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Antibacterial nanoagents have been increasingly developed due to
their favorable biocompatibility, cost-effective raw materials, and
alternative chemical or optical properties. Nevertheless, there is still
a pressing need for antibacterial nanoagents that exhibit outstand-
ing bacteria-binding capabilities and high antibacterial efficiency. In
this study, we constructed a multifunctional cascade bioreactor
(GCDCO) as a novel antibacterial agent. This involved incorporating
carbon dots (CDs), cobalt sulfide quantum dots (CoS, QDs), and
glucose oxidase (GOx) to enhance bacterial inhibition under sun-
light irradiation. The GCDCO demonstrated highly efficient anti-
bacterial capabilities attributed to its favorable photothermal
properties, photodynamic activity, as well as the synergistic effects
of hyperthermia, glucose-augmented chemodynamic action, and
additional photodynamic activity. Within this cascade bioreactor,
CDs played the role of a photosensitizer for photodynamic therapy
(PDT), capable of generating *O,~ even under solar light irradiation.
The CoS, QDs not only functioned as a catalytic component to
decompose hydrogen peroxide (H,0;) and generate hydroxyl radi-
cals (*OH), but they also served as heat generators to enhance the
Fenton-like catalysis process. Furthermore, GOx was incorporated
into this cascade bioreactor to internally supply H,O, by consuming
glucose for a Fenton-like reaction. As a result, GCDCO could
generate a substantial amount of reactive oxygen species (ROS),
leading to a significant synergistic effect that greatly induced
bacterial death. Furthermore, the in vitro antibacterial experiment
revealed that GCDCO displayed notably enhanced antibacterial
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Antibiotic bacterial resistance is a major issue for infectious disease
healthcare. As resistance arises usually through the repeated and chronic
use of the same antibacterial modality, we try to confuse the otherwise
responsive evolutionary machinery of bacteria by incorporating triple
modalities of causing damage to the bacterial protective cell wall and
later damage to their bacterial cytoplasms. These three concurrent
onslaughts on the bacteria of photothermal, chemodynamic and photo-
dynamic damages are produced using defect-engineered cobalt sulfide,
carbon dots and glucose oxidase package in one system. The speed of
production of the photothermal and photodynamic modalities upon
activation with white light is instantaneous and can catch the bacteria
off-guard. The design of white light excitation is intentional as white light
can simply be driven by sunlight, which does not necessitate the use of
lasers that tend to be hard in typical healthcare facilities giving flexibility
to the patients and the laser-point sources may not be that suitable for
large coverage wounds. We showed that indeed triple modality with focus
on fast killing coupled with multiple modalities can greatly de-
monopolize the dominance of antibiotic use in treating infected wounds.

activity against E. coli (99+ %) when combined with glucose under
simulated sunlight, surpassing the efficacy of the individual com-
ponents. This underscores its remarkable efficiency in combating
bacterial growth. Taken together, our GCDCO demonstrates sig-
nificant potential for use in the routine treatment of skin infections
among diabetic patients.
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1. Introduction

Individuals with diabetes mellitus, while not necessarily experi-
encing low survivability, often endure a deteriorating progres-
sion in their quality of life. Notably, these patients face an
increased susceptibility to various complications, including
skin and soft tissue infections such as cellulitis, osteomyelitis,
and postoperative wound infections. The heightened risk is
attributed to end-organ damage resulting from elevated blood
sugar levels. Infected wounds, particularly those affecting the
feet, are prevalent among individuals with diabetes, under-
scoring the challenges associated with managing and treating
these complications.'™ Traditionally, antibiotics have been the
predominant approach for treating wound infections. However,
the prolonged and widespread use of antibiotics has led to an
emerging concern - bacterial resistance to these drugs. The
overreliance on antibiotics contributes to the development of
resistant strains, making it increasingly challenging to effec-
tively combat bacterial infections using conventional antibiotic
therapies.® Currently, non-antibiotic treatments like near-
infrared (NIR) activated photodynamic therapy (PDT) and
photothermal therapy (PTT) have gained significant attention
in research.””® However, these methods pose challenges as they
often demand a substantial mass of samples and the use of
specialized optical equipment.'®'" Moreover, the implementa-
tion of these photo-energized treatments requires specialized
training to ensure safe and proficient application. The pan-
demic has underscored deficiencies in medical resources,
particularly for conditions necessitating consistent and regular
hospitalization attention. In response to these challenges, our
objective is to achieve comparable treatment outcomes without
relying on sophisticated hospital resources. This approach
aims to enhance accessibility and address the limitations posed
by the need for extensive medical facilities, especially, during
times of heightened strain on healthcare systems. This motiva-
tion propelled us to develop a pragmatic strategy that elimi-
nates the requirement for hospital equipment to achieve photo-
driven antimicrobial effects. Our approach aims to bypass the
necessity for photoexcitation sources located within hospitals,
providing a more accessible and versatile solution for the
implementation of photo-driven therapies. Hence, our focus
centered on harnessing normal sunlight as a photoexcitation
source. Although the luminosity of regular white light and
sunlight may be lower compared to a laser with a well-
defined spectrum, a key advantage lies in the broader area of
illumination that sunlight provides. This advantage becomes
particularly noteworthy, as the illuminated area from sunlight
is significantly larger than that of a single medical laser light
source. As clinical wounds typically exceed the size of a pin-
sized laser point, the utilization of normal sunlight emerges as
a practical, non-hospital-based strategy. However, we acknow-
ledge the variability in solar power, which may not be consis-
tent and standardized across all times of the day, seasons, and
global locations. To enhance the reliability of action under
diverse working conditions, we recognized the need to incor-
porate additional antimicrobial modalities.
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Herein, we employed sunlight spectral activated carbon dots
(CDs)***” and cobalt sulfide quantum dots (CoS, QDs) to gene-
rate a potent combination of photodynamic oxidative stress
and chemodynamic therapy (CDT) for antimicrobial purposes
in wound management.'® Chemodynamic therapy (CDT) con-
stitutes a novel treatment approach relying on Fenton or
Fenton-like reactions. Diverse metal-based Fenton reagents,
such as cobalt (Co), copper (Cu), molybdenum (Mo), and
others, have been formulated to catalyze the conversion of
intracellular hydrogen peroxide (H,0O,) into highly reactive
hydroxyl radicals (*OH) for CDT. This process disrupts the
equilibrium of intracellular redox/oxidation states, leading to
damage to cell organelles."®>* The effectiveness of CDT heavily
relies on H,0, as a crucial component. However, the limited
availability of H,O, in the wound microenvironment signifi-
cantly hampers the efficiency of CDT.>* Consequently, there is
an urgent need to devise effective methods to overcome these
limitations in CDT-based therapeutic applications.

