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ABSTRACT: Chemodynamic therapy (CDT), as a powerful tumor therapeutic approach with low side

effect and selective therapeutic efficiency, has gained much attention. However, low intracellular content
of H202 and the cellular bottleneck of low intracellular oxidative reaction rates at tumor sites limited the
anti-tumor efficacy of CDT. Herein, a series of sulfur-deficient engineered biodegradable cobalt sulfide
quantum dots (CoSx QDs) were constructed for improved synergistic photothermal and hyperthermal
enhanced chemodynamic therapy of tumor through regulating photothermal conversion efficiency (PCE)

and Fenton-like activity. Through defect engineering, we modulated PCE and promoted the Fenton
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catalytic capability of CoSx QDs. With defect sites increasing, Fenton-like activity was improved to
generate more toxic *OH while photothermal effect slightly declined. In light of above unique
superiorities, the best synergistic effect of CoSx QDs were obtained through comparing their PCE and
catalytic activity by regulating the sulfur defect fractions degree in these QDs during synthetic process. In
addition, ultra-small size and biogradation endowed QDs with the ability to be rapidly composed to
ions that was easily excreted after therapy, thus reducing biogenic accumulation in the body with lowered
the systemic side effects. In vitro/vivo results demonstrated that the photothermal and hyperthermal
enhanced chemodynamic effect of CoSx QDs can enable remarkable anticancer properties with favorable
biocompatibility. In this study, the defect-driven mechanism for photothermal enhanced Fenton-like

reaction provides a flexible strategy to deal with different treatment environments, holding great promise

in developing multifunctional platform for cancer treatment in the future.

INTRODUCTION

Cancer remains to be one of the most devastating illnesses with a high fatality rate. Over the past decade,
considerable effort has been made on cancer therapy treatments including immunotherapy, otothcrmal
therapy (PTT), photodynamic therapy (PDT).!” Lately, chemodynamic therapy (CDT) has gained
increasing level of interest due to its spontaneous and endogenous chemical driven cytotoxicity without
the need of extrinsic interference.® ? It utilizes metal-based Fenton agents to split accllular hydrogen
peroxide (H202) into more reactive hydroxyl radicals (*OH), which then tip the balance of
redox/oxidation states within the cancer cells and drive organellar damages within the cells.'>"> The
cancer cells’ unique tumor microenvironment (TME) conditions of high local H202 concentration and an
acidic pH only primes the tumor site for the pro-death oxidative Fenton reaction whilst sparing normal
and healthy tissues where the TME conditions are absent.'*: '* It may sound promising, however the

optimal pH condition for a robust Fenton reaction for cancer therapy purposes resides in the extremes of

cellular pH of less than pH 4 which unfortunately is not inherent in the TME. This limitation thus greatly




narrows the scope of use of any conventional Fenton reaction driven CDT. Such point drives us to
improve the reaction rate of a metal-based Fenton reaction even in a less acidic (and unfavorable)

condition.

Arrhenius’ equation correlates that the rate of reaction in general doubles with a 10 °C increase in
reaction temperature'>!” At face value, this sounds promising but there is a limit that how high we can
clevate a given patient’s core temperature. But we can raise the local temperature of the tumor with high
precision and in a localized area. Therefore, we aim to directly increase the reaction rate of CDT at the
tumor site with synergistic photothermal means. Due to the small but concentrated local heating of the
tumor, we in essence can simultaneously spare the normal healthy tissues.'®?' In order to ensure the
increased temperature is to be localized at the CDT site without any room of error, we sought to design a
nanoplatform that has duality in increasing localized heat generation through rolling photothermal
activation and dissipation and a Fenton agent into one single entity. otothcrmal therapy (PTT), which
utilizes photothermal nanoagents to convert external near-infrared (NIR) light into heat, could not only
collaborate with CDT for thermal accelerated-Fenton reaction by increasing local temperature of tumor,
but also further boost the cytotoxicity through thermal ablation of the same spot at the tumor. Despite the
synergistic PTT and CDT nanoagents have extensively been reported.’-?>?* all these combinations are a
mixture of two or more nanomaterials in a functionally additive approach and not as a single inseparable
platform. These earlier approaches are prone to dislodge various nanocomponents or functionalization
within the body and can result in segregated efficiencies, such as photothermal heating in a location
where there are no Fenton agents or vice versa. The segregation would then defeat the entire intent of
having a dual PTT-CDT system in the first place.

