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Monitoring the pH of wounds has been recognized as an essential diagnosis factor during the healing
process. This study presents a novel chitosan—carbon dots nanocomposite with dual applications as an
antibacterial and pH-sensitive nano-agent for enhancing wound healing and monitoring the pH at the
same time. The carbon dots (CDs) were synthesized using ammonium hydrogen citrate under
hydrothermal conditions. The chitosan-based nanocomposites with different concentrations of CDs
were fabricated through a solvent casting method. After detailed material characterization of the CDs
and chitosan/CDs nanocomposites, the antibacterial activities and cell viability were thoroughly
investigated against the Staphylococcus aureus bacterial species and L929 fibroblastic cell lines,
respectively. The results indicated that the chitosan/CDs nanocomposites were biocompatible and
nontoxic with effective antibacterial properties. The mechanical properties of the chitosan/CDs
nanocomposite were improved via the addition of the CDs. The results show that the preparation of the
chitosan/CDs nanocomposite at a concentration of 1.0 wt% carbon dots possessed the best optical,
biological and mechanical characteristics. Furthermore, the results reveal that the proposed chitosan/
CDs nanocomposites had outstanding pH-sensitive properties. According to the strong antibacterial
properties and nontoxicity, as well as outstanding pH-sensitive nature, the proposed chitosan/CDs
nanocomposites, as a smart materiel, have great potential applications in tissue engineering.
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'V ! Furthermore, the optimized ratio of CDs/chitosan nanocomposite was used as an antibacterial wound
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healing bandage and in vivo experiments were carried out on three groups of rats. The results showed

that the CDs/chitosan nanocomposite not only possessed high pH sensitivity, but could also improve the
wound healing process due to its antibacterial properties.
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1. Introduction

Wound healing is known as one of the critical issues in medical
processes." Among the critical factors in the wound healing
process, such as pH, level of oxygen, enzymes and temperature,
monitoring the pH fluctuation at various stages is considered as
one of the most important factors.> The alteration of pH during
the healing process firmly depends on the type of wound, which
is chiefly categorized as either an acute or chronic wound.? The
pH of wounds typically changes between the range of 4-6 in
acidic media and 7-9 in basic milieu for both chronic and acute
wounds.* However, the range of pH alteration and its
complexity depends on the type of wound. In the case of acute
wounds, pH changes through the 4-fold steps of wound healing,
including haemostasis, inflammation, proliferation and
remodelling, which is considered a simpler route compared to
the healing of chronic wounds.” Thus far, different methods
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have been reported for measuring the pH, including colori-
metric methods,® electromechanical” and electrochemical-
based techniques.?® All of these methods are useful but they have
some disadvantages, such as sophisticated technologies, high
cost production and difficult usage. Hence, an economic,
simple and applicable method for monitoring pH during the
wound healing process should be developed.® Up until this
point, various kinds of biomaterials and nanomaterials have
been used for improving the wound healing process and for pH
monitoring.’®"* In the last decade, carbon nanostructures, such
as graphene," graphene quantum dots* and carbon nano-
tubes,'* have been utilized for antibacterial properties, wound
healing and disinfection applications due to their suitable
biocompatibility. As a new class of zero-dimensional (0D)
nanomaterial, carbon dots (CDs) have shown promising
potential application in all aspects of biomedical applications.*
It has been widely accepted that CDs possess unique optical,
electrochemical, biocompatibility and photoluminescence
properties.'®” In addition, CDs have high stability, low toxicity,
good water solubility and are environmentally friendly.*® Due to
these attractive properties, CDs have drawn scientists' atten-
tions for use as a novel carbon nanostructure for bioimaging,
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biosensors, drug delivery and gene delivery.*>** It has been
shown that the optical properties of fluorescent CDs can be
affected by changing the pH.** The high pH sensitivity of CDs
can be associated with various surface states, different func-
tional groups and energy gap.*