Glucose oxidase (GOx) emerges as a promising oxidoreduc-
tase in this context, as it facilitates the conversion of glucose
and oxygen into gluconic acid and H,O,. This enzymatic
process has garnered significant research interest due to its
potential to enhance the chemodynamic (CD) effect.>* Indeed,
diabetic patients exhibit elevated native blood glucose concen-
trations. The introduction of GOx into this context allows the
enzymatic conversion of high blood glucose levels, generating
H,0,. This enzymatic reaction proves advantageous in enhan-
cing the efficiency of both CDT and PDT. Furthermore, PTT
exploits photothermal nanoagents to convert light into heat, a
mechanism that boosts CDT efficiency. This is achieved by
elevating the local temperature, accelerating both the Fenton-
like reaction and the enzymatic catalytic reaction of GOx. The
synergy between PTT and CDT holds promise for enhanced
therapeutic outcome.?” CoS, QDs, characterized as transition
metal dichalcogenides (TMDs),>*>° have been identified as
Fenton-related CDT therapeutic agents according to previous
reports.’® Additionally, these CoS, QDs not only demonstrate
commendable photothermal performance but also exhibit a
notable degree of photocatalytic effect. This multifunctional
nature further enhances their therapeutic potential in the
context of combined PTT and CDT. However, due to constraints
imposed by the wound microenvironment, the combined
photocatalytic and chemodynamic effects of CoS, QDs may
not generate a sufficient amount of reactive oxygen species
(ROS) to effectively eliminate bacteria under sunlight irradia-
tion. Therefore, to bolster the antibacterial efficacy of CoS,
QDs, it becomes imperative to devise antibacterial agents
associated with CoS, QDs.

In this study, we aimed to enhance the efficiency of bacterial
infection treatment by employing a synergistic approach invol-
ving PDT, CDT, and PTT. To achieve this, we designed and
developed a multifunctional cascade bioreactor termed GCDCO.
This innovative antibacterial platform incorporated CDs, CoS,
QDs, and GOx for synergistic bacterial inactivation, as illustrated
in Fig. 1. In the GCDCO system, CoS, QDs played a crucial role as
TMD QDs, exhibiting an outstanding photothermal (PT) effect
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Fig. 1 Schematic illustration of cascade bioreactor GCDCO for achieving
the hyperthermia-enhanced CD/PD effect and GOx-catalysis-enhanced
CD effect of bacterial inactivation.

when exposed to sunlight. This PT effect not only contributed to
the promotion of the chemodynamic (CD) effect, but also syner-
gistically enhanced the overall therapeutic efficacy.”>"” Carbon
dots (CDs) served as photosensitizers, primarily employed to
augment the photodynamic (PD) effect within the system. Con-
currently, GOx functioned to convert glucose into H,0,, thereby
intensifying the Fenton-like reaction. This capability allowed GOx
to modulate the reaction environment, thereby further enhancing
both CDT and PDT within the cascade bioreactor. In this study,
we investigated the synergistic photothermal/chemodynamic/
photodynamic (PT/CD/PD) performance of the GCDCO system.
Additionally, we examined the facilitative effect of hyperthermia
induced by PTT and H,0, generated from GOx, which enhanced
the CDs’ photodynamic process. The cascade reactions collectively
contributed to a significant enhancement in the antibacterial
activity of GCDCO, particularly under simulated sunlight condi-
tions. The promising results suggested that GCDCO holds sub-
stantial application potential for the treatment of secondary
wound infections for diabetic patients.

