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1. Introduction

Polyphenol derived bioactive carbon quantum
dot-incorporated multifunctional hydrogels as an
oxidative stress attenuator for antiaging and

in vivo wound-healing applications+

Md Moniruzzaman,}® Sayan Deb Dut'ga\,ib Jin Hexiu, 1 Keya Ganguly,”
Ki-Taek Lim @ *° and Jongsung Kim @ *

Upregulation of certain enzymes, such as collagenase, tyrosinase, and elastase, is triggered by several
extrinsic environmental factors, such as temperature, UV radiation, humidity, and stress, and leads to elas-
ticity loss and skin pigmentation. Herein, dual-emissive polyaromatic carbon quantum dots (CQDs) with
abundant phenolic moieties, that is green and yellow CQDs (G-CQDs and Y-CQDs, respectively), were
prepared using a three-fold symmetric molecule, 1,3,5-trinydroxybenzene. The significant inhibition
efficacy of the fabricated CQDs against collagenase, elastase, and tyrosinase, which play important roles
in skin aging, revealed their excellent antiaging potential. Y-CQDs with large polyphenolic—polyaromatic
domains and abundant —OH groups exhibited high enzyme inhibitory efficacy against skin aging, and
their collagenase, elastase, and tyrosinase inhibitory efficacies were ~75 + 4.2%, ~52 + 3.1%, and ~35.3 +
4.2%, respectively, at a concentration of 100 pg mL™. The most critical factor that delays wound healing is
oxidative stress, which is caused by the overproduction of free radicals around inflamed tissue. CQDs
were effective in suppressing UV-induced reactive oxygen species at the cellular level and improved the
cell viability. Subsequently, CQD-incorporated dual-emissive biocompatible gelatin-methacryloyl hydro-
gels were constructed as wound dressing materials to promote wound healing via inducing the prolifer-
ation of fibroblasts, enhancing cell migration and alleviating inflammation and to provide antiaging
benefits. Our results demonstrated that the fabricated CQDs with remarkable optical features, low cyto-
toxicity, and excellent antioxidant and antiaging properties can be used as bio-imaging probes, antiaging
agents, and wound dressing materials for oxidative stress-related diseases in the nanomedicine and cos-
metics industries.

hydrates, proteins, and lipids), resulting in physiological
and morphological changes and premature photoaging.*?

External environmental factors, such as UV radiation, mechan-
ical stress, nicotine consumption, and weather change, and
intrinsic factors, such as metabolic processes, hormones, and
genetics, contribute to skin aging.' Specifically, reactive
oxygen species (ROS) are produced upon overexposing skin to
UV radiation, which damages cellular nutrients (carbo-
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Photoinduced ROS boost the production of matrix metallopro-
teinases (collagenase or elastase) in skin. The degradation of
various extracellular matrix proteins, such as elastin or col-
lagen, is caused by these enzymes and induces premature skin
aging and loss of skin elasticity.” Moreover, long-term exposure
to UV radiation promotes the activity of tyrosinase, which is a
melanin-producing enzyme responsible for melanosis or
brown skin spots.””” UV-induced activation of collagenase, tyr-
osinase, and elastase is linked to various skin disorders, such
as melanosis, elasticity loss, darkening, and wrinkle formation.
Numerous antiaging products containing ingredients such
as hydroquinone, tretinoin, and tocopherol have been used to
improve skin health.>® However, the use of conventional antia-
ging products causes numerous side effects, such as skin irri-
tation, burning, dryness, and erythema. In contrast, several
plant-derived (Eucalyptus camaldulensis, Eucalyptus globulus,
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Eucalyptus rudis, and Eucalyptus sinerea) products, such as fla-
vonoids, gallic acid, and galloyl derivatives, exhibit moderate
antioxidant properties.'® Furthermore, several polyphenol-rich
herbal medications have been effective at treating age-related
neurological complications."’ However, excessive amounts of
polyphenols can be harmful to the body.'? Consequently, inno-
vative nontoxic carbon-based nanomaterials with excellent
antioxidant and antiaging activities that can be used at moder-
ate doses should be developed.

There has been little progress in the exploration of the
antiaging potential and wound-healing applications of poly-
phenolic CQDs. Wound healing involves an inflammatory
phase to prevent wound infection.'® However, to prevent infec-
tion, severe inflammation often develops around wounds,
which can result in excessive production of ROS and oxidative
stress."* In vivo, oxidative stress induces cellular damage and
inhibits cell proliferation, resulting in prolonged healing or
extensive damage to wound sites.'> Consequently, using anti-
oxidant wound dressing materials that can eliminate ROS is an
effective method for promoting wound progression from the
inflammatory to the cell proliferation stage, thereby accelerat-
ing healing.

CQDs have recently been explored as attractive nanomedi-
cines with large-scale applications owing to their low cyto-
toxicity, remarkable chemical stability, facile and low-cost syn-
thesis, excellent fluorescence, and high photostability.*®'”
CQDs have already been used in a variety of biomedical appli-
cations, such as drug delivery, photothermal therapy, photo-
dynamic therapy, and combating microbial infections.'®
Conversely, hydrogels are three-dimensional (3D) porous struc-
tures comprising polymer matrices interconnected via physical
or chemical crosslinks.'® Hydrogels provide 3D support for cell
growth and proliferation; therefore, they have been extensively
used in traumatic wound dressing and tissue engineering
because of their similarity to biological tissues.*® Various bio-
materials and nanoparticles have been used to promote
wound healing and tissue repair. Carbon-based nano-
structures, which include carbon nanotubes, graphene, and
graphene-quantum-dot-incorporated hydrogels, have been
recently used because of their biocompatibility.>* In particular,
zero-dimensional CQDs with unique tunable optical properties
incorporated into polymeric hydrogels are remarkable plat-
forms as multicolor 3D scaffolds for tissue regeneration and
wound healing.”*** Among various hydrogels, gelatin-metha-
cryloyl (GelMA) presents facile photoactive synthesis, remark-
able mechanical properties, tailorable viscoelastic properties,
and excellent therapeutic properties, such as antioxidant
effects, in tissue repair.>* Therefore, it is imperative to develop
polyphenolic multicolor-emissive CQDs with excellent anti-
oxidant and antiaging properties incorporated in a biocompa-
tible GeIMA hydrogel matrix for antiaging and wound healing
applications.