On the other hand, chitosan is known as a hydrophilic,
biocompatible, cationic and biodegradable biopolymer.>* The
antibacterial properties of chitosan have been confirmed in
numerous reports.>* Also, it has been shown that chitosan can
accelerate the wound healing rate.”® Unfortunately, the poten-
tial application of pure chitosan as a wound dressing material
can be hindered due to some undesirable properties such as
platelet adhesion, protein adsorption, and development of
thrombus which can increase bacteria adhesion.?® In order to
overcome these issues, various types of nanostructures, such as
metallic nanoparticles, such as Au, Ag, Zn and TiO,,*”** carbon
nanotubes* and graphene,* have been combined with chito-
san. The combination of these nanostructures can effectively
improve chitosan's properties. However, these nanostructures
have their own problems, such as non-environmentally friendly
synthesis methods and high cost.** In this study, we prepared
a novel chitosan/CDs nanocomposite that can be simulta-
neously applied as an antibacterial and pH sensitive nanoagent
for enhancing the wound healing process. Ammonium
hydrogen citrate (AHC) was used to synthesize N-doped CDs and
the chitosan/CDs nanocomposites films were then fabricated
through a solvent casting method. The biocompatibility, anti-
bacterial properties and pH sensitivity of the N-doped CDs and
chitosan/CDs nanocomposites were examined using the WST
assay and an antibacterial test, UV-Vis spectra and optical
images, respectively. Finally, in vivo stduies were carried out on
three groups of rats.

2. Material and methods

2.1. Instruments and materials

All the materials were purchased from Sigma Aldrich and used
without any further manipulation. The morphology of the CDs
was investigated by transmission electron microscopy (TEM,
Philips, EM 208). The crystallinity of the as-prepared CDs was
examined by X-ray diffraction using a PW 1840 Philips device.
Ultraviolet-Visible (UV-Vis) spectroscopy was carried out using
a Rey Leigh UV-2601 spectrometer. The zeta potential and
dynamic light scattering was conducted by using a ZEN 3600
(Malvern) device. XPS analysis was carried out using a hemi-
spherical analyser supplied by an Al Ko X-ray source (operating
at an energy of 1486.6 eV in a vacuum higher than 10~ Pa) and
the signals were deconvoluted by Gaussian components. The
photoluminescence (PL) spectra were recorded using an Avas-
pec 2048 TEC (Avantes) spectrophotometer, while the excitation
wavelength varied from 246 to 396 nm.

2.2. Synthesis of CDs

The CDs were synthesized using AHC as both a nitrogen and
carbon precursor. The CDs were synthesized by a hydrothermal
reaction; briefly, 2 g of AHC was dissolved into 75 ml of
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deionized water to reach a colourless solution. Subsequently,
the solution was transferred into a 100 ml Teflon-lined stainless
autoclave. The autoclave was gradually heated to 180 °C at the
rate of 2 °C min " and held at this temperature for 12 h. After
naturally cooling the autoclave, the colourless solution changed
to a bright yellow solution. The obtained solution was centri-
fuged at 10 000 rpm for 15 min to separate out the larger
particles. Finally, the supernatant solution was separated from
the large particles and kept for further characterizations and
evaluations.

2.3. Preparation of chitosan/CDs nanocomposite

For fabrication of the chitosan/CDs nanocomposite, 3 wt%
homogenous solution was prepared by dissolving chitosan in
0.3 M acid acetic. The sterile square chitosan patterns were
produced using a standard square mould with the size of 30 x
40 mm. Various proportions of CDs, including wt% = 0%,
0.25%, 0.5%, 1% and 2%, were gently added to the chitosan
solution to prepare the desirable antibacterial mixture. Subse-
quently, the mixture was injected into the square mould for the
formation of composite films. Then, the moulds were lyophi-
lized in a freeze dryer to complete the moulding process.

2.4. Characterization of mechanical properties

The mechanical properties of the chitosan/CD nanocomposite
were measured using Instron 5900 instrument under a cross-
head speed of 1 mm min~. The cylinder dimensions were 15
mm in diameter and 5 mm in thickness. All the tensile tests
were performed at room temperature. In order to achieve more
reliable results, five samples were fabricated for each case.