2. Experimental
2.1 Materials

All chemicals and reagents (analytical grade) were used as recei-
ved without any further purification. Cobalt chloride (CoCl,-
6H,0), sodium sulfide (Na,S-9H,0), bovine serum album
(BSA), glucose oxidase (GOx), two kinds of 3,3’-diaminobenz-
idine tetrahydrochloride tablets (DAB and H,0,) and 2,7-
dichlorofluorescin diacetate (DCF-DA) were purchased from
Sigma-Aldrich Co., Ltd (USA). Methylene blue (MB), chitosan
(CS, deacetylation degree > 95%, Aladdin Ltd.) and ethylene-
diamine (EDA) were purchased from Marklin Chemical Co., Ltd
(China). The lysogeny broth (LB) medium in all bacterial
cultures was pre-treated by autoclaving at 120 °C for 20 min
before use. Ultrapure water was obtained from a Milli-Q system
(Health Force Biomeditech Holdings Ltd.).
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2.2 Characterization

TEM images were obtained using a JEM 2100F transmission
electron microscope under an acceleration voltage of 200 kV.
UV-vis absorption spectra were obtained by using a Perkin-
Elmer UV-vis spectrophotometer. The composition and struc-
ture of the sample were characterized by X-ray photoelectron
spectroscopy (XPS; Kratos AXIS Ultra). The powder XRD mea-
surements were performed using a Bruker D8 advanced dif-
fractometer with Cu Ka irradiation in the 20 range from 10° to
80°. The zeta potential and particle size were obtained by
dynamic light scattering at room temperature using a Zetasizer
Nano ZS (Malvern Instruments, UK). Scanning electron micro-
scopy (SEM) images were obtained by using a field emission
SEM (JEOL, JSM-7610FPlus) instrument. A PLS-SXE300
(200-2500 nm, 2335 W cm™?) instrument purchased from
PerfectLight Co., Ltd. was used for PT experiments. Cold light
(400-800 nm, L-150 A) was used for PD experiments. Fluores-
cence emission and UV-vis spectra were recorded using a
multimode reader (SynergyH4, Bio Tek).

2.3 Synthesis of cobalt sulphide quantum dots (CoS, QDs)

In a typical procedure, the Co-precursor solution was firstly
prepared by dispersing 0.5 mL CoCl,-6H,O solution (0.1 M) and
40 mg BSA in 40 mL water, and the pH value was adjusted to 3.0
by using 1 M HCI. Then, 0.2 mL Na,S-9H,0 (0.5 M) was dropped
slowly under vigorous stirring at room temperature. After
adjusting the pH value to neutral, a clear black solution of
CoS, QDs was produced quickly. Then the obtained black
solution was purified by centrifugation (6000 rpm, 20 min)
using an ultrafiltration centrifuge tube (MWCO 50 kDa) and
centrifuged at 4 °C for several times. The concentration of CoS,
QDs was measured by ICP.

2.4 Synthesis of carbon dots (CDs)

6 mL ethylenediamine and 0.4 g CS were added into a beaker,
and stirred for 15 min, after which 4 mL of concentrated
sulfuric acid was slowly added dropwise. After the reaction
was cooled to room temperature, 20 mL of distilled water was
added, and the mixture was centrifuged (8000 rpm, 20 min).
The supernatant was subsequently, collected and precipitated
with 250 mL ethyl alcohol during 12 h. The mixture was
filtered, the filtrate was concentrated by rotary evaporation,
and finally dried in an oven at 60 °C. The CDs (0.70 g) were
dispersed in ultrapure water as stock solution (10 mg mL ") for
further study.

2.5 Synthesis of GCDCO

1 mL of CD solution (400 pg mL™"), 1 mL of CoS, QDs solution
(800 pg mL™"), and 1 mL of GOx solution (400 pg mL™") were
mixed. Then, the mixture was kept at 4 °C for 8 h. The obtained
GCDCO solution was filtered (0.22 um) prior to storage.

2.6 Photothermal performance

The solution temperature was monitored by using an FLIR C2
thermal camera. Experiments were carried out in 0.2 mL of

This journal is © The Royal Society of Chemistry 2024
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different concentrations of CoS, QDs solution (0, 25, 50,
100, 150, and 200 pg mL~") and GCDCO solution (containing
different concentrations of 0, 16.67, 33.33, 66.67, and
133.33 pg mL™ ' CoS, QDs) under a sunlight intensity of
2335 W m™> (2 sun).

2.7 Chemodynamic performance

DAB and MB were used to evaluate the amount of *OH
generated by the Fenton-like reaction. Firstly, the amount of
*OH was assessed in the presence of H,0,. For the DAB
oxidation, 150 pL PBS (pH 4.6), 150 uL DAB solution, 50 uL
samples and 50 puL H,0, solution (200 mM) were mixed at
20 °C. The absorbance of DAB at 570 nm was measured. For the
MB oxidation, 100 pL NaHCOj; solution (100 mM), 50 pL MB
solution (100 pg mL™'), 50 pL samples and 100 pL H,O,
solution (50 mM) were mixed at 20 °C. The absorbance of MB
at 660 nm was measured. Then, the amount of *OH was
assessed in the presence of glucose without H,0,. For the
DAB oxidation, 150 uL PBS (pH 4.6), 150 uL DAB solution, 50
uL samples and 100 pL glucose solution (6.4 mg mL ™) were
mixed at 20 °C. The absorbance of DAB at 570 nm was
measured. For the MB oxidation, 100 pL. NaHCO; solution
(100 mM), 50 pL MB solution (100 pg mL™"), 50 uL samples
and 100 uL glucose solution (6.4 mg mL ") were mixed at 20 °C.
The absorbance of MB at 660 nm was measured.

2.8 Thermally enhanced chemodynamic performance

The experimental steps are the same as in chemodynamic
performance, and the experimental temperatures are con-
trolled at 20, 37, 45, and 55 °C, respectively.