Transition metal dichalcogenides (TMDs) quantum dots (QDs), such a cobalt sulfide (CoSx), have
attracted some attention because of several advantages including atomic-scale thickness, direct bandgap

and favorable electronic properties.”> The intrinsic existence of multivalency in Co coupled with a wide




absorption range in a NIR window might present CoSx species as a potential candidate for our
PTT/Fenton related CDT therapeutic agents 2*>® We have earlier defect engineered at least 7 other TMDs
based on a biomineralization assisted bottom-up strategy, in which some natural biopolymers like BSA
were used as surfactant to render nanoparticle with uniform size and excellent biocompatibility due to
their template effect.’***' By controlling stoichiometric molar ratios at the synthesis stage, tunable
sulfur vacancy density and oxygen and hydroxyl defects with more variable electronic trap states could be
engineered into the TMDs QDs. Herein, we defect engineered defects to further regulate the CDT and
PTT effect of CoSx QDs.3-2%%

Herein, for the first time, we designed a facile and mild strategy to synthesize a series of biocompatible

cobalt sulfide quantum dots of variable degree of defects (collectively designated as CoSx QDs), which
enable accurately control of photothermal conversion efficiency (PCE) and Fenton-like activity by defect
engineering. These defect-engineered CoSx QDs exhibit tunable optical and electrical properties to
optimize synergistic therapeutic effect of PTT and CDT (Scheme 1). These various defect engineered
CoSx QDs group can induce cancer cell death in four simultaneous processes: (1) Fenton-like reaction,
CoSx QDs catalyze endogenous hydrogen peroxide (H202) to product more harmful ROS, which could
lead to the oxidative damage to cancer cell; (2) perturbing the cellular antioxidant defense system through
a redox reaction that transfers GSH into GSSG for enhancing ROS generation; (3) ablating cancer cells
by the photothermal effect of CoSx QDs; (4) heat generated by photothermal conversion process
enhanced the Fenton reaction rate between CoSx QDs and endogenous H:O:. Additionally, the
degradability and hypotoxicity of CoSx QDs may lead to efficient metabolization and clearance,
promising favorable biocompatibility and biosafety. Therefore, defect-driven CoSx QDs can serve as a
tumor-specific multifunctional agent with flexible and controllable efficacy for the oer therapy in the

future.
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Scheme 1. Schematic illustration of biodegradable CoSx QDs for photothermal therapy and hyperthermal-

enhanced chemodynamic therapy of tumor.




RESULTS AND DISCUSSION

Characterizations of CoSx QDs. The defect-engineered CoSx QDs were prepared and characterized via a
biomineralization assisted bottom-up method, as shown in Figure 1A. The solution-processed CoSx QDs
were obtained within a few seconds through adjusting pH values. During this process, vine serum
albumin (BSA) was applied as surfactant and stabilizer to control size. To study defect engineering, CoSx
QDs with different sulfur defects ere prepared through varying the initial feed molar ratios of Co™ and
S> (1:0.5, 1:1, 1:2, 1:4, 1:6 and 1:8 and termed as CoSx QDs 1:0.5, CoSx QDs 1:1, CoSx QDs 1:2, CoSx
QDs 1:4, CoSx QDs 1:6 and CoSx QDs 1:8). Transmission electron microscopy (TEM) estimated the
primary size of ultra-small CoSx QDs 1:2 to be around 5.8 nm, showing a uniform size distribution and no
observable aggregation of QDs (Figure 1B). Additionally, t investigate the effect of initial molar ratios
on size, the hydrodynamic size of CoSx QDs with different sulfur amounts ranged from 7.0 ~ 40 nm
(Figure S1A). Simultaneously, CoSx QDs with different olar ratios of Co to S exhibited superior
stability in different solution even stored for 25 days obably due to more BSA coating, implying its
suitability for biological applications (Figure S1B). UV-vis spectra of CoSx QDs displayed an ultrawide
absorption band from visible to NIR range and the increased NIR absorbance with decreasing molar ratios
of Co/S (the amount of S increasing), offering great potentials in photothermal field (Figure 1C). The
increased absorbance may be due to improved electron density in QDs structure, resulting from defect
sites generation. Correspondingly, to investigate such point, the less intensive tail absorbance in the less
sulfur samples reflected the wider optical bandgap (Figure 1D, Figure S2). In summary, the ysical and
chemical properties of CoSx QDs could be easily regulated by adjusting sulfur level in samples, giving
the opportunity to tune properties for more effective synergism between the photothermal and
chemodynamic properties. The crystalline structures of CoSx QDs with different sulfur contents were
assessed X-ray diffraction (XRD) (Figure 1E). Comparing the XR.D of CoSx QDs 1:05 or 1:1 with
18

