradiation with two
different laser powers (0.5 and 1.0 W/cm?).

2.10. Drug delivery

The PCL/uCNT@PDA-Cur nanofibers were immersed in buffer so-
lution (2% Tween 20 in PBS) at pH 7.4. At determined time intervals, the
medium was collected for UV-vis analysis and immediately replaced
with a fresh buffer solution. In order to study NIR-triggered drug release
behavior, the PCL/uCNT@PDA-Cur nanofibers with equal weight were
immersed in buffer at pH 7.4. Drug release was recorded with and
without NIR irradiation. To determine the NIR effect on drug delivery,
the laser light was irradiated to the samples in buffer solution prior to
every reading recorded at a particular interval of time. The released
curcumin was collected for UV-vis analysis. The accumulative released
drug was calculated using

Drﬂ ease
Drugrelease(%) = released o 100% 3)

total

Where Dyeleased iS the total amount of released Curcumin and Dyt is the
amounts of drug incorporated in the nanofibers. The content of released
curcumin was calculated according to the calibration curve at different
concentrations (Figure S1). The above experiment was repeated (n = 3)
for accurate analysis.

2.11. In-vitro antibacterial activity assay

In vitro antibacterial assays were conducted on the basis of standard
antibacterial protocols [42]. As representatives, Gram-positive Bacillus
subtilis (B. subtilis) and Gram-negative Escherichia coli (E. coli) were
adopted in current tests. All strains were tested in three separate
experimental groups, including PCL and all PCL/uCNT@PDA samples
with and without NIR (n = 3 for each experimental group). Both
B. subtilis and E. coli bacteria were cultured aerobically at 37 °C for
overnight in sterile nutrient broth, and the bacterial concentration was
determined prior to use. The samples to be tested were sterilized under
ultraviolet light for 1 h before being transferred to a well plate. All
membranes were immersed in 12-well culture plates containing 1.0 ml
of bacterial suspension (ODggg = 0.1). Then the treatment set was
irradiated with 808 nm NIR light for 10 min and incubated for 1 h. An
additional group was treated in the same way without irradiation as a
control group. Later, the suspension was cultured on agar plates at 37 °C
for overnight to observe the number of colonies. The antibacterial
property was determined by the number of colonies counted. To observe
the morphology of NIR-treated cells, bacteria were fixed with a 1:1 ratio
of 2.5% glutaraldehyde and 2.5% paraformaldehyde. Further, the bac-
teria were dehydrated with serial concentrations (10, 30, 50, 70, 80, 90,
and 100%) of ethanol solutions. Later, the cells were spread on mica
films, allowed to dry, and stored it at 4 °C till analysis. Before analysis,
samples were gold-sputtered for SEM examination.
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2.12. Anti-biofilm activity

In order to examine the antibiofilm activity, similar bacteria, i.e., B.
subtilis and E.coli, were used. Prior to the experiments, the samples were
cut into equal dimensions and treated under UV rays for sterilization.
Nanofiber mats were then transferred into sterile 24 well plates, each
well containing 1 ml of sterile nutrient broth culture medium. A volume
of 150 pL from the cultures (ODggp = 0.1) of B. subtilis and E. coli was
added to the wells separately, containing nutrient broth. Plates were
further incubated at 37 °C for the formation of biofilm development.
After the required formation of biofilm, the cultures were treated with
NIR light, and nanofibers without NIR treatment were utilized as a
control.

For quantitative analysis, the nanofibers with and without NIR
treatment were carefully transferred to new 24 well plates, and quan-
tification was performed using crystal violet assay. Biofilms formed on
nanofiber mats and wells were gently rinsed with sterile PBS buffer (pH
7.4, three times). Biofilms were stained with 0.4% crystal violet (500 uL)
dye at room temperature for 15 min. Stain in the wells and on nanofibers
was gently washed with PBS buffer (three times) to remove unbound and
excess color. The crystal violet retained by the biofilm on nanofiber was
solubilized in 500 pL of 33% acetic acid, and the absorption was
measured at 620 nm. The stain retained in the wells was air-dried in the
oven after washing to capture the images.

2.13. Invitro assay

2.13.1. Cell culture

Human dermal fibroblasts (HDF) (ATCC No. PCS-201-012) cells
were cultured in DMEM media supplemented with 10% FBS and 1% P/S
antibiotics. Subsequently, HDF cells were grown to confluence and then
detached by trypsinization and counted by using a hemocytometer prior
to seeding on samples.