2.9 Photodynamic performance

The ROS was detected by 2,7-dichlorofluorescin diacetate (DCF-
DA) with or without cold light (91 mW m™?). 100 pL samples
and 100 pL DCF-DA (10 pM) were mixed. Then, the mixtures
were incubated for 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, and 10 min,
respectively. The fluorescence images were recorded at an
excitation wavelength of 485 nm. In the presence of glucose,
the ROS was detected using DCF-DA with or without cold light
(91 mW m™2). 100 pL samples, 100 uL DCF-DA (10 uM), and
100 pL glucose solution (6.4 mg mL™ ') were mixed, then the
mixtures were incubated for 0, 1, 2, 3, 4, 5, 6, 7, 8,9, and 10 min,
respectively. The fluorescence images were recorded at an
excitation wavelength of 485 nm.

2.10 Antibacterial activity evaluations in vitro

The antibacterial ability of GCDCO was investigated by using
E. coli. The antibacterial properties of the different samples
were studied by agar plate colony counting. Briefly, 150 pL
bacterial solution (1 x 10’ CFU mL™"), 50 uL glucose solution
(3.2 mg mL™") were added into 50 pL CDs, CoS, QDs and
GCDCO solution in a 48 well-plate. The solution was incubated
at 37 °C for 3 h and illuminated with/without simulated sun-
light (2335 W m™~?) for 5 min. Then, the bacterial suspension
was diluted 1000 times with PBS and then 20 pL suspension
was taken out and plated on an LB agar plate to grow for 18 h at

This journal is © The Royal Society of Chemistry 2024
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37 °C. The bacterial suspension suspended in PBS was used as a
control. The colonies were counted at 18 h. The morphological
characterization of the inactivated bacteria was carried out by
SEM. After the samples were illuminated with/without simu-
lated sunlight (2335 W m™?) for 5 min, the bacteria were
collected by centrifugation (8000 rpm, 15 min) and fixed with
200 pL 2.5% glutaraldehyde overnight at 4 °C. The bacteria
samples were then dehydrated gradually using 200 pL each of
increasing ethanol gradient concentrations (30%, 50%, 70%,
80%, 85%, 90%, 95%, and 100% ethanol), dried at 37 °C, and
gold-sputtered prior to SEM observation.

3. Results and discussion
3.1 Synthesis and characterizations

The GCDCO nanoagents were synthesized in an aqueous
environment at 4 °C using a straightforward composited route,
as depicted in Fig. 2a. This novel construct consisted of three
essential components: CoS, quantum dots (QDs), carbon dots
(CDs), and glucose oxidase (GOx). The CoS, QDs, possessing a
broad absorbance spectrum, were utilized as both enzyme
catalysts and heat generators, significantly enhancing the pro-
duction of ROS. CDs and GOx played distinct yet complementary
roles within the GCDCO nanoagents. While CDs functioned as
photosensitizers, absorbing light to induce photodynamic reac-
tions, GOx served as the supplier of H,0,. This collaborative
interplay between CDs and GOx synergistically contributed to an
enhanced generation of ROS, reinforcing the overall antibacterial

S %0 —
(a) - — 93 S
Room temp. 4°C
o *; 3 ’
» w9 | OCoz ~BSA 9CDs 1 abe %i
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Fig. 2 Glucose oxidase-carbon dots-CoS, QD (GCDCO) nanodevice
characterization. (a) Synthesis schematic of GCDCO. (b) Particle size
distribution of GCDCO. (c) XRD spectra, and (d) XPS spectra showing an
unaffected structure of CoS, QDs in GCDCO. (e) UV-vis absorption spectra
of GCDCO, CoS, QDs, CDs and GOx.
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efficacy of the system. It was important to highlight that our
system utilized white light or solar sunlight, eliminating the
need for expensive equipment and mitigating the risk of eye
burns associated with laser light. Furthermore, our research
was conducted under mild conditions, avoiding the necessity
for high pressure, elevated temperatures, or specialized appa-
ratus and equipment. The resulting GCDCO solution exhibited
a distinctive brownish color with excellent dispersibility. The
transmission electron microscopy (TEM) images revealed that
GCDCO, CoS, QDs and CDs were all monodispersed and
spherical (Fig. S1a, b, and c, ESIt). Specifically, the TEM images
of GCDCO showcased the uniform dispersion of white GOx
around CoS, QDs and CDs. The hydrodynamic diameter of
GCDCO was determined to be 15.94 + 1.55 nm through
dynamic light scattering (DLS), as depicted in Fig. 2b. This size
was larger than that of CoS, QDs, measuring 7.61 £+ 0.32 nm
(Fig. S1d, ESIY), providing further evidence of the composition
of CoS, QDs, CDs, and GOx in the GCDCO structure. Addition-
ally, the surface charge of GCDCO was investigated by measur-
ing its zeta potential, resulting in a value of —13.74 £ 1.59 mV.
In comparison, the zeta potentials for individual components
were determined as follows: —17.12 + 0.51 mV for CoS, QDs,
—4.12 £ 0.95 mV for CDs, and —21.00 £ 2.21 mV for GOx. These
zeta potential values provided insights into the electrostatic
properties of each component, highlighting the overall charge
characteristics of the GCDCO nanoagents. The observed
changes in nanoparticle size and zeta potential can be attrib-
uted to the interactions among CoS, QDs, CDs and GOx.
Collectively, these variations in size and zeta potential served
as a confirmatory evidence for the successful formation of
GCDCO. To further assess the crystalline structures of GCDCO,
X-ray diffraction (XRD) analysis was conducted. As illustrated in
Fig. 2¢, XRD spectra of GCDCO and CoS, QDs exhibited striking
similarity. The broader diffraction peak spanning from 20° to
50° closely matched the standard data for CoS, (No. 41-1471),
confirming the presence of CoS, in the GCDCO structure. The
broad nature of the peak was indicative of the small particle
size and low crystallinity of CoS, QDs. X-ray photoelectron
spectroscopy (XPS) was employed to partially confirm the
structure of GCDCO. For comparison, the XRD pattern of CDs
showed a single broad peak at 21.98°, which corresponded to
the (002) plane of graphitic carbon of crystalline nature
(Fig. S1e, ESIt). This was not found in XRD pattern of GCDCO
due to the shielding of strong CoS, QDs’ intensity. The results
of elemental analysis, as presented in Table S1 (ESIt), indicated
that the ratios of Co to S in CoS, QDs and GCDCO were 1:2.08
and 1:2.93, respectively. These elemental ratios provided addi-
tional evidence supporting the incorporation of CoS, QDs
within the GCDCO structure. These observations aligned with
the XRD results, indicating that the primary phase in CoS, QDs
was CoS,, while in GCDCO, the presence of GOx was evident.
Specifically, Fig. 2d illustrated that the peaks near 778 eV in the
Co 2p spectra of GCDCO corresponded to CoS, QDs, further
supporting the characterization of the composite structure.*
The S 2p spectra of GCDCO aligned with the spectra of S 2p in
the CoS, phase. Combining the results of XRD and XPS, it can
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be affirmed that the preparation of GCDCO was successful, with
CoS, QDs identified as the predominant phase within the
GCDCO structure. Upon integrating the three components into
a single entity, GCDCO exhibited an absorbance spectrum
characterized by a broadening absorption band extending from
the visible to near-infrared range. Additionally, two small peaks
emerged, indicating significant potential for photothermal
applications under sunlight, as illustrated in Fig. 2e. The broad
peak around 276 nm in the absorption spectrum could be
attributed to the combination of specific peaks, including
the peak at 276 nm from CoS, QDs, the peak at 278 nm from
GOx, and the peak at 270 nm from CDs. Additionally, another
absorption peak at around 330 nm was primarily associated
with the n — n* transition of C—=0 in CDs.** This further
suggested the facile integration of the three components,
allowing for the preservation of the biological activity and
natural structure of each constituent without compromising
their integrity.