2.5. Antibacterial measurements

The antibacterial activities of CDs and chitosan/CDs nano-
composites were investigated against Staphylococcus aureus
using disc diffusion method (DDM).?? In the DDM, 50.0 pl of the
bacteria suspension (100-120 CFU ml ™) was cultured in ster-
ilized Petri dishes in which Luria-Bertani (LB) agar gel was
coated. Then, 5 mm filter paper discs were immersed into the
different concentration of CDs (1-15% v/v in PBS). Shortly after
the impregnation, the paper discs were carefully located in
centre of the prepared culture Petri dishes and incubated at 37
°C for 24 h. Also, optical density (OD) method was applied for
investigation of the CDs" antibacterial activity. To achieve this,
different concentrations of CDs were added to 1 ml of Staphy-
lococcus aureus growth medium and incubated in a shaking
incubator for 24 h. At selected time intervals, the corresponding
OD was recorded in 610 nm. In the optical density method, disc
shapes samples of the chitosan and chitosan/CDs nano-
composites with a diameter of 5 mm were added to separate test
tubes containing 10 ml of bacterial growth medium. Then, 1 ml
of fresh culture of Staphylococcus aureus was added to each test
tube, which were then incubated in a shaking incubator for 24
h. At selected time intervals, the turbidity of media was recorded
with a UV-Vis spectrophotometer at 610 nm.
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2.6. Cell toxicity

1929 fibroblastic cell lines were cultured in 24-well plates in
RPMI medium supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin. The toxicity of the CDs
samples were evaluated using the WST assay kit, as described
previously.*® In brief, the CDs with various concentrations (0 to
50 pug ml~") (10 well per group) were added to the cultured cells
(10° cells per well). Then, the viability of cells was assessed after
24 h using WST assay kit (CCK-8). The chitosan/CDs nano-
composites were successively sterilized by immersing the
samples in 75% ethanol for 12 h and culture media overnight.
The samples were seeded with 1 x 10° L929 fibroblastic cells in
RPMI medium supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin. The cell viability was
assessed after 48 h using WST assay, Calcein AM and Ethidium
homodimer-1 (EthD-1) recognize kit. Calcein AM was converted
to fluorescent calcein (excitation ~495 nm, emission ~515 nm)
by intracellular esterases present in live cells. While EthD-1
penetrates damaged cell membranes and binds to the nucleic
acids, fluorescent emission is increased 40-fold (excitation
~496 nm, emission ~635 nm). The fluorescent images were
recorded using an inverted fluorescence microscope (Evos, Life
Technologies).

2.7. Characterization of the pH sensitivity

The effect of pH alteration on the emission intensity of CDs was
investigated through measuring the PL intensity by varying pH
values at the excitation of 365 nm. In a typical experiment, 2 ml
of CDs with concentration of 1 mg ml™' in buffer phosphate
solution was prepared at various pH (2-12). Furthermore, the
visual images of CDs were taken at the corresponding pH values
under day light and UV (365 nm). Each measurement was
repeated three times. Subsequently, the calibration curve of pH
values and the related intensity were plotted. The pH sensitivity
and fluorescence properties of the CDs-chitosan nano-
composite at various pH values were further examined. For this
purpose, 2 ml of buffer solution at different pH values (4-9) was
added to the as-prepared nanocomposites and the visual
images were taken under day light and UV (365 nm). The
emission intensity of each sample was characterized by using
Image-J software.**

2.8. In vivo wound healing study

The as-prepared chitosan/CDs nanocomposite was used to
characterize the wound healing process by using a rat model.
The in vivo experiments and wound healing characteristics were
investigated following the approval of the Animal Ethics
Committee, Shahid Beheshti University of Medical Sciences (IR,
SBMU.RETECH.REC.1395.291). The pure weight of each rat was
measured to be about 260 g. The rat was anaesthetised through
the injection of urethane (2 mg kg™') and a selected part of its
body was completely shaved. At the first step, the selected area
of the wound (1 cm?®) was excised and prepared for assessing the
wound healing characteristics. Then, the wound was fully
covered with the chitosan and chitosan/CDs nanocomposite at
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the optimized ratio. It should be noted that the area of chitosan/
CDs nanocomposite was measured to be about 2.25 cm” in
order to cover the whole surface of the wound and was then
fixed via an elastic adhesive bandage. Throughout wound
healing process, the reduction of the wound size was photo-
graphed and recorded over the passage of 0, 4, 8 and 16 days.
During the wound healing process, the rat was kept in sterilized
conditions to eliminate the effect of bacterial growth which
could be caused by external factors. The percentage reduction of
the wound size was calculated with the following equation:

wy = ([a; — a,)la;) x 100

where w, is the percentage of wound size reduction and a; and a,
are the area of the wound at the initial and interval times,
respectively. The in vivo experiments were conducted on three
groups (control, chitosan and chitosan/CDs nanocomposite)
and each phase was repeated 5 times.