bare BSA (Figure S1C), the broader diffraction peaks (20) at 30.5° found in the latter were consistent

with the standard data of CooSs (JCPDS No. 65-6801). With sulfur amount further increasing, distinct




peaks at 34.5° could be also observed and identical with the values reported in the literature for Coi-xS
(No. 42-0826), suggesting the multi-component crystalline mixtures. The broad reflection peaks width
was accordance with the XRD features of zero-dimensional nanomaterials, indicating the small sizes of
the samples.> More importantly, the crystal phase transition commonly corresponded to the grain
coordination number in spatial scale, reflecting a probable variation of valence for both cobalt and sulfur
atoms, which was considered to be closely tied to the amount of sulfur vacancy in CoSx QDs.**3* Then,
X-ray photoelectron spectroscopy (XPS) was further employed to assess surface valance states of cobalt
and sulfur element in CoSx QDs with different sulfur levels. From the curve-fitting of Co 2p3/2 peak
(Figure 1F), the peaks of 779 and 781.1 eV were related to Co** and Co**, respectively. XPS
quantification of the valence states revealed that Co(Ill) gradually replaced Co(1l) as the major chemical

status of Co element, suggesting partial oxidation of cobalt ions as the ratio of Co/S decreased, which

arisen from the low redox potential of Co*/ Co** (=0.45 V). Similar oxidation phenomenon was also

found from the high resolution XPS spectra of S 2p region. As depicted in Figure 1G, the S* 2p3/2, S2*
2p3/2, Sx* 2p3/2 and SO.* peaks can be observed at 161.4, 162.1, 163.6 and 168.0 eV, respectively.
Except for the Sx* 2p3/2 peak assigned to the sulfur of BSA, the proportion of S2* increased as the molar
ratio of Co/S decreased, providing a direct evidence for the reduce of sulfur vacancies with the sulfur
amount increasing in synthesis process. Meanwhile, this change in sulfur vacancies generally presumed a
decreasing defect level and thus improves on the crystallinity, which was in accordance with the XRD

spectra.
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Figure 1. Characterization of CoSy QDs. (A) Illustration for synthesizing differently sulfur contained
CoSx QDs; (B) TEM image and size distribution of CoSx QDs 1:2; (C) UV sp and (D) bandgap
energy of differently sulfur contained CoSx QDs; (E) XRD pattern; High resolution XPS spectra of the (F)
Co 2p region and (G) S 2p spectra of CoSx QDs.

Photothermal performance of CoSx QDs. Inspired by the strong absorbance in NIR region, the

photothermal property of CoSx QDs with different sulfur vacancy level was investigated in PBS 6.5
solution under NIR laser irradiation (808 nm, 0.8 W/cm?) (Figure 2A). The molar absorbance coefficients

of CoSx QDs were firstly calculated using CoSx QDs dispersions at different concentrations (Figure 2B).
These plots between the absorbance at 808 nm and concentrations of CoSx QDs were found to be linear,




and the molar extinction coefficient of defect-engineered CoSx QDs at 808 nm increased with its rising
sulfur level and attained a maximum of 7.44 x 10 M"!cm™! when the molar ratios of Co/S reached 1:8.
Such changing trend could also be observed from the photothermal conversion efficiencies (PCE) of CoSx

QDs with different defect levels, which were calculated following by the Roper’s method from the fitting

of cooling curve after tuning the concentration of all CoSx QDs groups to reach the same absorbance at