3.2 Investigation of photothermal performance

The photothermal performances of GCDCO and CoS, QDs were
evaluated at a sunlight intensity of 2335 W ¢cm ™2 (Fig. 3 and
Fig. S2, ESI{). As shown in Fig. 3a, at the GCDCO concentration
of 133.33 pug mL™ ", the solution temperature could be raised
from 25 °C to 50.5 °C (increased by 24.5 °C) after irradiation by
sunlight for 7 min, while the temperature of water exhibited a
smaller increase (about 9.2 °C). In the infrared thermal images
of GCDCO (Fig. 3b), the temperatures of GCDCO solutions
exhibited a time- and concentration-dependent increase. This
observation underscored the significant potential of GCDCO
for PTT applications under sunlight irradiation, without the
need for any special equipment.®® The temperature of CoS, QD
solution at a concentration of 200 pg mL ™" increased by 27.4 °C
(Fig. S2a, ESIt). As shown in Fig. S2b (ESIt), CoS, QDs exhibited
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Fig. 3 Photothermal evaluation of GCDCO irradiated by simulated sun-
light. (a) Photothermal heating curves of GCDCO solutions with various
concentrations irradiated by simulated sunlight. (b) Infrared thermal
images of GCDCO solutions at the indicated concentrations and irradiated
for different durations. (c) Photothermal stability of GCDCO (133.33 ug mL™
and ICG (400 pg mL™) over 5 ON/OFF cycles of simulated sunlight irradiation
(200-2500 nm, 2335 W cm™2).
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similar photothermal properties independently. By combining
the photothermal analyses of GCDCO solutions and CoS, QDs,
we can conclude that the photothermal properties of CoS, QDs
were retained in GCDCO. This observation suggested that the
presence of CDs and GOx did not significantly influence the
inherent nature of CoS, QDs. Simultaneously, the stability of
GCDCO was thoroughly examined, with indocyanine green
(ICG) employed as a control. ICG is a well-known commercial
photothermal agent approved for clinical applications by the
US Food and Drug Administration (FDA). In the course of
5 repeated irradiation cycles involving heating and cooling
(Fig. 3c), the maximum temperatures of both GCDCO and CoS,
QDs (Fig. S2c, ESIt) remained relatively constant, in contrast to
the gradual decrease observed in the maximum temperatures
of ICG with increasing cycle numbers. This observation implied
that the photothermal stability of GCDCO surpasses that of
ICG. These findings suggested that, when compared to the
commonly used commercial photothermal agent, GCDCO
exhibited superior photothermal properties and stability.