3. Results and discussion

Numerous approaches have been proposed for the synthesis of
CDs,* among which the hydrothermal and solvothermal
approaches are known as the best methods due to offering
facile, large-scale and green synthesis procedures.®® In this
study, CDs were hydrothermally synthesized at 180 °C, accord-
ing to Scheme 1. The shape, size and chemical structure of the
synthesized CDs were comprehensively characterized using
atomic transmission electron microscopy (TEM), high-resolu-
tion transmission electron microscopy (HRTEM), dynamic light
scattering (DLS) and UV-Visible and photoluminescence (PL)
spectroscopy (Fig. 1). Fig. 1A and B show the TEM and HRTEM
images of the CDs. These figures illustrate that no significant
agglomeration occurs during the synthesis of the CDs. The
hydrodynamic diameter of the CDs was evaluated by DLS
(Fig. 1C), in which the dominant diameter of the CDs was found
to be about 4 + 1 nm, as confirming by the TEM images. The
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Scheme 1 Schematic illustration for synthesis of carbon dots.
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Fig. 1 (A) TEM and (B) HRTEM images of CDs. (C) Particle size distribution of CDs, (D) UV-Visible absorption spectrum of CDs. The insets:

photographic images of the CDs (1 mg ml™) under a: sunlight and b: UV light (366 nm). (E) PL response of the CDs by varying the excitation

wavelength from 246 to 396 nm.

UV-Visible spectrum of the CDs and fluorescence images under
UV light (366 nm) can be seen in Fig. 1D. The absorption peaks
at 231 and 330 nm can be attributed to w-mt* transition of C=C
bond and n-m* transition of C=0 bond, respectively.>” Also,
various excitation wavelengths were applied to evaluate the
excitation dependency or independency of the CDs. Fig. 1E
illustrates the PL response of CDs by varying the excitation

This journal is © The Royal Society of Chemistry 2017

wavelength from 246 to 396 nm. It can be seen that the fluo-
rescence emission peaks remain invariable by altering the
excitation wavelength. Furthermore, the wavelength of emis-
sion was approximately 462 (+5 nm) indicating a uniform size
distribution of CDs, which confirms the DLS and TEM
results.®** The PL characterization approves that the as-
prepared CDs indicate an independent-excitation behaviour.*’

RSC Adv., 2017, 7, 10638-10649 | 10641
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X-ray photo-electron spectroscopy (XPS) was utilized to
investigate the chemical composition of the CDs (Fig. 2).
According to Fig. 2A, three major peaks can be observed, which
are related to carbon, nitrogen and oxygen atoms. The high-
resolution C 1s spectrum (Fig. 2B) is divided into four distinc-
tive peaks. The first and main component is related to C-C
bonds at 284.7 eV. The second one is attributed to C-N bonds at
285.4 eV, while the third component at 287.8 eV can be related
to C=0 bonds and the fourth peak at 289.3 eV is associated
with C-O bonds.**" Fig. 2C, exhibits the high-resolution XPS
spectra of N 1s for the CDs. The two distinct peaks at 400.2 and
401.5 eV can be related to C-N and N-H bonds, respectively.
These peaks confirm the formation of nitrogen-containing CDs
during the hydrothermal process. The O 1s spectrum of the
carbon nanodots (Fig. 2D) can be divided into two main peaks at
531.6 and 533.1 eV relating to C=0 and C-O bonds, respec-
tively. The XPS results confirm the synthesis of oxygen-nitrogen
dual-doped CDs.*