808 nm (Figure 2C). As presented in Figure 2D, sulfur-rich CoSx QDs exhibited better photothermal

performance and the PCE of CoSx QDs 1:8 even attained 40.5 %, which was higher than that of the most

reported inorganic photothermal agents (Figure 2E).*~® Additionally, the infrared thermal images of
different concentrations of CoSx QDs 1:2 as further monitored to directly demonstrate the excellent
photothermal conversion capability of CoSx QDs, hcrc a high imaging intensity contrast corresponding
to solution temperature was observed to increase with the increase in the CoSx QDs ncentration and the

irradiation duration (Figure 2F). The solution temperature risen in 5 min and gave sensitive response to
the concentration of CoSx QDs, suggesting a concentration-dependent photothermal heating effect. More
extensive data was collected on complete heating-cooling procedure and presented in Figure 2G. The

solution temperature could be raised from 21 °C to 55 °C after 5-min laser irradiation even at a low CoSx
QDs 1:2 concentration of 1.0 mM, which was higher than the critical temperature (42 °C) for the

induction of cancer cell apoptosis, while water exhibited negligible temperature increase (less than 3 °C).
Besides of the excellent PCEs of CoSx QDs, photothermal stability is also a prerequisite for photothermal
agents. The temperature changes of all CoSx QDs (1.0 mM) dispersions were monitored for different

irradiation cycles. The maximum temperatures of CoSx QDs still maintained the same high level even

after a repeating heating-cooling operation for 5 cycles, while a commercial NIR photothermal agent
indocyanine green (ICG) for clinical application approved by US Food and Drug Administration greatly

)_39

degraded upon five repeated irradiation cycles (Figure 2H).” The excellent photothermal property and

stability of CoSx QDs proved their potential for photothermal cancer therapy applications.
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Figure 2 Influence of sulfur vacancies on photothermal performance 0oSx QDs. (A) The

photothermal mechanism and the defect-engineered control of CoSx QDs ipgphotothermal conversion
e&ciency (PCE); (B) The calculation of molar absorptivity at absorbance of 808 nm laser (0.8 W/em?);
(C) Time constant for heat transfer of CoSx QDs by applying the natural logarithm of temperature change
versus time data; (D) PCEs of differently sulfur contained CoSx QDs; (E) The comparison of
photothermal conversi%efficiency with other typical quantum dots photothermal nanomaterialgzeported
in the literature; (F) Infrared thermal images of CoSx QDs 1:2 at different concentration under the
exposure of 808 nm laser (power density: 0.8 W/cm?) for Smin and (G) corresponding photothermal

heating curves; (H) Photothermal stability of CoSx QDs 1:2 (1.0 mM) and ICG under the photothermal

heating and nature cooling cycles by the 808-nm laser irradiation.

Fenton-like properties of CoSx QDs. The Fenton-like reaction and H202 consumption mediated by the
defect-engineered CoSx QDs were firstly evaluated in a cell-free system by employing 33'-
diaminobenzidine tetrahydrochloride (DAB) as chromogenic agents to indicate *OH-generation (Figure
3A). And the reaction process of different sulfur level CoSx QDs was recorded by UV absorption

spectrum (Figure S3). After CoSx QDs 1:2 was added into reaction system (DAB and H2032), a new
10




absorption band at 569 nm was enhanced as reaction time prolonged (Figure 3 A1), accompanying by an
obvious visual color change from light brown to black within 20 min (the insert picture), indicating the
occurrence of Fenton-like reaction. Then, kinetics analysis of different sulfur level CoSx QDs was taken
out to give more comprehensive assessment on catalytic efficiency and *OH-generating abilities at
various reaction points (Figure S4). By the standardized analysis of kinetics analysis, the reaction rates of
defect-engineered CoSx QDs (kinetic ratio of CoSx QDs + DAB + H202 and CoSx QDs +DAB) were
obtained and shown in Figure 3 A2. It was observed that the samples with higher sulfur content displayed
a better catalytic activity at the first few seconds, then the catalytic rate slowed down and finally exhibited
lower catalytic degree on a timescale of minutes, revealing that the catalytic rate was strongly related to
reaction time and sulfur level in catalysts. Given that the CDT treatment was a relatively extended period,
the amounts of generated radicals at 20 min were standardized for a comparative study, as shown in
Figure 3 A3. Compared with their corresponding control groups (CoSx QDs + probe or H202 + probe),
the absorbance of CoSx QDs/probe/ H202 group decreased with the increased sulfur contents in the QDs,
showing that the amount of radicals generated by CoSx QDs 1:0.5 was less than that by CoSx QDs 1:1.
Additionally, another chromogenic agent 3,5,5’-tetramethylbenzidine (TMB) was also employed to
monitor the process of Fenton-like reaction (Figure S5 A). It was clearly observed that a new peak was
gradually formed at ~ 665 nm within 20 min and the colorless TMB was oxidized to blue oxTMB.
According to the reaction kinetics at 665 nm (Figure 85 B), the catalytic rates of defect-engineered CoSx
QDs were showed to be related to the sulfur amounts in QDs, which was in accordance with that of DAB.
Simultaneously, only QDs 1:0.5, 1:1, 1:2 groups showed the dramatic increase in absorbance after 20 min
of reaction, suggesting a better CDT performance over the other three CoSx QDs types (Figure S5 C).
Moreover, MB degradation was also investigated to confirm the catalytic activity of Fenton-like reaction
(Figure 3B). As shown in Figure 3 B1, MB could be quickly degraded around 30 min when CoSx QDs
1:2 were added into H202/MB system. Under the same condition, H202 without CoSx QDs was observed