In this study, dual-emissive polyaromatic CQDs with abun-
dant phenolic moieties were prepared using 1,3,5-trihydroxy-
benzene. The fabricated bioactive CQDs demonstrated signifi-
cant inhibition efficacy against collagenase, elastase, and tyro-
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sinase, revealing their excellent antioxidant and antiaging
potential. Subsequently, the dual-emissive CQDs were incor-
porated into a biocompatible GeIMA hydrogel to construct a
dual-emissive glowing wound dressing material for wound-
healing applications. Scheme 1 presents the schematic for the
synthesis of polyphenolic multifunctional GelMA-CQD hydro-
gels as a potential candidate for antiaging and in vivo wound-
healing applications. Our results demonstrated that the fabri-
cated CQDs with outstanding optical features, low cytotoxicity,
and excellent antioxidant and antiaging properties can be
used as bio-imaging probes, antiaging agents, and wound
dressing materials for oxidative stress-related diseases in the
nanomedicine and cosmetic industries.

2. Experimental

All the experimental procedures such as material synthesis,
antioxidant activity, enzyme inhibition activity, cytotoxicity
evaluation, and wound healing property have been detailed in
the ESL.}

3. Results and discussion
3.1. Synthesis process of dual-emissive CQDs

We judiciously selected 1,3,5-trihydroxybenzene, a polypheno-
lic compound to fabricate CQDs with abundant phenolic moi-
eties.”> Multiple 1,3,5-trihydroxybenzene monomers under-
went a six-membered ring cyclization by the removal of their
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Scheme 1 Schematic for the synthesis process of polyphenolic multi-
functional GelMA-CQD hydrogel as a potential candidate for antiaging
and in vivo wound-healing applications.
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-H and -OH moieties via a trimolecular reaction pathway and
formed CQDs with polyaromatic structures in a dehydrating
H,SO, medium during a high-temperature process. The CQD
formation process is shown in Fig. 1a. The evolution of the
polyphenolic-polyaromatic CQD structure was examined using
nuclear magnetic resonance (NMR) spectroscopy, and the
results are shown in Fig. S2 (ESIT). The 'H NMR spectra of the
G- and Y-CQDs (Fig. S2b and c,} respectively) contained mul-
tiple new signals compared with the spectrum of the 1,3,5-tri-
hydroxybenzene precursor (Fig. S2at), owing to various proton
environments. The spectrum of the precursor contained two
primary peaks at ~5.8 and ~9.0 ppm, corresponding to
different proton environments. In contrast, several polyaro-
matic proton signals emerged in the spectrum of the CQDs in
the signal range of ~7.2-8.0 ppm, which revealed that multiple
1,3,5-trihydroxybenzene monomers fused to construct a poly-
aromatic CQD structure. Moreover, the multiple new signals in
the range of 6.5-6.9 ppm were primarily attributed to the
active protons of the -OH and sulfonic acid (-SO;H) groups.
Furthermore, several new signals, which were ascribed to
different carbon environments, emerged in the “C NMR
spectra of the G- and Y-CQDs (Fig. S2e and f,} respectively)
compared with the spectrum of the precursor (Fig. S2dt). The
3C NMR spectrum of the precursor contained two primary
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Fig. 1 Characterization of the dual-emissive CQDs. (a) Schematic of
the plant-inspired dual-emissive CQDs synthesis process. HR-TEM
images of the (b) G- and (c) Y-CQDs. Scale bars: 5 nm. (d) FT-IR spectra
of 1,3,5-trihnydroxybenzene and the G- and Y-CQDs. (e) XPS survey scan
spectra and (f)—(i) high-resolution C 1s and S 2p XPS profiles of the G-
and Y-CQDs.
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peaks at ~95 and ~159 ppm, corresponding to two different
carbon environments (Fig. S2df). In contrast, several polyaro-
matic carbon signals in the range of ~145-165 ppm was
observed in the >C NMR spectra of the CQDs, indicating that
multiple 1,3,5-trihydroxybenzene monomers were fused to
construct large polyaromatic CQD structures featuring sp’-
carbon atoms and containing -OH groups at the edges.
Moreover, unlike the *C NMR spectrum of 1,3,5-trihydroxy-
benzene, that of the CQDs included multiple peaks in the
range of 115-140 ppm, indicating the development of intact
sp® polyaromatic domains.