The antibacterial properties of the CDs against Staphylo-
coccus aureus were confirmed by DDM (Fig. 3A). The CDs
showed strong antibacterial properties with an inhibition zone
of 3.1 mm, 3.7 mm and 4.6 mm being observed for 5%, 10% and
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Fig. 2
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15% v/v, respectively. Bacterial growth kinetics were also carried
out in order to study the antibacterial properties of different
concentrations of CDs (Fig. 3B). The bacterial growth was ob-
tained by measuring the optical density at 610 nm. As presented
in Fig. 3B, the bacterial growth was inhibited by increasing the
CDs concentration, in comparison with the control (without
CDs). The growth of Staphylococcus aureus was inhibited
completely when the concentration of CDs was more than 10 pg
ml~". The toxicity of the CDs samples on L929 fibroblasts cell
lines was evaluated using the WST assay kit. As shown in
Fig. 3C, the CDs also show negligible toxicity on fibroblasts cell.
The nontoxic behaviour of the CDs as well as their good anti-
bacterial activity can indicate the potential application of CDs in
nanocomposites.

Optical images of chitosan and the chitosan/CDs nano-
composites film under sunlight and UV light are presented in
Fig. 4A. Fig. 4B shows the XRD patterns of the CDs, chitosan and
chitosan/CDs nanocomposites film. The XRD spectrum of the
CDs indicate distinct peaks near 28 (26) corresponding to the
(002) crystal lattices of carbon atoms. The interlayer spacing
distance of the CDs was found to be about 3.3 A.* The XRD
pattern of the chitosan film indicates a peak indexing at 26
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(A) XPS survey spectra of the CDs. (B) XPS high-resolution survey scan of C 1s, (C) N 1s and (D) O 1s region of the CDs.
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Fig. 3 (A) Antibacterial activity of the CDs by the DDM. (The insets: photographic image) and (B) optical density method. (C) Relative cell viability

of the L929 cell line after 24 hour treatment with different concentration of CDs.

11.5°, along with three broad peaks at 18.2°, 30° and 42°. The
XRD spectrum of the chitosan/CDs nanocomposites shows the
diffraction pattern of both CDs and chitosan. The peak intensity
of the chitosan at 11.5° and 18.2° was slightly decreased in the
chitosan/CDs nanocomposites. This decreased peak intensity of
the nanocomposites indicates a slight increase in the crystal-
linity of the nanocomposites.** Mechanical strength is one of
the important criteria that should be considered in biomaterial
design. For further evaluation of the role of the CDs in the
chitosan matrix, the mechanical properties of the chitosan/CDs
nanocomposites were investigated. The stress-strain curves of
the chitosan and chitosan/CDs nanocomposites at different
concentrations of CDs are shown in Fig. 4C. The tensile
strength, Young's modulus and elongation at break of the chi-
tosan/CDs nanocomposites are tabulated in Table 1. The
mechanical properties of the nanocomposites are conspicu-
ously improved by the addition of CDs, which highlights the
role of carbon nanoparticles in the chitosan/CDs nano-
composites.”” As summarized in Table 1, the mechanical
properties of the nanocomposites at the concentration of 1.0
wt% CDs was improved compared to the concentration of 0,
0.25 and 0.5 wt%. After that, increasing the concentration of

This journal is © The Royal Society of Chemistry 2017

CDs from 1.0 to 2.0 wt% resulted in the mechanical properties
of the nanocomposites remaining approximately unchanged. It
can be inferred that the concentration of 1.0 wt% might be
chosen as the optimal concentration of chitosan/CDs nano-
composite. The SEM images of the chitosan and chitosan/CDs
nanocomposite at the concentration of 1.0 wt% are shown in
Fig. 4D and E, respectively. Fig. 4D shows the fractured surface
of neat chitosan. The neat chitosan shows a smoother surface
compared to the chitosan/CDs nanocomposite, indicating the
creation of more fracture via the addition of CDs. According to
Fig. 4E, the SEM micrographs reveal that the roughness of the
chitosan/CDs nanocomposite increases, implying a tortuous
crack propagation path after the addition of the CDs. Thus, the
higher fracture energy, greater roughness and higher strength
of the chitosan/CDs nanocomposites is due to the inclusion of
CDs to chitosan, which confirms the aforementioned mechan-
ical properties of the chitosan/CDs
nanocomposites.