2.13.2. Cytotoxicity of nanofibers

The cell viability of HDF cells was assessed on fabricated nanofibers
(PCL, PCL/uCNT@PDA-0.25, PCL/uCNT@PDA-0.5, and PCL/
uCNT@PDA-1 in order to compare their biocompatibility. The nano-
fibers were cut into 0.5 x 0.5 cm and placed into 96 well culture plates.
The samples were UV treated before utilization. 1.5 x 10* cells/well
were seeded onto the samples in a 96-well culture plate. The viability
was checked on 1, 3, and 5 days after the cell seeding on nanofibers.
Cells seeded on PCL nanofibers were considered as control. For the
analysis, old media was replaced with fresh media (100 uL), and WST-8
(10 pL) dye was added to each sample and incubated for 2 h to form
formazan at 37 °C. WST-8 kit solution contains tetrazolium salt, which
converts into orange formazan dye in the presence of live cells. There-
fore, more number of live cells will produce a high quantity of formazan
dye which helps to analyze the cell viability. After incubation of 2 h, the
optical density of samples was measured at 450 nm wavelength by
UV-vis spectrophotometer (Infinite® M Nano 200 Pro; TECAN,
Switzerland). The results of PCL/uCNT@PDA-0.25, PCL/uCNT@PDA-
0.5, and PCL/uCNT@PDA-1 samples were compared with control (PCL).
All the results were performed in triplicate (n = 3), and data is shown at
mean ODs + standard deviations.

2.13.3. Live/Dead assay

Sterilized nanofiber mats were inserted into 96-well plates, and HDF
cells (1 x 10% cells/well) were cultured upon them and incubated at
37 °C. The cells were allowed to grow in DMEM media for 3 and 6 days.
For the analysis, cells were washed with 1X PBS and treated with 1 pL of
acridine orange and ethidium bromide dye solution at 1:1 ratio. Images
were captured on day 3 and day 6 by an inverted fluorescence micro-
scope (DMi8 Series, Leica Microsystems, Germany).
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2.14. Statistical analysis

Statistical analysis was calculated by utilizing OriginPro 9.0 soft-
ware. Statistical significance between control and treatment sets was
determined using one-way ANOVA. The data are presented as mean +
standard deviations (SDs). Differences were considered significant at *p
< 0.05, **p < 0.01, ***p < 0.001.

3. Results and discussion
3.1. Characterization of uCNT and uCNT@PDA

The synthesis of u~CNT@PDA is shown schematically in Fig. 1(a). The
uCNT was successfully synthesized from the MWCNT using a one-pot
synthesis approach. The synthesis was confirmed using characteriza-
tion techniques. Fig. 1(b) shows TEM images of the MWCNT, uCNT, and
uCNT@PDA. The characteristic hollow MWCNT tubes with long intact
rods were observed. Similar results have been reported in previous
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studies [43]. The wall of the MWCNT was opened after the unzipping
treatment by oxidation to obtain uCNT. However, the obtained TEM
results indicate that the synthesized uCNT has a high aspect ratio. The
change in the TEM image of the PDA-modified uCNT indicates the
deposition of the PDA coating on the uCNT structure. The morphologies
of the MWCNT, uCNT, and uCNT@PDA were confirmed using the SEM
(Fig. 1(c)) analysis, where the cutting of the MWCNT into uCNT was
clearly observed. Random domains of uCNT were visible, which is
strong evidence for the successful unzipping of the MWCNT. In the SEM
image of uCNT@PDA, the agglomeration of organic moieties was
evident. The PDA molecules were homogenously dispersed and
concentrated on the uCNT surface. Elemental dispersion was obtained
using the EDS mapping analysis (Fig. 1(d)), all the oxygen moieties were
observed to be significantly located and well-dispersed on the surface.
The sum spectrum (Figure S1) of the EDS mapping is provided in
Table S1. However, even dispersions of C, N, and O were observed in the
EDS mapping images. This indicates that the improved oxy-functional
groups in uCNT favored the successful fabrication of PDA on the uCNT

uCNT@PDA
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Fig. 1. (a) Scheme of synthesis of u~CUNT@PDA; (b) TEM and (c) SEM images of MWCNT, uCNT and uCNT@PDA,; (d) EDS of uCNT@PDA showing the composition of
C, N, O and S; Characterization of uCNT and uCNT@PDA by (e) FT-IR spectra, and (f) Raman spectra.
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surface. XPS characterization was further performed for identification of
PDA bonding on uCNT surface. In order to confirm the presence of ni-
trogen, uCNT@PDA were analyzed through XPS survey scan and high
resolution spectrum was recorded for Cls, Ols and N1s hybridizations
(Table S2). C—N bonding in uCNT@PDA was observed through Cls
spectra (Figure S2) after the deconvolutions. The XPS spectra of Cls
showed binding energy peaks at 284.6 eV, 285.8 eV, and 290.3 eV,
which have been attributed to the sp2 or sp3 carbon (C—C/C=C), C—N
amine, and C=O0, respectively (ref). Additionally, the peak for N1s
signals of uCNT@PDA around 400.17 eV (Figure S2) was also observed
due to the presence of C—N bonding (sp3 hybridization). The resultant
peak position has been matched with the published papers (ref). Pres-
ence of Nitrogen in uCNT@PDA was already confirmed through
elemental analysis.