3.3 Fenton-like properties of GCDCO

The outstanding Fenton-like activity of CoS, QDs was attributed
to the intrinsic multivalency of Co and defect engineering
in the CoS, QDs, as documented in previous studies.?®3*3°
To assess the Fenton-like reaction and H,O, consumption
mediated by GCDCO, we employed a cell-free system using
3,3'-diaminobenzidine tetrahydrochloride (DAB) as an indica-
tor for *OH, as illustrated in Fig. 4a. In Fig. 4al, a pronounced
increase in A/A, (where A, represents the absorbance of DAB
at 0 min and A is the absorbance of DAB at a given time) is
evident, corresponding to the escalating concentration of
GCDCO. Simultaneously, Fig. 4a2 depicts the reaction system
with GCDCO ([CoS, QDs] = 66.67 ug mL '), DAB, and H,0,. The
absorption peak at 570 nm gradually intensified over time, and
the color darkened (as evident in the inset picture) after
27 minutes. This observation indicated the oxidation of DAB,
reflecting the production of *OH through the Fenton-like reaction.
Additionally, the influence of H,O, on various reaction systems
was investigated. As shown in Fig. 4a3, both the GCDCO/DAB/
H,0, group and the CoS, QDs/DAB/H,0, group demonstrated
significant Fenton-like activity, while other groups exhibited
minimal response. Under identical conditions (Fig. S3a, ESIT),
groups lacking H,0, showed no production of ROS. It was evident
that CoS, QDs played a crucial role in GCDCO, attributed to the
sulfur defect. Furthermore, the combination of CDs and GOx had
minimal impact on the Fenton-like activity of CoS, QDs when
incorporated into the GCDCO structure.

Furthermore, to validate the reactive activation of the
Fenton-like reaction, the degradation of methylene blue (MB)
was investigated, as illustrated in Fig. 4b. In Fig. 4b1, a notice-
able reduction in MB concentration was observed with an
increasing concentration of GCDCO. The absorbance of MB
at 660 nm exhibited a gradual decrease within approximately
30 min, signifying the rapid degradation of MB when GCDCO
was introduced into the H,0,/MB system (Fig. 4b2). This
observation underscored the contribution of GCDCO to the
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Fig. 4 Chemodynamic properties of GCDCO. (a) The evaluation of *OH
production using probe DAB; (al) A/Ap with various concentrations of
GCDCO at different times; (a2) UV spectra of reaction systems at different
times, inset: solution color of DAB at O, 9, 18, 27 minutes after incubation
of GCDCO and 25 mM H,0O,; and (a3) A/Ag of different DAB reaction
systems at different times with H,O, (25 mM). (b) The evaluation of *OH
production using probe MB; (b1) degradation of MB with various concen-
trations of GCDCO at different times; (b2) UV spectra of reaction systems
at different times, inset: solution color of MB at 0, 10, 20, 30 minutes after
incubation of GCDCO and 16.67 mM H,0O,; and (b3) degradation of MB of
different reaction systems with H,O, (16.67 mM) at different times.

production of *OH. Furthermore, the influence of H,O, on the
system was also investigated. As demonstrated in Fig. S3b
(ESIYT), none of the samples exhibited MB degradation in the
absence of H,0,. However, in the presence of H,0,, only
GCDCO and CoS, QDs demonstrated rapid MB degradation
(Fig. 3b3). This observation underscored that the degradation
of MB was indeed induced by the reaction between CoS, QDs
and H,0,. These results highlighted the exceptional Fenton-
like activity of both GCDCO and CoS, QDs, showcasing their
promising potential in CDT against bacteria.

Furthermore, the presence of *OH generated in the presence
of glucose without H,0, was confirmed using DAB and MB
(Fig. 5a). Upon adding GCDCO and CoS, QDs into Glu/DAB, the
absorption peak at 570 nm noticeably increased over time in
the GCDCO/Glu/DAB group, while there was no significant
change observed in the CoS, QDs/Glu/DAB group. The value
of A/A, was 2.56 in the GCDCO/Glu/DAB group, which was
2.5-times higher than that of the CoS, QDs/Glu/DAB group
(Fig. 5a1). In the MB degradation experiment, distinct degrada-
tion of the blue MB was observed in the GCDCO/Glu/MB group
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Fig. 5 The enhanced chemodynamic effect evaluation of GCDCO by
GOx-catalysis. (a) GOx responsiveness promotes the production of *OH.
The evaluation of *OH production using probes DAB and MB; (al) time-
dependent A/Aq of different reaction systems by incubating with glucose;
and (a2) time-dependent degradation of MB triggered by different reac-
tion systems incubated with glucose. (b) Schematic illustration of
hyperthermia enhanced CD effect; (bl) time-dependent A/Ap changes
by incubating with glucose under different temperatures; and (b2) time-
dependent degradation of MB by incubating with glucose under different
temperatures.

(Fig. 5a2), indicating the production of *OH resulting from
the reaction between GOx and glucose. Upon incubation with
GCDCO, more than 21% of MB experienced degradation, which
was 2.4-times higher compared to the CoS, QDs group. These
findings suggested that GCDCO had the capability to initiate a
Fenton-like reaction in the presence of glucose, without the
addition of H,O,. This phenomenon arose from the oxidation
reaction of glucose catalyzed by GOx, resulting in the genera-
tion of H,0,. Additionally, the impact of photothermal
hyperthermia on the Fenton-like reaction was assessed using
DAB and MB as indicators for °*OH radicals (Fig. 5b).
As depicted in Fig. 5b1, the A/A, at 55 °C was significantly
higher than those recorded at 20 °C, 37 °C, and 45 °C, suggest-
ing that an increase in temperature enhanced the production of
*OH through the Fenton-like reaction. Additionally, the effi-
ciency of MB degradation when incubated with glucose at 55 °C
surpassed that of other groups (Fig. 5b2). The enhanced
degradation at higher temperatures indicated that the elevation
in temperature could augment the Fenton-like activity, contri-
buting to a more efficient degradation process of MB. All these
results collectively demonstrated that GOx played a beneficial
role in a cascade reaction by supplying H,O,, thereby promot-
ing the chemodynamic reaction to produce *OH. Additionally,
photothermal hyperthermia was found to be another contribut-
ing factor responsible for enhancing *OH generation in the
system.
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3.4 Studies on ROS production ability