3.2. Structural properties of the CQDs

Polyphenolic compounds with abundant surface -OH moieties
are well known for their excellent antioxidant properties.>® To
develop CQDs with good antioxidant and antiaging properties,
1,3,5-trihydroxybenzene was used as the carbon precursor. The
CQD formation process is illustrated in Fig. 1a. The high-
resolution transmission electron microscopy (HR-TEM) images
of the CQDs (Fig. 1b and c) revealed that the average sizes of
the G-CQDs and Y-CQDs were ~4-7 nm and ~6-10 nm,
respectively. Furthermore, the HR-TEM images revealed that
the G- and Y-CQDs presented distinct lattice spacings of
0.21 nm (insets of Fig. 1b and c), indicating the interplanar
separation of the (100) planes and confirming the defect-free
structure of graphene.>® X-ray diffraction (XRD, Smart
Materials Research Center for IoT at Gachon University) and
Raman spectroscopy experiments were performed to deter-
mine the phase composition and microstructures of the CQDs.
The multiple crystalline peaks at ~16.9°, ~21.7°, ~23°, ~25.1°,
~27.2°, and ~28.1° in the XRD pattern of the precursor
(Fig. S3a, ESIf) were converted into broad spectra upon
thermal heating in the presence of H,SO,, thereby confirming
the development of nanostructured conjugated polyaromatic
CQDs.”” The broad peaks at 23.4° and 22.4° in the XRD pat-
terns of the G- and Y-CQDs, respectively, were ascribed to the
(001) plane of graphene.* The diffraction peak of the Y-CQDs
was narrower than that of the G-CQDs, suggesting that a
longer thermal heating period led to the formation of larger
particles with higher crystallinity.'” In order to gain more
insights into the relationship between the XRD spectra and
the corresponding crystallite size of the particle, we have con-
sidered the Scherrer equation. The Scherrer equation is related
to the average size of the crystalline or particle with peak
broadening in a diffraction pattern in XRD spectra.
Considering moderate crystalline nature as evident from
HR-TEM and XRD, we used the Scherrer equation for the
CQDs as follows.

KL
"~ Beoso

(1)
where 7 is the mean size of the crystallite domain or particle

size or grain size. K is the dimensionless shape factor whose
typical value is around 0.9. 1 is X-ray wavelength (1 = 1.54 A in
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the case of CuKa1). § is the full width at half maxima of the
XRD peak (value in radians). 6 is the Bragg angle.

The FWHM was calculated by Gaussian fitting of XRD
spectra as shown in Fig. S3b and c (ESIf). The average size of
the crystallite or particles was calculated as given in Table S1
(ESIf). It is to be noted that G- and Y-CQDs exhibited an
average crystallite size of the particle around 7.8 and 10 nm,
respectively, which are well in accordance with the HR-TEM
data. Moreover, the distinct shoulder peak at ~10° in the XRD
pattern of the Y-CQDs was attributed to the significant aerial
oxidation during the CQD growth in an open thermal heating
system.”® The Raman spectra of the CQDs (Fig. S3d, ESIT) were
used to analyze the inherent nature of the CQDs, and the
results revealed considerable graphitization during thermal
heating.?® The Raman spectra of the G- and Y-CQDs included
two common peaks at ~1350 and ~1590 cm™', which corres-
pond to the D- and G-bands, respectively. The D-band suggested
the presence of a disordered carbon framework or surface
defects owing to aerial oxidation. In contrast, the presence of
the G-band implied the formation of sp>-hybridized conjugated
polyaromatic carbon networks because of the significant degree
of graphitization achieved via dehydration-mediated conden-
sation. The Is/I, ratios of the G- and Y-CQDs were greater than
1. This indicated the high quality of the graphene structure,
which was also confirmed by the HR-TEM images.

The chemical composition and surface properties of the
CQDs were examined by Fourier-transform infrared (FT-IR)
spectroscopy and X-ray photoelectron spectroscopy (XPS). The
G- and Y-CQDs comprised similar functional moieties or
chemical bonds, as confirmed by their similar FT-IR spectra
and XPS profiles. The FT-IR spectra of the G- and Y-CQDs
(Fig. 1d) included the characteristic stretching vibrations of
the C-O/C-S and O-H bonds at ~1160 and ~3400 cm™',
respectively.’® The stretching vibrational mode observed at
~1590 cm™" was attributed to the C—=C network of the carbon
frameworks containing phenolic -OH groups at the zigzag
edges.’"**> The FT-IR spectra of both types of CQDs contained
peaks at 1028 and 1360 cm ™', which were attributed to the
vibrational mode of the -SO;H groups.** Therefore, the FT-IR
spectra indicated that the primary surface functional groups of
both types of CQDs were -OH and -SO;H. Furthermore, the
elemental composition and valence states of the G- and
Y-CQDs were analyzed using XPS. The C 1s, O 1s, and S 2p
peaks in the XPS survey scan spectra of the G- and Y-CQDs
(Fig. 1e) confirmed the presence of C, O, and S, respectively in
the CQDs.’® The high-resolution C 1s XPS profiles provided
information on the elemental valence states and bonding
nature of the CQDs. The C 1s XPS profiles of the G- and
Y-CQDs (Fig. 1f and g, respectively) included three peaks at
~284.6, ~286 and ~287.4 eV, corresponding to the C=C, C-
C/C-S, and C-O bonds, respectively. The integrated area of C-
OH in the HR-XPS C 1s data has been calculated for G-, and
Y-CQDs, and the ratio of the integrated area is as follows:

Intergrated area of C — OHin C 1s (Y-CQDs)

- =1.77
Intergrated area of C — OH in C 1s(G-CQDs)
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Thus, the ratio of the integrated area of C-OH in C 1s for
Y-CQDs to G-CQDs is around 1.77, which suggests that Y-CQDs
are composed of higher numbers of phenolic -OH groups on
the surface, responsible for the enhanced antioxidant activity.
The deconvoluted high-resolution S 2p XPS profiles of the G-
and Y-CQDs (Fig. 1h and i, respectively) included two major
peaks located at ~164.5 and 169.2 eV, which suggested the
presence of the S 2ps, and S 2p,, of the -SOz;H groups,
respectively.>* Therefore, the FT-IR spectroscopy and XPS data
of the G- and Y-CQDs confirmed that the CQDs presented
C=C, C-O, C-S, and -C-SOz;H bonds or functional moieties.
Moreover, to get more detailed information on the electrical
potential on surface of the CQDs, zeta potential measurement
was conducted as shown in Fig. S3e. The zeta potential values
(&) of G-, and Y-CQDs were —32.3 and 44.2 mV, respectively.
The zeta potential values indicate that Y-CQDs probably
contain higher numbers of negatively charged hydroxyl (-OH)
functional moieties on the surface, resulting from the higher
degree of polymerization of 1,3,5-trihydroxybenzene mono-
mers, indicating a larger particle size.