The FTIR and Raman analysis results provided strong evidence for
the successful cutting of the MWCNT into the uCNT. According to the
FTIR and Raman analyses presented in Fig. 1(e,f), the uCNT were
formed after cutting at several positions, which could cause the desired
changes in chemical composition. The elemental composition was
confirmed through elemental analysis, where the oxygen density was
found to be improved, which could undoubtedly indicate the generation
of more oxy-functional groups after the unzipping process. The
elemental analysis results are provided in Table S3. The improved ox-
ygen moieties were responsible for the formation of oxygen radicals and
charges, which could enhance the zeta potential. In the FTIR spectrum of
the uCNT, vibration bands at 3402 cm ! (-OH), 1707 cm ! (-C=0), and
1045 cm~! (C—0—C) were observed, whereas the vibration bands for
the —OH group nearly disappeared in the spectrum of uCNT@PDA. A
peak appeared at 1705 cm ! and 1557 cm™! were attributed to the
characteristic absorption of the phenyl groups. This clearly indicates the
presence of PDA on the uCNT surface, and these PDA structures were
bonded with the hydroxyl groups of the uCNT. All representative vi-
bration bands were confirmed and matched well with the reported FTIR
peak values. Other representative peaks at 1045 cm 'and 1463
cm ™! were assigned to the scissoring of CH, and OH of the PDA catechol
groups, respectively. These peaks were not easily visible, which may be
caused by the weak response of the black material to IR rays [44,45].
The FTIR analysis results provided information to confirm the successful
synthesis of the uCNT and uCNT@PDA.

Raman spectroscopy is a very important technique for characterizing
carbonaceous materials [46]. The Raman spectra of the MWCNTs,
uCNTs, and uCNT@PDA are shown in Fig. 1(f). In this study, two
representative peaks in the region between 1000 em ! and 1700 cm ™!
were clearly observed. A peak at 1348 cm ™! is for the p-band because of
disordered boundaries of sp® carbon atoms, and a Raman peak around
1598 em ™! is for the G-band, which is because of the Raman-active vi-
bration of sp2 hybridized carbon atoms from aromatic structures [47]. In
general, the intensity ratio of the D- and G-bands can be used to evaluate
the extent of carbon-containing defects in adsorbents [48]. The intensity
ratios (Ip/IG) of the D- and G-bands were calculated for the MWCNTs,
uCNTs, and uCP, and the representative Ip/IG values were 1.08, 1.25,
and 1.004, respectively. The Ip/IG ratio of the uCNT was higher than
that of the MWCNT because of the chemical and structural modification
of the uCNT surface due to the successful unzipping process. Moreover, a
2D peak was observed in the Raman spectra of MWCNT, uCNT, and
uCNT@PDA, which was caused by the overtone of the p-band peak at
approximately 2670 cm ', This representative peak is attributed to a
double-resonance transition in the carbon material, which is only
Raman-active in the presence of defects, that is, surface modification
[49]. This representative peak was observed to be highly intense in the
Raman spectrum of the uCNT, which is a clear indication of the for-
mation of alien functional groups on the surface, whereas it was much
less intense in the Raman spectrum of the MWCNT and uCNT@PDA. The
Raman analysis results were analogous to the those of the FTIR results.
In addition, a broad and intense p-band band indicated the presence of
amorphous material in the sample. These results were consistent with
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the presence of broad peaks in the XRD pattern. The Raman peaks in
each spectrum were very broad and became narrow after unzipping and
PDA fabrication. These results were consistent with those of the XRD
results (Figure S3), where a broad XRD peak for uCUNT@PDA and uCNT
was clearly observed in the XRD pattern. Hence, this provided evidence
for the confirmation of the amorphous nature of the synthesized
materials.

The charge information was obtained using zeta potential analysis
(Figure S4), where the charge on uCNT changed from positively
charged MWCNT to highly negative because of the formation of various
carboxylic functional groups on the surface. Dopamine is well known for
its strong interaction with the sidewalls of CNTs through n-= stacking
[50], which is highly beneficial for the spontaneous self-polymerization
of dopamine under alkaline conditions. It is important to note that uCNT
and uCNT@PDA showed better dispersion in water than MWCNT.
Notably, the homogenous dispersion of concentrated PDA on the uCNT
surface helps to enhance the desired properties, which are required for
further applicability of the material. Based on the characterization re-
sults, the syntheses of uCNT and uCNT@PDA were successfully
determined.