The confirmation of ROS generation was achieved through the
use of the ROS probe 2,7-dichlorofluorescin diacetate (DCF-
DA). This probe exhibited green emission upon oxidation,
forming a fluorescent dye (DCF), as a result of interaction with
*OH and °0, . In the initial investigation, the generation of
°0,” was meticulously examined (Fig. 6a). As illustrated in
Fig. 6al, the ability to produce *O,  was monitored and
analysed using DCF-DA. The CoS, QDs group exhibited a higher
fluorescence intensity compared to the CDs group. This dis-
parity could be attributed to the narrow band gap of CoS, QDs,
allowing for photocatalysis under visible light irradiation.
Under visible light irradiation, CoS, QDs entered an excited
state, causing some electrons to transition from the valence
band to the conduction band. Simultaneously, electron-hole
pairs formed on the surface of CoS, QDs. The electrons within
CoS, QDs had the ability to reduce molecular oxygen (O,) in the
aqueous solution, leading to a reaction with H,O, and the
production of *0,.>*® CDs (carbon dots) have been pre-
viously reported as distinctive visible photosensitizers for the
generation of °O, , primarily attributed to energy transfer
mechanisms.>**° Notably, the fluorescence enhancement (I/
I,) observed in the GCDCO group was the highest among all the
groups studied. The data implied a synergistic effect between
CoS, QDs and CDs in enhancing *O,~ production. As depicted
in Fig. 6a2, the *O,  production exhibited a proportional
relationship with the concentration of GCDCO. Furthermore,
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Fig. 6 ROS production from GCDCO under white light irradiation. (a) The
evaluation of ROS production using probe DCF-DA in the absence of
glucose; (al) effect of light on the I/ly of different reaction systems at
different times; and (a2) //ly versus various concentrations of GCDCO at
different times. (b) GOx responsiveness promotes the production of ROS.
The evaluation of ROS production using probe DCF-DA in the presence of
glucose; (b1) time-dependent fluorescence changes with cold-light irra-
diation (400-800 nm, 91 mW m~2); and (b2) effect of glucose concen-
tration on //l5 of GCDCO reaction system.
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both the generation of *OH in the chemodynamic process and
the production of *O, " in the photodynamic and photocatalysis
processes were investigated and quantified using DCF-DA, as
illustrated in Fig. 6b. The catalysis by GOx significantly
enhanced the chemodynamic effect, resulting in the most
prominent fluorescence enhancement (Z/;) in the GCDCO/
Glu/DCF-DA plus light group, as illustrated in Fig. 6b1. The
I/I, values for various groups without light are presented in
Fig. S4a (ESIt). Specifically, for the GCDCO/Glu/DCF-DA with
light group, GCDCO/DCF-DA with light group, and GCDCO/
Glu/DCF-DA without light group, the I/I, values were 42.90,
6.71, and 6.69, respectively. These results indicated that
GCDCO exhibited a highly significant effect in the production
of ROS under light irradiation. Furthermore, among various
reaction systems, the GCDCO/Glu/DCF-DA with light group
exhibited the highest enhanced fluorescence at 10 min, as
illustrated in Fig. S4b (ESIt). This observation underscored
the significant impact of GOx-catalysis in boosting the produc-
tion of ROS under light irradiation. Additionally, the fluores-
cence enhancement of the GCDCO group increased with the
rise in glucose concentration, as depicted in Fig. 6b2. Collec-
tively, these findings suggested that the GCDCO/Glu/DCF-DA
with light group had the capability to generate a higher amount
of ROS, and the catalytic role of GOx promoted the cascade
reaction, enhancing both CDT and PDT. This potential synergy
exhibited promise for antibacterial therapy.

3.5 Invitro antibacterial efficacy

Building upon the aforementioned results, it was anticipated
that GCDCO held the potential to eliminate bacteria through a
synergistic effect, combining photothermal-enhanced CDT and
GOx-catalysis-enhanced CDT/PDT. Prior to conducting antibac-
terial studies, we conducted preliminary in vitro investigations
to evaluate the cytotoxicity of GCDCO via alamar blue assay.
We treated separate groups of Immortalized human corneal
epithelial cells (HCE) and LO2 cells with GCDCO at different
concentrations. The cell viability of GCDCO gradually decreased
to 16.2% and 15.6% as applied concentration increased to
53.33 pug mL ™', which may be caused by the gluconic acid
produced by GOx and the high concentration of H,0, by-
products (Fig. S5a and c, ESIt). To further validate the fact that
the toxicity of GCDCO is originated from GOx, HCE cells treated
with CDs, GOx and CoS, QDs at three concentrations were
chosen for comparison. Notably, only GOx exhibited high inhibi-
tion on cells, which was similar to that of our nanoagents
(Fig. S5b, ESIT). Besides these, after incubating with CDs, GOx,
CoS, QDs and GCDCO dispersions at various concentrations for
6 h (but without glucose), it was observed that the LO2 cell
viability of all groups remained at least 98% or higher even at
high concentrations of 13.33 ug mL ™", suggesting low intrinsic
toxicity of all components (Fig. S5d, ESIT). These results verified
the good cytocompatibility and the promising therapeutic prop-
erty of our designed GCDCO nanoagents.