3.3. Optical properties of the CQDs

UV-vis absorption spectroscopy was used to investigate the
optical properties of the G- and Y-CQDs. The ethanolic disper-
sions of G- and Y-CQDs presented broad absorption bands at
~292 and ~307 nm, respectively, attributed to the n-n* tran-
sitions (Fig. 2a).>>>® The precursor exhibited typical sharp
absorption peak at 268 nm due to the n-n* transitions of the
phenolic rings which was converted into a broad band in the
absorption spectra of the CQDs.>” The G-, and Y-CQDs pre-
sented a maximum PL emission intensity at 516 and 550 nm,
respectively at the excitation of 345-350 nm. The inset of
Fig. 2b shows corresponding green and yellow emission. The
G- and Y-CQDs presented moderate excitation-dependent
emission when excited at various wavelengths. The excitation-
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Fig. 2 Optical properties of the dual-emissive CQDs. (a) UV-vis
absorption spectra of 1,3,5-trihydroxybenzene and the G- and Y-CQDs.
(b) PL emission spectra of the G- and Y-CQDs. Excitation-dependent PL
emission spectra of the (c) G- and (d) Y-CQDs.
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dependent emission properties of the G- and Y-CQDs at exci-
tation wavelengths in the range of 290-470 nm are presented
in Fig. 2c and d, respectively.

3.4. Invitro antioxidant and antiaging properties of the
polyphenolic CQDs

The inherent antioxidant and antiaging properties of the poly-
phenolic CQDs were investigated. To assess their antioxidant
activities, a free radical scavenging assay was conducted as
described in section 2.2 (ESIT) using 2,2-diphenyl-1-picrylhy-
drazyl (DPPH), and the results are presented in Fig. 3a. The G-
and Y-CQDs presented higher radical scavenging ability than
their precursor, which is a good antioxidant. Depending on
the spectrophotometric changes arising from the reactions
between DPPH" and antioxidants, DPPH is often used to test
the antioxidant properties of materials.>® The free radical
scavenging abilities of 1,3,5-trihydroxybenzene and the G- and
Y-CQDs were compared with that of ascorbic acid (AA), which
served as the positive control, at various concentrations. The
Y-CQDs exhibited the highest free radical scavenging activity of
87.1 = 3.6% at a concentration of 100 ug mL™', whereas the
radical scavenging activity of the G-CQDs at the same concen-
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Fig. 3 In vitro antioxidant and antiaging properties of the CQDs. (a)
DPPH radical scavenging assays of the G- and Y-CQDs in comparison
with that of ascorbic acid as the control. (b) Collagenase, (c) elastase,
and (d) tyrosinase inhibition assays using G- and Y-CQDs. Data are

reported as means + SDs of triplicate experiments.

Table 1 Comparison table for antioxidant properties of CQDs
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tration was 81.2 + 3.5%. Furthermore, the radical scavenging
activity of 1,3,5-trihydroxybenzene was only 64 + 3.2% at a con-
centration of 100 pg mL™", which was significantly lower than
that of the Y-CQDs. Moreover, the free radical scavenging
activity of the Y-CQDs, was 68 + 3.3% even at a low concen-
tration of 30 pg mL™", which was superior to that of 1,3,5-trihy-
droxybenzene at a concentration of 100 pg mL™". The half-
maximal inhibition effective concentration (ECs,) of the
Y-CQDs was calculated to be 16 pg mL™', which was slightly
higher than that of the standard antioxidant AA (ECso = 10 pg
mL™"). The strong antioxidant activity of 1,3,5-trihydroxyben-
zene is ascribed to the reactions between its phenolic -OH
moieties and free radicals via phenolic proton and electron
donation, followed by resonance stabilization. The number of
phenolic -OH moieties in polyphenols is directly related to the
antioxidant activity of the polyphenols.*® Therefore, the 1,3,5-
trihydroxybenzene-derived polyphenolic CQDs with abundant
phenolic -OH moieties exhibited excellent antioxidant pro-
perties even at low concentrations. The surface area of the
Y-CQDs was significantly larger than that of the G-CQDs; there-
fore, the number of exposed phenolic -OH groups of the
Y-CQDs was larger than that of the G-CQDs, accounting for the
higher antioxidant activity of the Y-CQDs. Moreover, the anti-
oxidant activity of the Y-CQDs was superior to that of the other
literature-reported CQDs (Table 1).