3.2. Characterization of nanofibers

The uCNT@PDA (0.25, 0.5, and 1%) was added to the PCL solution
to fabricate nanofiber mats by electrospinning. The surface morphology
was observed using the SEM analysis, and the diameter of the nanofibers
was calculated using the algorithm reported by Murphy et al. [51] The
results are shown in Fig. 2(a). The SIMPoly MATLAB method was used
to determine the size of the nanofibers. The surface appearances of the
pure PCL and uCNT@PDA-containing PCL nanofibers were almost
similar, with the appearance of a slightly rough texture, which is
possibly because of the evaporation of the DMF solution during the
electrospinning of the nanofiber. The diameter of the pure PCL nanofiber
was 32.3 + 9.4 nm. After incorporation of uCNT@PDA, the diameter of
the PCL/uCNT@PDA nanofiber decreased from 47.1 4+ 18.9 nm to 32.
+ 11.4 nm with increasing concentrations of uCNT@PDA. However, the
uniformity of the nanofibers obtained from PCL was observed to be more
than that of the hybrid nanofibers.

In addition, the FTIR spectra of the PCL-loaded uCNT@PDA samples
(Fig. 2(b)) were recorded, and the representative band positions of the
PCL material were well-matched with the vibrational bands of PCL in
PCL-loaded carbon materials [52]. XRD analysis of the PCL-loaded
uCNT@PDA samples was performed, and the XRD patterns were
recorded for all the PCL-loaded samples (0.25%-1.0%). Interestingly,
the XRD peaks matched the XRD pattern of PCL [53]. In brief, the XRD
patterns at 20 ranging from 5° to 30° for the pure PCL and uCNT@PDA-
incorporated nanofibers are presented in Fig. 2(c). Pure PCL exhibited
two prominent characteristic peaks at Bragg angles of 20 = 21.4° and
23.6° owing to the 110 and 200 reflections, respectively. These sharp
peaks indicate the crystalline nature of PCL. Furthermore, the crystalline
property of the PCL/uCNT@PDA nanofibers was lower than that of the
PCL nanofibers; hence, the low intensity of the respective peaks. For
PCL/uCNT@PDA-0.25, the intensity of the peaks was the lowest, indi-
cating a reduction in the degree of crystallinity. The reduction in crys-
tallinity indicated an extension of the amorphous regions, and this
phenomenon further affected the biodegradability of the pure PCL and
its composite films. However, increasing the content of uCNT@PDA
increased the crystallinity to some extent, which was reflected in the
intensity peaks of PCL/uCNT@PDA-0.5 and PCL/uCNT@PDA-1. This
demonstrates that some interactions occurred between PCL and the
uCNT@PDA composite.

3.3. Mechanical testing

Mechanical testing was conducted on the films of the PCL, PCL/
uCNT@PDA-0.25, PCL/uCNT@PDA-0.5, and PCL/uCNT@PDA-1
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Fig. 2. (a) FE-SEM morphology of PCL and PCL/uCNT@PDA nanofibers with their diameters and their (b) FTIR spectra and (c) XRD patterns.

samples. The dimensions of the fabricated films are given the Table S4.
The mechanical properties under uniaxial stress are shown in Fig. 3(a).
The mechanical properties were influenced by the presence of the
uCNT@PDA. PCL/uCNT@PDA-1 showed enhanced elongation at break
compared to the pure PCL film. This was because of the possible strong
interactions between PCL and uCNT@PDA. A high concentration of
uCNT@PDA made PCL tougher. On the other hand, low concentrations
can reduce the toughness and mechanical properties of the films. As
shown in Figure S5, the tensile strength of the PCL/uCNT@PDA-1 film
was higher than those of the other samples. Similar results were ob-
tained when PDA and CNT was incorporated in PCL [54,55]. Compari-
son of mechanical properties of carbon materials with PCL is shown in
Table 2.

3.4. TGA

TGA was performed to analyze the thermal stability of the PCL/
uCNT@PDA composite films. Degradation of PCL was initiated at
approximately 230 °C and ended in the range of 400-410 °C. These
results are in good agreement with previously reported results [56]. The
weight loss of PCL was observed to be 90% at approximately 410 °C. A
similar thermal degradation trend was observed for the PCL/
uCNT@PDA films loaded with varying concentrations of uCNT@PDA.
However, the initiating temperature for all PCL/uCNT@PDA degrada-
tions was slightly lower than that of PCL (Fig. 3(b)), and this initiating
degradation temperature was proportional to PCL. The TGA analysis
showed that uCNT@PDA loaded samples were quite stable below 230
°C, which can be beneficial for versatile applications.

The derivative thermogravimetric (DTG) curves of the PCL and PCL/
uCNT@PDA films are presented in Figure S6. All films had only one
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Fig. 3. Mechanical properties of PCL and PCL/uCNT@PDA films: (a) representative stress—strain curves, (b) TGA curves, (c) water contact angle, and (d) DPPH assay.