The toxicity of chitosan and the chitosan/CDs nano-
composites samples on L929 fibroblasts cell lines was evaluated
using the WST assay kit. Fig. 5A shows the relative viability of
L929 cells on chitosan and the chitosan/CDs nanocomposites

chitosan and

RSC Adv., 2017, 7, 10638-10649 | 10643
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SEM micrograph of chitosan and (E) 1.0 wt% chitosan/CDs nanocomposites films.

with different concentrations of CDs, including 0.25, 0.5, 1.0,
1.5 and 2.0 wt% over 48 h. Accordingly, there is no significant
difference between the relative cell viability of chitosan and the
nanocomposites, indicating the high biocompatibility and
nontoxicity of the chitosan/CDs nanocomposites. The identifi-
cation of the cell viability was further confirmed through Cal-
cein AM and EthD-1 recognize assay of L929 cells cultured on
chitosan and 1.0 wt% chitosan/CDs nanocomposite. Generally,
EthD-1 and Calcein AM are used to identify cell viability. As
a matter of fact, in the presence of live cells, non-fluorescence
Calcein AM can be converted to a fluorescence agent and then

10644 | RSC Adv., 2017, 7, 10638-10649

Table 1 Mechanical properties of chitosan/CDs nanocomposites
obtained from tensile tests

wt% Young's modulus Tensile strength Elongation at
of CDs (GPa) (MPa) break (%)
0 2.26 = 0.20 64 £+ 3.1 8.6 = 0.19
0.25 2.62 £0.18 67 £ 4.2 9.2 £ 0.14
0.50 2.86 £ 0.32 70 £ 5.6 8.8 £ 0.21
1.00 2.88 £ 0.17 79+ 4.4 9.1 + 0.22
1.50 2.91 £ 0.16 80 £ 3.3 8.9 £ 0.18
2.00 2.90 + 0.15 81+ 3.4 8.8 £ 0.23

This journal is © The Royal Society of Chemistry 2017
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(A) Proliferation of L929 cell line on chitosan and chitosan/CDs nanocomposites over a 48 hour period. (B) Fluorescence images of L929

cells cultured on (a) chitosan and (b) 1.0 wt% chitosan/CDs nanocomposites. Green channel shows live cells, and red channel shows dead cells.
(C) Variation of the fluorescence intensities of chitosan/CDs nanocomposites films with various CDs weight contents. Inset: photograph of the
fluorescence composite with various CDs weight contents under UV and daylight. (D) Antibacterial activity of chitosan and chitosan/CDs

nanocomposites by the optical density method.

excited at the wavelength of ~495 nm due to plasma membrane
and intracellular esterase activities.** The live cells can be
observed through the interaction between L929 cells and Cal-
cein AM, which are shown as the green channel in Fig. 5B
(emission of ~515 nm). On the other side, the interaction of
EthD-1 and nucleic acids in damaged cells leads to the emission
of a fluorescence agent at ~640 nm, which can be seen as the
red channel in Fig. 5B, representing the dead cells.* As
observed in this figure, the obtained results are in good agree-
ment with the WST assay, both of which indicate the high
biocompatibility and nontoxicity of the CDs and chitosan/CDs
nanocomposites. Furthermore, the effect of the concentration
of CDs on the fluorescence intensities of chitosan and the
nanocomposites under UV light was investigated. As presented
in Fig. 5C, the fluorescence emission of the nanocomposites
intensified with increasing the concentration of CDs. The
addition of CDs (0 to 1 wt%) also amplified the emission from
the nanocomposites under UV light; however, the further
addition of CDs until 2.0 wt% then led to a decrease in the

This journal is © The Royal Society of Chemistry 2017

fluorescence intensity. Fig. 5C suggests that the nanocomposite
with the concentration of 1.0 wt% possesses the highest fluo-
rescence intensity compared to the others. Also, the antibacte-
rial activities of chitosan and the chitosan/CDs nanocomposites
were evaluated using the optical density method. In the optical
density method, bacterial growth was monitored by recording
the growth media absorption at 610 nm (OD). The curves of OD
against time for the control, chitosan and for 0.25 to 2 wt%
chitosan/CDs nanocomposites are shown in Fig. 5D. The results
show that the chitosan/CDs nanocomposites had antibacterial
activity by them inducing a clear inhibition of bacterial growth
as compared to the control and neat chitosan. The inhibition of
bacterial growth of the chitosan/CDs nanocomposites increased
when the volume fraction of the CDs increased, and it was
completely inhibited when the volume fraction was more than
1%. Although several antimicrobial mechanisms for nano-
particles have been proposed in the literature, the exact anti-
bacterial mechanisms are not yet completely understood.
Generally, the antibacterial properties of CDs can be related to