Antioxidants can also reduce the concentration of free rad-
icals in skin tissue, thereby inhibiting the expression of aging-
related enzymes.** Therefore, to determine the suppressive
efficacy of the CQDs, the concentrations of aging-related
enzymes, that is collagenase, elastase, and tyrosinase, were
measured according to the method described in sections 2.3.1
and 2.3.2 (ESIt). The collagenase inhibitory efficacy of the
Y-CQDs was ~75 + 4.2% at a concentration of 100 pg mL ™Y,
which was significantly higher than that of the G-CQDs (48 +
3.2%) at the same concentration (Fig. 3b). Moreover, Y-CQDs
with a concentration of 100 pg mL™" exhibited anti-elastase
and anti-tyrosinase activities, and their elastase suppression
capability and tyrosinase inhibitory activity were 52 + 3.1%
(Fig. 3c) and 35.3 + 4.2% (Fig. 3d), respectively. In previous
studies, several types of nanoparticles have been used as
aging-related enzyme inhibitors. For example, Radwan et al.
reported that collagenase, elastase, and tyrosinase were effec-
tively inhibited using silver nanoparticles derived from
Eucalyptus camaldulensis bark extract with inhibitory efficacies
of 63 + 2.3%, 75.9 + 6.8%, and 65 + 5.87% at concentrations of

Concentration Radical scavenging activity

CQD precursor (ng mL™h (%) Applications Ref.

Salvia miltiorrhiza 200 88.9 ROS scavenging 39

Clove buds and polyvinylpyrrolidone 179 50 Antioxidant, catalysis, and bio-imaging 40
S,Se-CQDs 200 40 Antioxidant and bio-imaging 41

Date molasses 40 50 ROS scavenging 42

Garlic 80 50 ROS scavenging and cellular imaging 43
1,3,5-Trihydroxybenzene 100 (Y-CQDs) 87.1+3.6 Antiaging and wound healing This study
This journal is © The Royal Society of Chemistry 2022 Biomater. Sci.
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500, 300, and 500 pg mL™", respectively.'® In addition, Shah
et al., reported that the inhibitory efficacies of Silybum-maria-
num-derived silver nanoparticles for collagenase, elastase, and
tyrosinase were 23.7 + 1.3%, 14.5 + 1.1%, and 24.6 + 1.6%,
respectively.*> Therefore, the as-prepared metal-free carbon-
based Y-CQDs exhibited remarkable inhibitory efficacy toward
the aging-related enzymes at low concentrations, rendering them
excellent agents for cosmetic and nanomedicine applications.

Moreover, to assess the antioxidant potential of the CQDs
at the cellular level, a fluorescence-based 2',7’-dichlorofluores-
cin diacetate (DCF-DA) assay was performed on mesenchymal
stem cells (hBMSCs) and human dermal fibroblasts (hDFs).
DCF-DA is a cell-membrane-permeable probe often used to
evaluate the production of ROS inside cells under stress con-
ditions.*® Although, typically, DCF-DA does not exhibit fluo-
rescence, intracellular ROS can oxidize non-fluorescent
DCF-DA to fluorescent DCF-DA inside cells under stress.*”
Therefore, the effect of the CQDs on the scavenging activity of
intercellular ROS was determined by measuring the changes
in the fluorescence intensity of hBMSCs under stress (UV
irradiation) in the presence of different concentrations of
CQDs. DCF-DA presented high intercellular fluorescence inten-
sity after 10 min of UV irradiation in the absence of CQDs; fur-
thermore, as the concentration of CQDs was increased, the
fluorescence intensity decreased gradually (Fig. S4a, ESIT).
These results indicated that under stress conditions (UV
irradiation), the hBMSCs yielded abundant intercellular ROS,
which were suppressed gradually by the increase in the CQD
concentration. The Y-CQDs with superior antioxidant pro-
perties suppressed ~65% of the UV-induced ROS at the cellular
level, compared with the G-CQDs, which suppressed only
~50% of the UV-induced ROS at the same concentration of
100 pug mL™". Moreover, the effect of the CQDs on the scaven-
ging activity of H,0,-induced intercellular ROS in hDFs was
measured by the fluorescence intensity of DCF-DA different
CQD concentrations. The DCF-DA fluorescence intensity of
hDFs upon H,0, (100 pM) exposure in the presence of
different concentrations of CQDs is presented in Fig. S4b
(ESIT). The Y-CQDs with superior antioxidant properties sup-
pressed ~68.8% of the H,0,-induced ROS at the cellular level,
whereas the G-CQDs, suppressed only ~54% of the H,O,-
induced ROS at the same concentration of 100 pg mL™".
Therefore, the Y-CQDs outperformed the G-CQDs in suppres-
sing the intercellular ROS produced in skin cells under exter-
nal stress (photo or chemical).

The cytotoxic effects of the CQDs toward hBMSCs and hDFs
were studied under external photo/chemical stress using
different concentrations of CQDs and a standard WST-8 assay.
The results were used to validate the potential applications of
the CQDs as novel antiaging agents in the cosmetic and nano-
medicine industries. Under identical experimental conditions,
that is UV irradiation for 10 min, cell viability increased with
increasing CQD concentration for both cell lines because of
the increase in the UV-induced ROS suppression efficacies of
the CQDs (Fig. S4c and d, ESIf). The Y-CQDs with superior
antioxidant properties increased the viability of the hBMSCs

Biomater. Sci.

View Article Online

Biomaterials Science

by 39%, whereas the G-CQDs increased the viability of the
hBMSCs by only ~26% at the same concentration of 100 pg
mL~". Similarly, the Y-CQDs increased the viability of the
hDFs subjected to UV irradiation for 10 min by 16.3%,
whereas the G-CQDs increased the viability of the hDFs sub-
jected to UV irradiation for 10 min by only 9.8% at the same
concentration of 100 pug mL™". Moreover, the effect of CQD
concentration on the viability of the H,O,-treated cells was
measured, and the results showed a concentration-dependent
increase in cell viability owing to the increase in the ROS sup-
pressing efficacy of the CQDs (Fig. S4e and f, ESI}).