Table 2

Comparison of mechanical properties, antibacterial effectivity and biocompatibility with different cell lines.
Composite Elastic modulus (MPa) Tensile strength (MPa) Antibacterial efficiency Biocompatibility Ref.
PCL 209 + 21 142+ 1.6 Non-significant 1929 Mouse fibroblast cells [72,73]
PCL/MWCNT 439 £13 18.5 £ 0.5 Non-significant V79 cells [55,74]
PCL/PDA 1.9 4.4 Non-significant MG-63 cells [54,75,76]
PCL/ graphene 260 + 26 13.4 £ 0.3 Non-significant Human adipose-derived stem cells [77-79]
PCL/Kr/CNT 114 10 - Mouse fibroblast cell line 3 T3, hAD-MSCs [80]
PCL/rGO 700 - 27.7% Rabbit stromal cells [81,82]
PCL/GO 442 + 35 27.5 + 5.7 ~30% Rabbit stromal cells [72,81,83]
PCL/uCNT@PDA-1 6169.045 19.41 £ 0.18 82% Human Dermal fibroblast Present study

Abbreviations: Nanofiber-NF, Keratin-Kr, human adipose-derived Mesenchymal stem cells-hAD-MSCs.

decomposition process with the main peak of PCL at 406 °C. The PCL
composite films had lower thermal stability than pure PCL. Specifically,
0.5 and 1% uCNT@PDA incorporated in PCL showed decreased thermal
stability than PCL/uCNT@PDA-0.25. The maximum degradation tem-
perature was increased with the increasing content of uCNT@PDA in
PCL. Therefore, the results indicated that introduction of uCNT@PDA
changes the thermal stability of PCL/uCNT@PDA samples. These ob-
servations are in good agreement with the previous studies where CNT
and PDA were incorporated separately in PCL [57,58].

3.5. Degradation

The degradation of the PCL-based nanofibers was studied in a buffer
solution containing NaOH. As shown in Figure S7, the PCL/
uCNT@PDA-1 nanofibers exhibited a higher degradation rate than the

PCL scaffolds. The PCL/uCNT@PDA nanofibers showed, 40%, and 50%
mass loss within 9 days. The degradation rate of PCL scaffolds, such as
3D printed scaffolds and nanofibers, is also very low and takes more than
2 years depending on the molecular weight [59]. Hence, it is expected
that the incorporation of uCNT@PDA into the PCL scaffolds will
enhance the degradability of overall composite material. Thus, the rate
of degradation of the hybrid PCL/uCNT@PDA platforms will increase
compared to that of the PCL nanofibers, increasing its application in
biodegradable coatings, medical implants and dressing materials.

3.6. Water contact angle

The water contact angle of the PCL/uCNT @PDA nanofibers was
determined to understand the wettability of PCL and the influence of
uCNT@PDA. The results are shown in Fig. 3(c). PCL is hydrophobic
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[60], however, it is biocompatible and widely used in the medical and
non-medical field. The pure PCL nanofiber had a contact angle of
121.34°, confirming its hydrophobic surface properties. The incorpo-
ration of uCNT@PDA decreased the contact angle by 20-25° and
showed lower hydrophobicity than PCL. As shown in Fig. 3(c), the
contact angle of the nanofibers decreased to 103°, 99°, and 96° with
increasing amounts of incorporated uCNT@PDA. However, the overall
contact angle was not less than 90°, which represents its hydrophobic
property. Therefore, no significant change between PCL and
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uCNT@PDA loaded samples was observed. This property is highly
required for the application of coatings where moisture is not supposed
to retain.

3.7. Antioxidant assay

In the 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay, DPPH free radi-
cals can be neutralized by accepting an electron or hydrogen atom,
leading to a color change in the solution from purple to yellow [61].
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Fig. 4. Photothermal properties (a) different concentration of uCNT at 0.5 W/ cm?, (b) temperature increase in uCNT and uCNT@PDA at 1.0 w/cm? power density,
(c,d,e) temperature change in nanofibers at (c) 0.5 W/cm? and (d) 1.0 W/cm? with (e) infrared thermal images on irradiation of 0.5 W/cm? and (f) ESR spectra of
PCL/uCNT@PDA-0.5 nanofiber with and without 808 nm NIR laser light irradiation.
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From Fig. 3(d), it can be determined that the DPPH-scavenging effi-
ciency of the PCL/uCNT@PDA nanofibers was dependent on the amount
of uCNT@PDA. The DPPH-scavenging efficiency was enhanced by
increasing the amount of uCNT@PDA. In the initial 30 min, pure PCL
exhibited 0.11% ROS-scavenging activity, whereas PCL/uCNT@PDA-
0.25, PCL/uCNT@PDA-0.5, and PCL/uCNT@PDA-1 exhibited 23.75%,
32.93, and 46.14% antioxidant activity, respectively, which can be
attributed to the inclusion of uCNT@PDA. The percentage of antioxidant
activity increased with time, where PCL showed 8.9% ROS scavenging
and 72.71%, 75.29%, and 75.34% with increasing amounts of
uCNT@PDA content in the nanofibers. It is well known that wound sites
could produce excessive ROS, which might result in oxidative stress
[62]. Owing to the presence of catechol groups, uUCNT@PDA showed
excellent antioxidant and free radical scavenging activities [63].
Therefore, PCL/uCNT@PDA-0.5 and PCL/uCNT@PDA-1 nanofiber mats
displayed excellent antioxidant ability, which would have great poten-
tial as wound dressing materials for wound healing and antibacterial
activity.