RSC Adv., 2017, 7, 10638-10649 | 10645
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their large surface area and due to their reactive oxygen
species.** All of the investigated experiments, including anti-
bacterial, cell viability, photoluminescence (PL) spectroscopy
and mechanical properties, indicate that the inclusion of CDs to
chitosan at the concentration of 1.0 wt% can be introduced as
the best composition for the preparation of the chitosan/CDs
nanocomposite.

The healing procedure is always affected by pH, for both
acute and chronic wounds.* Fig. 6A, shows the typical fluc-
tuation of pH for both acute and chronic wounds. As shown in
Fig. 6A, for acute wounds the pH varies through a simple
profile; however, the pH changes between acidic pH (~5-6)
and basic pH (7.5-8), which indicates a greater alteration of
pH during the healing of an acute wound versus a chronic
wound. In the case of chronic wounds, the oscillation of pH
(7-8) is less than for acute wounds implying a more compli-
cated and lengthy process. It has been suggested that the
main reason for the pH oscillation is related to the coloniza-
tion of bacteria. Other reasons, such as the type of the bacteria
and their toxicity, the type of tissue, angiogenesis, protease
activity and oxygen release, have also been suggested in
literature® as the source of the pH oscillation in the wound
healing process. The pH sensitivity of CDs is shown in Fig. 6B
through visual photographs of the CDs under daylight and UV
(365 nm). As can be clearly seen, under daylight at various pH
values, the colour of the CDs changes from bright yellow
towards dark yellow when increasing the pH values indicating
the pH sensitivity of the CDs even under daylight. Moreover,
under UV light, the fluorescence intensity of the CDs is obvi-
ously affected from acidic milieu towards basic. The high
sensitivity of the CDs at lower pH can be attributed to the
aggregation of CDs due to the deprotonation of the present
carboxylic acid groups on the surface of the CDs.>* The pho-
toluminescence spectra of the CDs at different pH values and
under 365 nm excitation were also investigated for further
confirming the pH sensitivity of the fluorescence of the CDs.
According to Fig. 6C, the intensity of the CDs considerably
decreased when reducing the pH values from 6 to 4. While, at
basic pH values (8 to 10), the intensity is slightly diminished
which is in good agreement with the visual photographs in
Fig. 6B. Hence, the fluorescence of the CDs disclose their great
potential to be applied as a novel and super sensitive pH
indicator for monitoring different stages of wound healing. In
addition to the previous results, the pH sensitivity of fluo-
rescence of the CDs was quantitatively evaluated by plotting
the values of pH (2-12) versus the florescence intensities. As
can be seen in Fig. 6D, the obtained plot shows a break-
through curve in which the intensity of fluorescence of the
CDs is increased by increasing the pH from 4 to 9. At the
beginning, in the range of (pH: 2-4), there is no obvious
change in fluorescence intensity, but when increasing the pH
from 4 to 9, the fluorescence intensity is heightened. At the
end (pH: 10-12), the intensity shows a stable behaviour.
Considering the range of pH oscillation in the wound healing
process (Fig. 6A), the main range of pH fluctuation is between
4 and 9. Therefore, the proposed pH-sensitive CDs can be
introduced as an excellent candidate for monitoring pH
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during wound healing. Regarding the desired pH range for
wound healing, the detailed responses of the pH-sensitive
chitosan/CDs nanocomposites film (1.0 wt%) towards a pH
alteration from 5 to 9 are shown in Fig. 6E. As observed in this
figure, an appropriate linear relationship between the pH
values and fluorescence intensity was achieved. The regres-
sion coefficient factor (R*> = 0.98) shows a decent linearity
between the pH values and fluorescence intensities. The
results reveal that the synthesized chitosan/CDs nano-
composites can be utilized as an outstanding pH-sensitive
probe for biomedical applications, especially for monitoring
the pH values during the wound healing process.