3.5. Preparation and characterization of the GeIMA-CQDs
composite hydrogels

Polyphenolic dual-emissive CQDs were incorporated into bio-
compatible GelMA hydrogel to obtain fluorescent dual-emis-
sive GeIMA-CQD hydrogels with antioxidant and antiaging
properties for wound-healing applications. The CQDs were
loaded into GelMA matrices, followed by photopolymerization
using lithium phenyl-2,4,6-trimethylbenzoylphosphinate as
the photoinitiator for 1 min to obtain UV-crosslinked gels. The
synthesis of the GelMA-CQD hydrogels is described in section
2.4 (ESIT). The digital photographs of the GelMA-CQDs under
visible and UV light illumination revealed that the CQDs
retained their fluorescence after incorporation in the hydrogel
frameworks (Fig. S5, ESIT).

The morphologies and functional groups of the freeze-
dried hydrogel samples were analyzed using field-emission
scanning electron microscopy (FE-SEM) and FT-IR spec-
troscopy. The FE-SEM images of the freeze-dried GelMA and
GelMA-CQD composite hydrogels revealed their similar micro-
porous morphologies and superior porosity of the GelMA-
CQD composites (Fig. 4a). This indicated that the polyphenolic
CQDs formed hydrogen bonds with the carboxylic acid groups
of GelMA, leading to the formation of porous frameworks,
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Fig. 4 Properties of the GelMA-CQD hydrogel scaffolds. (a) HR-SEM
images of the pure GelMA, GelMA-G, and GelMA-Y scaffolds. Time evol-
ution of the (b) swelling efficiencies and (c) degradation ratios of the
fabricated scaffolds after immersion in PBS at ambient temperature.
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which promoted CQD release according to bioenvironmental
needs. The GelMA-CQD composites fabricated using the G-
and Y-CQDs (GelMA-G and GelMA-Y, respectively) exhibited
similar rough and flaky pure structures compared with that of
the pure GelMA scaffold, which was consistent with previous
reports.”® The flaky and macroporous morphology of the
GelMA scaffold can improve the swelling efficiency and facili-
tate fibroblast proliferation toward wound healing.’*™>> The
peaks in the FT-IR spectra of the freeze-dried GelMA and
GelMA-G and GelMA-Y composites were similar because of the
low amounts of CQDs incorporated in the hydrogel matrices
and lack of chemical interactions between the CQDs and the
matrices (Fig. S6, ESIf). The peaks at ~3300 and ~1634 cm ™"
corresponded to the stretching vibrations of the -OH and
-C=0 functional groups, respectively.”> The peak at
1549 cm™" in the FT-IR spectrum of pure GelMA, which corre-
sponded to the amide -N-H bonds, was slightly shifted toward
1524 cm™' in the spectrum of the GelMA-CQDs, suggesting
the formation of hydrogen bonds between the -OH groups of
the CQDs and -N-H groups of GeIMA.

Subsequently, the swelling and degradation behavior of
each GelMA-CQD composite were investigated in the presence
of phosphate-buffered saline (PBS) according to method
described in section 2.5 (ESIT). Swelling behavior is one of the
most critical features of hydrogel composites used for bio-
medical applications. Swelling performance is strongly related
to the rehydration potential and durability of natural struc-
tures, and indirectly reveals the structural properties and
mechanical stiffness of structures.® The swelling of the freeze-
dried GelMA scaffold, which effectively preserves the moisture
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of the surroundings, was favorable for wound healing.** The
swelling efficacies of GeIMA and the GelMA-CQDs were tested
in PBS buffer at 37 °C, and the results are presented in Fig. 4b.
The swelling abilities of the GeIMA-CQD composite hydrogels
were higher than that of bare GelMA, as expected. The pres-
ence of hydrophilic -OH groups, extent of crosslinking, and
amorphous and/or crystalline nature significantly affect the
swelling potential of hydrogels.”> The swelling efficiencies of
the GelMA-G and GelMA-Y composite hydrogels (~300% and
~400%, respectively) were significantly higher than that of the
pure GelMA scaffold (~150%) after 50 h of incubation
(Fig. 4b). The superior swelling potential of the GelMA-CQD
composite hydrogels compared with that of the bare GelMA
was attributed to the larger pores and abundant phenolic -OH
groups of the polyphenolic CQDs in the GelMA-CQD compo-
site hydrogels, which promoted the formation of hydrogen
bonds between the CQDs and GelMA scaffold. The number of
available hydrophilic -OH groups of the Y-CQDs was higher
than that of the G-CQDs; therefore, the water absorption
capacity of the GelMA-Y composite hydrogel was higher than
that of the GelMA-G composite hydrogel. Furthermore, the
swelling behavior, expansion ratio, and solid properties of the
GelMA-Y composite hydrogel were superior to those of the
GelMA-G composite hydrogel.”> Furthermore, the degradation
ratios of the fabricated composite hydrogels were determined
in PBS at ambient temperature (Fig. 4c). After 4-5 h, the
scaffolds reached the saturation swelling point and became
semi-transparent hydrogels. Likewise, the strong interaction
between GelMA and CQDs not only enhanced the swelling
efficiency but also decreased the degradation rate compared to
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pure GelMA scaffolds (Fig. 4c). Therefore, we anticipated that
the developed GelMA-CQD composite hydrogels presented
excellent swelling efficacy and low degradability, rendering
them useful as ideal wound dressing materials for promoting
hydration/dehydration in the wound bed.>®