3.8. Photothermal performance

To evaluate the photothermal conversion ability, the uCNT,
uCNT@PDA, and PCL/uCNT@PDA samples were irradiated with NIR
light. Fig. 4(a) shows the temperature elevation of uCNT of different
concentrations upon irradiation with NIR laser light (0.5 W/cm?). The
temperature increased from 27.9 °C to 31.8 °C and 37 °C for 50 pg/ml
and 250 pg/ml of uCNT after irradiation with NIR light for 5 min.
Similarly, the temperature of 250 ug/ml of uCNT and uCNT@PDA dis-
persions also increased to 65 °C and 70 °C after irradiation with 1.0 W/
cm? power density NIR light (Fig. 4 (b)). These results imply that the
uCNT and uCNT@PDA nanofibers have high photothermal conversion
capacities.

The photothermal effect of uUCNT@PDA-incorporated PCL nanofibers
were also detected using 808 nm NIR light with different power densities
(0.5 and 1.0 W/crnz) for 5 min. The graphs presented in Fig. 4(c,d,e)
show the increase in the temperature of the nanofibers at varying times
of irradiation. The PCL nanofiber, considered a control, exhibited
negligible increase in temperature under both 0.5 and 1.0 W/cm? power
NIR light. In comparison, the PCL/uCNT@PDA-0.25 nanofibers showed
a rapid and significant increase in temperature from 24 °C to 52 °C and
83.9 °C after irradiation with 0.5 and 1.0 W/cm? power NIR light for 5
min continuously. Similarly, the temperature of PCL/uCNT@PDA-1
composites also increased to 67.4 °C and 115 °C under 0.5 and 1.0 W/
cm? power NIR light within 5 min. These results demonstrate that the
fabricated nanofibers exhibit a photothermal effect and can be used for
various applications, including antibacterial and cancer therapy. Table 1
presents the literature on carbon composites with their NIR properties
and applications.

3.9. Radical generation

ESR was employed to evaluate the free radical generation of the PCL/
uCNT@PDA nanofiber samples with and without NIR light. The ESR
spectra of the sample showed strong signals at 3340, 3355, and 3376 G,
with g-factor values of 2.0149, 2.0046, and 2.0050, respectively.
Interestingly, the sample displayed a more intense signal, as shown in
Fig. 4(f). No ESR signals were detected without the NIR-treated nano-
fibers, suggesting that no free radicals were generated from the nano-
fibers. However, the ESR signals of the treated sample clearly show the
generation of a high free radical concentration.

3.10. NIR irradiation triggered drug release
Curcumin is widely recognized drug for its medicinal properties,

including broad-spectrum antibacterial, anti-inflammatory, and anti-
oxidant properties, and for the treatment of wounds. The release profiles
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of nanofibers were investigated in 2% Tween 20 and PBS mixture so-
lutions. To understand the release of curcumin from PCL/uCNT@PDA
nanofibers in the presence of NIR, 3% curcumin was incorporated into
the PCL/uCNT@PDA solution during the fabrication process. The
amount of drug released from the nanofibers with and without NIR
treatment was calculated. The mechanism of light-assisted release from
mats was determined by irradiation with NIR light for 5 min before each
reading at different time points. Fig. 5(b) shows the NIR-triggered cur-
cumin release patterns from the PCL and PCL/uCNT@PDA nanofibers.
Curcumin release in the presence of NIR showed little acceleration
compared to that without NIR irradiation. It was observed that 80% of
the loaded curcumin was discharged from the PCL/uCNT@PDA/Cur
nanofibers within 2 weeks. A steady decrease in drug release was
observed after 4 days. The burst release was observed in the first 24 h
followed by slow release for the next 1 week. In NIR-triggered drug
delivery the amount of drug released was approximately 10% higher
than that of the drug delivery in the absence of NIR light. The content
released in 320 h at pH 7.5 was 76% for regular and 82% for NIR irra-
diated release.