The antibacterial efficacy of GCDCO against E. coli was
assessed through agar plate colony counting experiments.
The minimum inhibitory concentration of GCDCO against
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Fig. 7 Antibacterial characterization of E. coli in vitro. (a) Photographs of
survived bacterial colonies of E. coli without sunlight and with sunlight
treatment in the absence of glucose; (b) corresponding antibacterial
activity of CDs (26.66 pg mL™3), CoS, QDs (53.33 pg mL™%) and GCDCO
(53.33 ng mL™Y; (c) photographs of survived bacterial colonies of E. coli
without simulated sunlight (200-2500 nm, 2335 W cm™2) and with
simulated sunlight treatment in the presence of glucose; and (d) corres-
ponding antibacterial activity of CDs, CoS, QDs and GCDCO.

E. coli. was, respectively, determined to be 2.19 pg mL™" for
MIC50 and 4.04 ug mL~" for MIC90 (Fig. S6, ESIf). Fig. 7a
presents colony images of E. coli in the absence of glucose,
while Fig. 7b illustrates the antibacterial activity of CDs, CoS,
QDs, and GCDCO, calculated based on the bacterial colony
counts. In the GCDCO plus sunlight group, the antibacterial
ratio was determined to be 90.63 + 3.6%, surpassing the
antibacterial activity observed for CDs and CoS, QDs. Further-
more, the influence of glucose on the antibacterial activity of
CoS, QDs and GCDCO was investigated. Fig. 7c and d depict the
results of antibacterial activity in the presence of glucose, with
the GCDCO plus sunlight group exhibiting the highest anti-
bacterial ratio (100%). The results indicated that GCDCO
exhibited notable antibacterial activity compared to CDs and
CoS, QDs. Moreover, with the introduction of glucose, the
catalytic activity of GOx significantly enhanced the eradication
of E. coli. This suggested that the remarkable antibacterial
activity of GCDCO was attributed to the synergistic effect and
the cascade reaction, highlighting the potential for enhanced
antibacterial efficacy. Additionally, the concentrations of CDs,
GOx, CoS, QDs and GCDCO were lowered to further investigate
the synergistic antibacterial effect based on the bacterial colony
counts and by calculating OD values of bacterial dispersions.
To study the difference of CoS, QDs and GCDCO in the
presence of glucose, we firstly lowered down their concen-
tration to 10 ug mL ™. As shown in Fig. S7 (ESI{), the bacterial
survival rates of GCDCO with and without sunlight irradiation
were around 5.15% and 0.99%, which were, respectively, 18.44-
times and 78.98-times lower than that for CoS, QDs. However,
not much difference in antibacterial activity between GCDCO
and GOx was found at this concentration. The concentration of
GCDCO lowered to 5 ug mL™ ' was applied to investigate the
antibacterial activity (Fig. S8, ESIT). We found that the bacterial
survival rates of GCDCO with and without sunlight irradiation
were 7.85-times and 4.53-times lower than that for CoS, QDs,
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as well as 2.93-times and 1.34-times lower than that for GOx.
These antibacterial data all indicated the synergistic antibac-
terial activity of PTT and CD effects from CoS, QDs, PDT effect
from CDs, and glucose catalysed effect from GOx in GCDCO.

To provide further insight into the impact of GCDCO on
bacterial morphology, the morphological changes of E. coli
were observed using scanning electron microscopy (SEM) after
treatment with lethal doses of GCDCO. As depicted in Fig. 8,
the control group represented untreated E. coli, displaying
intact cell walls with a smooth surface. After exposure to CoS,
QDs in the absence of sunlight, E. coli exhibited a roughened
cell wall. When subjected to sunlight, E. coli treated with CoS,
QDs displayed partial surface collapse. In contrast, bacteria
treated with GCDCO without sunlight experienced severe
damage. Upon exposure to sunlight, the bacteria treated with
GCDCO fully collapsed, leading to the leakage of cytoplasmic
constituents. Eventually, the potent destructive impact of
sunlight-activated GCDCO was manifested in the destruction
of the cytoplasmic membrane through the synergistic enhance-
ment of PTT and the catalysis-enhanced combination of CDT
and PDT facilitated by GOx. This concerted approach ultimately
resulted in the leakage of vital cytoplasmic content.

4. Conclusions

In summary, a versatile cascade bioreactor, GCDCO, designed
for synergistic bacterial inactivation under sunlight, was
successfully developed through a straightforward method.
GCDCO demonstrated outstanding PTT effects in sunlight,
enhancing CDT and showing photothermal synergistic
enhancement of CDT. Additionally, the presence of GOx in
GCDCO facilitated the catalysis of glucose, generating H,O,,
which further decomposed into ROS through a Fenton-like
reaction. This cascade reaction accelerated both CDT and
PDT. Moreover, GCDCO exhibited significant antibacterial
activity against E. coli in vitro (99+ %) in the presence of
glucose, attributed to the GOx-catalysis-enhanced CDT and
PDT, along with the photothermal synergistic enhancement of
CDT. Consequently, this multifunctional cascade bioreactor
holds promise as a reference for treating skin infections in
diabetic patients under sunlight.
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