3.6. Rheological and mechanical properties of the GelMA-
CQDs composite hydrogels

The mechanical strength (storage modulus (G'), loss modulus
(G"), and complex viscosity (7*)) of the hydrogel composites
was investigated using a rotational rheometer at ambient
temperature in the angular frequency range of 0.1-100 rad s,
and the results are shown in Fig. 5. The G', G" and 5* values of

pure GelMA and the GelMA-CQD composite hydrogels were
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evaluated. The G’ and G” values of the GelMA-CQDs samples
increased at higher rates than those of pure GelMA (Fig. 5a
and b). The G’ values of the GelMA-G and GelMA-Y composite
hydrogels at 100 rad s™* were higher than that of pure GelMA.
Moreover, the n* values of the GelMA-G and GelMA-Y compo-
site hydrogels at 0.1 rad s~' were 300 and 1000 kPa s *,
respectively (Fig. 5c). These values were significantly higher
than that of pure GelMA (65 kPa s™') and indicated the good
shear-thinning nature of the GelMA-CQD composite
hydrogels.*®*”>>® As the shear rate was increased from 0.1 to
100 rad s~*, the 5* values of all the hydrogel samples decreased
considerably. To evaluate the mechanical properties of the
developed scaffolds, we performed compression experiments
using a universal compression testing machine (A & D Digital,
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Fig. 6 In vitro bioactivity of the GelMA-CQDs hydrogels. (a) DPPH and enzyme inhibitory assays of the developed GelMA-CQD hydrogels. (b)

Cytotoxicity evaluation of the GelMA—-CQD hydrogels on hDFs after 3 d of incubation. (c) Representative live/dead assays of the hDFs incubated with
the hydrogels after 3 d of treatment. (d) Evaluation of the cytoskeletal protein (vinculin and F-actin) expression in the presence of the GelMA and
GelMA-Y hydrogels after 3 d of incubation. (e) Representative bright field images of the hDFs in the wound healing assay at 0 and 24 h. (f) Digital
photographs of the agar plates showing the antibacterial efficacy of the developed hydrogels against Bacillus subtilis. Data are reported as means +
SDs of triplicate experiments, statistical significance at *p < 0.05.
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Japan). The compressive stresses of the GelMA-CQDs scaffolds
were higher than that of the pure GelMA scaffold (Fig. 5d).
Moreover, the compressive moduli of the GelMA-G and
GelMA-Y scaffolds were slightly higher than that of pure
GelMA, suggesting that the CQDs improved the mechanical
support properties of the GelMA scaffolds (Fig. 5e).
Furthermore, the toughnesses of the GelMA, GelMA-G, and
GelMA-Y scaffolds were calculated to be 48.25, 58.47, and
62.54 k] m™>, respectively (Fig. 5f). These results suggested
that the developed composite hydrogel scaffolds were
mechanically strong, and the mechanical stiffness of the
GelMA-CQD scaffolds was improved by the incorporation of
the CQDs, rendering the GelMA-CQD scaffolds useful for
developing skin grafts for wound-healing applications.

3.7. Invitro bioactivity and wound-healing properties of the
GelMA-CQD hydrogels

The antioxidant and antiaging properties of the GelMA,
GelMA-G, and GelMA-Y hydrogels were investigated according
to the procedure mentioned in section 2.6 (ESIf), and the
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results are shown in Fig. 6a. GelMA-Y exhibited the highest
radical scavenging activity of 67.1 + 3.1% at a concentration of
100 pg mL™', whereas the radical scavenging activity of the
GelMA-G was only 49 + 2.7% at the same concentration.
Moreover, the suppressive efficacies of the GelMA-CQD com-
posite hydrogels on the aging-related enzymes, that is col-
lagenase, elastase, and tyrosinase, were measured. The col-
lagenase, elastase, and tyrosinase inhibitory efficacies of the
GelMA-Y composite hydrogel reached ~58 + 2.8%, ~48 + 2.3%,
and ~36 + 1.8%, respectively, at a concentration of 100 pg,
mL ™, whereas the collagenase, elastase, and tyrosinase inhibi-
tory efficacies of the GeIMA-G were only 42 + 2.1%, 38 + 1.8%,
and 25 + 1.3%, respectively, at the same concentration. The
radical scavenging and enzyme inhibitory activity of the GelMA
hydrogel matrix, which was used as the control, were negligible
compared with those of the GeIMA-CQD composite hydrogels.
The DPPH radical scavenging and aging-related enzyme inhibi-
tory activities of the GeIMA-CQD composite hydrogels were
lower than those of the corresponding pure CQDs because of
the limited release of hydrogel-bound CQDs; however, the
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effectiveness of the GelMA-CQD composite hydrogels was suit-
able for practical applications.

The in vitro cytotoxicity of the fabricated hydrogels toward
hDFs was evaluated using WST-8 assays, and the results are
shown in Fig. 6b. The GelMA, GelMA-G, and GelMA-Y hydro-
gels were nontoxic toward hDFs, suggesting the biocompatibil-
ity of the CQDs at a concentration of 100 pg mL™". The viability
of the hDFs exposed to the GeIMA-Y hydrogel was the highest
after 5 d of incubation. To confirm the biocompatibility of the
GelMA-CQD hydrogels, we performed a live/dead hDF assay
after 3 d of culture. The percentage of live cells in the presence
of the GelMA-G and GelMA-Y composite hydrogels (>95%)
were significantly higher than those in the presence of pure
GelMA (Fig. 6¢). The fluorescence microscopy images of hDFs
stained with vinculin and F-actin probes after 3 d of culture
are presented in Fig. 6d. The number of densely packed cells
in the presence of the GeIMA-Y composite hydrogel was higher
than that in the presence of the pure GelMA hydrogel. The
morphology and cytoskeletal protein expression of the hDFs
exposed to the GelMA-Y composite hydrogel were comparable

| GelMA-G
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to those of the untreated hDFs. These results suggested that
the fabricated GeIMA-CQD composite hydrogels were highly
biocompatible owing to their excellent antioxidative and antia-
ging properties.>*