The mechanism of release of hydrophobic drugs from PCL scaffolds is
primarily diffusion [68,69]. The polymer degradation rate and drug-
polymer and drug-media interactions significantly influence drug
release [70]. The results showed slightly increased curcumin release
upon NIR irradiation and a slightly lower release in the absence of an
NIR set.

3.11. Antibacterial assay

To evaluate antibacterial performances by a single NIR light irradi-
ation to nanofibers, bacterial survival experiments against B. subtilis and
E. coli were carried. The platforms were irradiated with the 808 nm laser
(0.5 W/em?, 10 min) light and bacteria colony were counted using a
standard surface plating method. As shown in Fig. 6(a,b), the PCL/
uCNT@PDA nanofiber mat showed a bactericidal effect against
B. subtilis and E. coli when irradiated with 808 nm NIR light. For the PCL
nanofiber, no bactericidal effect was observed, with or without the NIR
treatment. The bacteria killing activity of PCL/uCNT@PDA-0.25, 0.5,
and 1 increased up to 24%, 35%, and 44% against B. subtilis (Fig. 6(a))
and 63%, 68%, and 82% against E. coli (Fig. 6(b)) in the presence of NIR
light, respectively. It is clearly observed that antibacterial activity was
enhanced by increasing the amount of uUCNT@PDA. The generation of
heat and ROS in bacterial cultures is a possible reason for the bacteri-
cidal effect of this material. To further visualize the antibacterial prop-
erty of this mat, the morphology of the membrane integrity of the
bacteria treated with NIR on all samples was observed using SEM
analysis. As shown in Fig. 7, after the NIR treatment on bacteria in PBS
and PCL nanofibers, the bacterial membrane was intact without any
leakage or rupture. In contrast, the PCL/uCNT@PDA-0.25, PCL/
uCNT@PDA-0.5, and PCL/uCNT@PDA-1 platforms showed bacterial
shrinkage and rupture of membrane.

In some cases, the cell contents of the bacteria were released, leaving
the outer membrane hollow. This confirmed the killing of bacteria. The
bactericidal effect on B. subtilis was more intense than that on E. coli.
However, approximately all the bacteria shrank, which is the initial
stage of cell damage. Among all the nanofiber membranes, PCL/
uCNT@PDA-1 exhibited the best bactericidal efficacy. The photo-
thermal property of uCNT@PDA has a photothermal effect on bacteria,
which can change the permeability of the bacterial membrane and
denature enzymes and other proteins. The ROS produced by
uCNT@PDA can also increase the permeability and thermal sensitivity
of damaged bacterial membranes. These two therapies complemented
each other and achieved synergistic bactericidal effects. Antibacterial
evaluation at high temperature and ROS production because of NIR
irradiation on nanofibers confirm this conclusion. Antibacterial prop-
erties of different carbon materials have been compared in Table 2.
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Fig. 5. Behavior of curcumin release in (a) absence of NIR light and (b) presence of NIR light.
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3.12. Antibiofilm activity

The biofilm degradation property of the PCL/uCNT@PDA nanofibers
with and without the NIR treatment was examined. The results pre-
sented in Fig. 8 show that the NIR treatment on the biofilm-developed
nanofibers disrupted the biofilms when compared to that of the nano-
fibers without the NIR treatment. After staining the biofilms with crystal
violet, it was observed that the NIR-treated wells contained very few
bacteria; hence, the stain retained within the wells was comparatively
lower than the control set. The results suggest that the NIR treatment of
the PCL/uCNT@PDA nanofibers exhibited significant antibiofilm
activity.

An increase in the concentration of uCNT@PDA positively affected
the biofilm degradation performance of the nanofibers. Therefore, the
highest antibiofilm activity was observed for the PCL/uCNT@PDA-1
nanofibers. The biofilms of B. subtilis and E. coli were disrupted by
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40% and 50%, respectively, because of the NIR treatment of PCL/
uCNT@PDA-1 nanofibers. In comparison, the antibiofilm activities of
control samples were 1% for B. subtilis and 4% for E. coli. The biofilm
degradation by PCL/uCNT@PDA-0.25 was the least as a percentage
decrease of only 25% and 19% upon NIR treatment. Suitable antibac-
terial activities were obtained when a-Fe;O3@Au/PDA nanoparticles
were treated with NIR light but with a high power density (2.0 W/ cm?)
[71]. Therefore, the developed NIR-responsive platform is a promising
approach for degrading biofilms that develop on various surfaces. As a
result, PCL/uCNT@PDA nanofibers can easily degrade and inhibit bio-
film formation when irradiated with NIR light.

3.13. Cytotoxicity and Live/Dead assay

Cell viability was assessed to check for any adverse effects of the
PCL/uCNT@PDA nanofibers on the HDF cells using the WST-8 assay for
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Fig. 7. SEM images of killing of B. subtilis and E.coli after treatment of 0.5 W/cm? laser light (808 nm) NIR irradiation on PCL/uCNT@PDA nanofibers.