to have no capability to degrade MB, indicating that the degradation of MB was indeed induced by
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radicals from the reaction between CoSx QDs and H>O: (Figure S6). The better catalytic performance of
QDs 1:0.5, 1:1, 1:2 and 1:4 groups achieved 80 % degradation rate of MB within 20 min, but their
reaction efficiencies in the first 10 min varied from one other (Figure 3 B2). Then, a pseudo-first-order
kinetics rate constant in the first 10 min were obtained by linear fitting (Figure 3 B3). As expected, CoSx
QDs 1:1 showed the best degradation performance among all six CoSx QDs groups with the kinetic rate
constant around 0.075 (min’") and their rate constants significantly decreased with S/Co ratios increasing,
which was in accordance with the previous result using probe DAB and TMB. Summarizing these data, it
became evident that the defect chemistry in the as-developed CoSx QDs promoted efficiency of
Fenton-like reaction. We also have evaluated the influence of glutathione (GSH) on *OH-induced MB
degradation and the GSH depletion process by CoSx QDs (Figure 3C). Nearly all the MB was degraded
without the presence of GSH. The degradation process was greatly inhibited by the increasing GSH
concentration. Even a low MB concentration of 1.0 mM, the degradation efficiency of MB reduced to
55 %, confirming the ROS-elimination property of GSH (Figure 3 C1). Then the GSH depletion-
enhanced chemodynamic efficacy was further investigated through introducing exogenous <OH-
generating catalyst Cu®*, which have been widely revealed as a Fenton-like reagent to generate radicals
from H202 (Figure 3 C2). MB was thoroughly degraded by Cu** and H202, however the degradation
process could be completely restrained with the presence of GSH. And most particularly, this delicate
balance between GSH depletion and Fenton-like reaction was broken when CoSx QDs 1:2 was added to
the reaction system, which led to more than 60 % degradation of MB after 3 h of reaction. The above
phenomenon suggested that CoSx QDs indeed took an important role in GSH-depletion process.
Moreover, additional control groups were taken for a more detail comparison to exclude the effect of
catalyst Cu** (Figure 3 C3). After reaction with only Cu?* for 3 hours, 0.1 mM CoSx QDs 1:2 were added
into reaction system. Remarkably, the addition of 0.1 mM CoSx QDs 1:2 remarkably enhanced MB

degradation in the next 20 min, even showing a higher degradation rate than that of Cu**-CoSx QDs group.

Such phenomenon proved the cascade catalytic activity of CoSx QDs, which could deplete GSH by the
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chemical valence transition between Co™ and Co** through this redox reaction: 2Co** — CoSx QDs +
2GSH — 3Co?" — CoSx QDs + 2GS5G ™ Such good performances revealed the intensified

chemodynamic activity of CoSx QDs, offering them good potential in CDT against cancer cells.
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Figure 3. The influence of defect engineering on the catalytic rate of Fenton-like reaction and the

GSH depletion by CoSx QDs. (A) The evaluation of OH+ production using probe DAB at pH = 6.5 (A1-
A3, UV spectra of reaction systems at different time, the kinetics of catalytic reactions and the UV
absorbance of different reaction systems at 20 min, respectively): (B) MB degradation by Fenton-like
reaction of CoSx QDs in NaHCOs solution. (B1-B3), MB degradation by CoSx QDs 1:2, MB degradation
kinetics in different reaction systems, and corresponding reaction rate obtained by first order kinetic