Next, we investigated the in vitro wound-healing efficacy of
the developed hydrogels using a scratch healing assay. A
scaffold-leaching medium was prepared after incubating the
freeze-dried scaffolds and culturing with wounded hDFs for
24 h. The photographs taken after incubation using a comp-
lementary metal-oxide-semiconductor camera were used to
evaluate the wound-healing activities of the hydrogels, and the
results are presented in Fig. 6e. The wound and hDF healing
capacities of the GelMA-G and GelMA-Y scaffold hydrogels
were superior to those of pure GeIMA. The relative wound area
in the presence of the GeIMA-Y scaffold was significantly lower
than that of the other groups, further demonstrating the excel-
lent bioactivity of the Y-CQDs (Fig. S7, ESIt). Polyphenols are
well known for their excellent antibacterial properties; there-
fore, we investigated the antibacterial properties of the GeIMA-
CQD hydrogels against Bacillus subtilis.>®®' The GelMA-CQD
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treatment significantly inhibited bacterial colony formation
after 24 h of incubation compared with pure GelMA (Fig. 6f).
These results suggested that the GelMA-CQD hydrogels were
highly biocompatible with strong antibacterial properties and
can be used as multifunctional wound dressing materials for
skin injuries.

3.8. Wound-healing properties of the GeIMA-CQD scaffolds
in a rat model

To evaluate the in vivo wound-healing efficacy of the developed
GelMA-CQD hydrogel scaffolds, we used a subcutaneous
wound model. The in vivo wound-healing experiments on rat
model has been described in section 2.7 (ESIt). Fig. 7a shows
the steps of the in vivo animal tests in this study. The rats were
randomly divided into three groups: (i) pure GelMA (control
group), (ii) GelMA-G (treatment group 1), and (iii) GelMA-Y
(treatment group 2). All the scaffolds were sterilized using UV
irradiation, followed by washing with 70% ethanol prior to
implantation. The macroscopic wound closures were evaluated
7 and 14 d after scaffold implantation, and the wound closure
and contraction are illustrated in Fig. 7b. Because we used
healthy rats for this test, the wounds in all the experimental
groups closed. However, the wound-healing rate of the
GelMA-Y-treated rats (~85%) was significantly higher than
those of the GelMA-G-treated rats (~65%) and GelMA-treated
rats (~60%) after 14 d (Fig. 7c). The percentage of macroscopic
wound closure (Sy/S; x 100) and wound contraction (S, — S»/S;
% 100) after 7 and 14 d of scaffold implantation are shown in
Fig. 7d and e, respectively. To confirm macroscopic wound
healing, the wounds, which were stained with hematoxylin
and eosin (H&E) and Masson’s trichrome 14 d post-implan-
tation, were observed under a microscope. The H&E staining
images of the wound bed and corresponding quantitative
characterizations are presented in Fig. 8a. The formation of
collagen and connective tissue was investigated using tri-
chrome staining, and the results are illustrated in Fig. 8b. A
thicker epidermis formation was observed in the presence of
the GelMA-Y scaffold than in the other treatment groups, indi-
cating the completion of the healing process (Fig. 8c).
Furthermore, higher levels of wound re-epithelialization and
granulation were observed in the presence of the GelMA-Y
scaffold after 14 d of implantation (Fig. 8d). CQD-loaded
scaffolds have been previously demonstrated to improve
wound healing by inducing fibroblast proliferation and enhan-
cing cell migration toward the wound bed.**®* Over time, the
migration of skin cells, macrophages, and endothelial cells in
the wounded area was enhanced to provide growth factors and
promote the formation of the skin extracellular matrix.****°*
Blood vessel formation was also observed in all the groups and
was the most prominent in the GelMA-Y groups, suggesting
that the CQDs played a critical role in neoangiogenesis during
wound healing. The number of epidermal ridges and hair fol-
licles, which are indicators of wound healing completion, in
the GelMA-Y-treated group were the highest among all groups
(Fig. 8e). Moreover, no inflammation was observed in all the
treated samples, indicating the biocompatibility of the devel-
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oped scaffolds. Therefore, we concluded that the GelMA-CQD
hydrogels were highly antimicrobial, promoted in vivo wound
healing, and could be used as smart nanomaterials for treating
skin injuries.

4. Conclusion

In this study, dual-emissive polyaromatic CQDs with abundant
phenolic moieties were prepared using a three-fold symmetric
molecule, 1,3,5-trihydroxybenzene. The CQDs exhibited excel-
lent antioxidant properties and significant inhibition efficacy
against skin-aging-related enzymes, namely collagenase, elas-
tase, and tyrosinase, indicating their excellent antiaging poten-
tial. Y-CQDs with large polyphenolic-polyaromatic domains
and abundant -OH moieties exhibited the highest enzyme
inhibitory efficacy against skin aging, and their collagenase,
elastase, and tyrosinase inhibitory efficacies were ~75 + 4.2%,
~52 + 3.1%, and ~35.3 + 4.2%, respectively, at a concentration
of 100 pg mL™". The CQDs were effective at suppressing UV-
induced ROS at the cellular level and improving cell viability.
Subsequently, CQD incorporated dual-emissive biocompatible
gelatin-methacryloyl hydrogels were constructed as wound
dressing materials to promote wound healing via inducing the
proliferation of fibroblasts, enhancing cell migration and alle-
viating inflammation, and to provide antiaging benefits. Our
results demonstrated that the CQDs with remarkable optical
features, low cytotoxicity, and excellent antioxidant and antia-
ging properties can be used as bio-imaging probes, antiaging
agents, and wound dressing materials for oxidative-stress
related diseases in the nanomedicine and cosmetics
industries.
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