PCL/UCNT@ PCL/uCNT PCL/uCNT

PCL
PDA-0.25 @PDA-0.5 @PDA-1
(a) e = \Z = N = 35
3 J PCL PCL/UCNT@PDA-0.25
L 3.0 PCLIUCNT@PDA0.5  PCLIICNT@PDA-1
" - s —_ ok
3 8, 2.0-
@
%) 2 151
E g 1.5
E I I 'g 1.0+
8 = £ os.
Q +
PR el R = : i S o0 (+)NIR
(b) . — . ¢ - ‘ N\ 38
. i / o s i PCL PCLIUCNT@PDA-0.25
% 14 3 e 3.0 PCLIUCNT@PDA-05 PCLIUCNT@PDA-1
° z & ‘ézs_ — dedek
© ' o“’ " I | ! W
= S 2.0 |
o > 8
S E £ 15
o -
< o 1.04
S & 3
‘Lﬁ = 4 < 0.5-
+ ; 3 A\ : ' 0.0-
. NN v () NIR (+)NIR
el T, Nk

Fig. 8. NIR responsive antibacterial biofilm property of the fabricated nanofibers. Biofilm degradation efficacy of various nanofibers after irradiation with 0.5 W/cm?
laser light (808 nm) against (a) Bacillus sp. And (b) E. coli and their respective OD values. Data are mean =+ SD of triplicated experiments, statistical significance at
**p < 0.01, ***p < 0.001.

13



T.V. Patil et al.

1, 3, and 5 days, and the results are presented in Fig. 9(a). Even though
the PCL/uCNT@PDA-1 and PCL/uCNT@PDA-0.5 samples showed a
decrease in cell viability compared to the PCL samples, a consistent in-
crease in cell proliferation on their individual surfaces was observed.
Considering PCL as a control, PCL/uCNT@PDA-0.5, and PCL/
uCNT@PDA-1 showed satisfactory biocompatibility with and viability
of the HDF cells. It was observed that PCL/uCNT@PDA-0.5 and PCL/
uCNT@PDA-1 were less compatible than PCL/uCNT@PDA-0.25 for
cell growth. After day 3, the rate of proliferation increased in the
uCNT@PDA-incorporated samples.

For Live/Dead images at 3 and 6 days, cultured cells on nanofibers
were stained with acridine orange and ethidium bromide staining so-
lution. The Live/Dead assay of HDF with the nanofibers on days 3 and 6
is shown in Fig. 9(b). The images demonstrate that almost all the cells
seeded on the nanofiber were live (green). Even on day 6, the cells were
viable on the nanofibers, indicating that the fabricated PCL/uCNT@PDA
nanofibers were biocompatible and had no toxic effects on HDF cells.
Furthermore, the cultured HDF cell morphology resembled a spindle-
shaped morphology, indicating that the cells were healthy and fol-
lowed and spread in the direction of the nanofibers. Thus, the result
states that PCL/uCNT@PDA platforms are not hazardous and can be
applied in medical sectors for implant coatings and prevent or eradica-
tion of bacteria infections. Cytocompatibility of various PCL/carbon
materials are listed in Table 2 which shows that carbon materials
incorporated in PCL are non-toxic to different cell lines.

4. Conclusion
This study successfully synthesized unzipped CNTs using an eco-

friendly-one-pot approach. The prepared uCNTs were modified with
mussel-inspired PDA and incorporated into biocompatible PCL to

Applied Surface Science 612 (2023) 155949

develop the PCL/uCNT@PDA nanofibers. The PCL/uCNT@PDA plat-
forms exhibited excellent photothermal properties at a low power den-
sity in a minimum time period (5 min). In addition, the nanofibers
showed ROS-scavenging activity in the absence of NIR and the genera-
tion of free radicals in the presence of NIR light. An enhanced antibac-
terial effect against gram-positive and gram-negative bacteria was
observed upon NIR laser irradiation. Furthermore, it was found that
untreated PCL/uCNT@PDA nanofibers were less effective against the
antibiofilm activity. However, when the nanofibers were irradiated with
NIR light, the antibiofilm properties were significantly enhanced. Heat
was produced by the nanofibers upon NIR light irradiation. The
increased temperature killed the bacteria and degraded the bacterial
biofilm. The highest antibacterial activity was observed for PCL/
uCNT@PDA nanofibers. Curcumin release from the PCL/uCNT@PDA
nanofibers showed similar release properties in the presence and
absence of NIR light. Moreover, the cell viability of the nanofiber
showed no remarkable cytotoxicity. Based on these results, the devel-
oped hybrid platforms had potential versatile application in coatings,
medical implants, sterilization of water, and removal of bacteria from
various surfaces.
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