In order to gain a further insight into the effect of chitosan/
CDs nanocomposite on the wound healing process, in vivo
experiments were investigated in the rat model. The visual
images of an excised wound at different stages and the wound
healing's related pH response under UV light are presented in
Fig. 7. As can be clearly seen, the untreated wound (control
group) does not show a significant treatment or reduction in
the size of the wound after 9 and 18 days. Conversely, the
dressed wound with chitosan and chitosan/CDs nano-
composite showed noticeable healing after 9 days, and
complete healing after 18 days in the case of the CDs/chitosan
nanocomposite, indicating the effect of carbon nanoparticles
as appropriate antibacterial agents for wound healing. Fig. 7B
shows the wound closure of the control, chitosan, and chito-
san/CDs nanocomposite after 4, 8 and 16 days. As presented,
wound dressing with chitosan and the chitosan/CDs nano-
composite bandage partially reduced the wound size after the
passage of 4 and 8 days. However, in the case of the control
wound, the negative values of wound closure can be related to
the deterioration and enlargement of the undressed wound.
After 16 days, the percentage of wound closure was calculated
to be about 45% and 62% for the control and dressed wound
with the chitosan bandage, respectively. Accordingly, the
wound was completely healed after 16 days in the case of the
CDs/chitosan nanocomposite, implying the synergetic effect
between the carbon nanoparticles and chitosan. Hence, such
a great wound healing characteristic of chitosan/CDs nano-
composite can be attributed to the antibacterial properties of
carbon nanoparticles, which facilitate the permeation of
oxygen for cellular and tissue growth. The pH response for
each group of wounds are presented in Fig. 7 as recorded
under UV light due to the pH sensitivity of the CDs/chitosan
nanocomposite. As the right side of Fig. 7A shows, at the first
stage of wound healing, the pH values is acidic (~5.5), with
a low fluorescence emission of chitosan/CDs. The second stage
is related to the treatment of the wound at a basic pH (~7.3),
which possesses a higher fluorescence emission rather than at
acidic pH values, confirming the high pH sensitivity of chito-
san/CDs nanocomposite. At the final stage, the fluorescence
emission of chitosan/CDs nanocomposite is quenched
compared to the previous stage, indicating completion of the
wound healing at the normal pH (5-6) of skin. Therefore, the
as-prepared chitosan/CDs nanocomposite can be used as a pH-
sensitive and antibacterial wound dressing for the treatment
of acute and chronic wounds.

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 (A) The alteration of pH for acute and chronic wounds. (B) Visual images for illustration of the pH sensitivity of CDs at different pH under
UV 365 nm (top) and daylight (down). (C) The fluorescence spectra of CDs at various pH values and 365 nm excitation. (D) Variation of the
fluorescence intensities of CDs at different pH values. (E) The linearization of the fluorescence intensity and pH values for 1.0 wt% chitosan/CDs

nanocomposite. Inset: photograph of the fluorescence composite at various pH values under UV and daylight.
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Fig.7 (A) The visual images of the untreated (control) and treated wound with chitosan, and chitosan/CDs nanocomposite at different stages (0,

9 and 18 days); the fluorescence images at the right-hand side show the pH sensitivity of the chitosan/CDs nanocomposite. (B) Wound closure
percentage of untreated (control) and treated wounds (chitosan and chitosan/CDs nanocomposite).

4. Conclusion

In this study, a novel carbon dots chitosan nanocomposite film
was developed. A simple procedure was proposed for the
synthesis of carbon-rich, nitrogen-doped CDs using AHC
precursors. The solvent casting method was used for fabrication
of the chitosan/CDs nanocomposite. The antibacterial proper-
ties and biocompatibility of CDs and chitosan/CDs nano-
composites were examined by antibacterial and
cytocompatibility tests. Furthermore, the pH sensitivity of CDs
was thoroughly investigated and showed that the proposed pH-
sensitive CDs and chitosan/CDs nanocomposites could be

10648 | RSC Adv., 2017, 7, 10638-10649

introduced as an excellent candidate for monitoring pH during
the wound healing process. Due to strong antibacterial prop-
erties and nontoxicity towards fibroblasts cell as well as
outstanding pH sensitivity, chitosan/CDs nanocomposites can
be applied as an effective wound-dressing material for
enhancing the healing and pH monitoring of wounds at the
same time.
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