model, respectively); (C) GSH protection on MB degradation by CoSx QDs 1:2, (C1) impact of different
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GSH concentrations on MB degradation by CoSx QDs 1:2, the GSH depletion by CoSx QDs 1:2, (C2)
degradation degree after 3 ]md (C3) degradation kinetics with different catalyst components in
MB/H:0> solution, C(Cu?**) = 0.1 mM, C(CoSx QDs)=0.1 mM, C(GSH) = 1.0 mM, C(H20) =50 mM.
Hyperthermal-enhanced chemodynamic therapy ir vitro and the biodegradation of CoSx QDs.
According to the above-mentioned results, both photothermal and chemodynamic properties of CoSx QDs
displayed a remarkable sulfur amount dependence. In particular, the sulfur-deficient design of CoSx QDs
enhanced the Fenton-like reaction but reduced its PCE. Despite that, CoSx QDs 1:2 samples showed a
relatively high PCE and MB degradation rate simultaneously. So %t the synergistic effect of CDT and
PTT might lead to a higher therapy efficiency of CoSx QDs 1:2 than that of other sulfur level groups, thus
CoSx QDs 1:2 samples were chosen in the following experiments. Based on this, the photothermal-
enhanced Fenton-like reaction was investigated using DAB as the ROS indicator under three temperature
regimes (Figure 4A and 4B). It was found that the higher perature used in the experiment, the faster
catalytic rate was observed. Notably, after 5 min reaction, 50 °C-group exhibited the highest catalytic
efficiency, which was respectively about 1.2 times and 2.5 times higher than that when at 40 °C and at 20
°C. The electron spin resonance spectrum (ESR) was employed to give a more reliable result (Figure 4C).
A stronger ESR signal was observed from the high temperature group (pH = 6.5, 40 °C), demonstrating
that the heat could enhance the ROS generation and accelerate CDT effect. Meanwhile, under the same
temperature, the *OH signal at pH = 6.5 was higher than that at pH = 7.4, suggesting that more *OH were
generated in acidic conditions, thus further showing their high therapy efficacy of tumor with lowered
side effect against normal tissue.

Although various inorganic nanoparticles have been proved to exhibit outstanding performance in the

field of nanomedicine, it is remarkably hard for their clinical translation due to the long-term distribution

in vivo and potential toxicity that gave rise to the ROS generation when exposed to cellular

environments.” Owing to the higher basal level of oxidative stress in cancer cells, the controlling of

nanoparticle concentration in vive is essential in generating a moderate level of ROS that would just
exceed toxic thresholds in cancer cells but not normal cells.*> Apart from that, the biodegradation of

14




nanoparticles also gained necessary attention that could protect the normal cells from irreversible and
unnecessary damage. Based on this, degradation experiments of CoSx QDs were further designed under
different pH value and temperature (Figure 4D and 4E). It was clear that the color of CoSx QDs 1:2
solution slowly changed from dark brown to tawny and then to nearly colorless, indicating the release of

cobalt ions into aqueous solution arising from the self-degradation of CoSx QDs. The degradation rate in
mildly acidic condition (pH = ~6.5, extracellular environment in cancer tissue) was her than that in
neutral conditions (pH = ~74, normal tissues), suggesting that the QDs could be quickly degraded at
tumor sites after therapy, thus reducing in vive accumulation with less systemic side effects. While in
normal tissues, ROS generation is limited by neutral conditions and low level of H202 that protect normal

tissues from being destroyed. Meanwhile, the rising of temperature could also accelerate this degradation

process, indicating the PTT could enhance CDT effect through a rising temperature.
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Figure 4. Thermal enhanced ROS generation and accelerated degradation of CoSx QDs. (A) Fenton-
like reaction of CoSx QDs 1:2 under different temperature using DAB as the ROS probe and (B)
corresponding photograph of the reaction in different time pointsg£C) ESR spin trap signals of DMPO-
*OH under different conditions; degradation of CoSx QDs at (D) pH = 6.5 and (E) pH = 7.4 (The right
figure is the degradation pictures of CoSx QDs). Degradation rate = (Ao-A)/Ao: A and Ao is the
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absorbance of QDs at the given Day and Day 0, respectively. The data are presented as the mean + s.d., n

=35. The statistical significance was calculated via Student’s t-test, *P < 0.05.

Defect-driven mechanism for regulating photothermal effect and Fenton-like activity. The reaction
mechanism of defect engineered CoSx QDs for tunable photothermal enhanced CDT were further
confirmed by investigating the effect of a change in cobalt valence state, as depicted in Figure 5 A and
5B. As the initial molar ratios went up from 1:0.5 to 1:8, the trivalent cobalt (Co™) level appeared and
increased to 47.2 %, accompanied by a significant enhancement of both PCE and molar absorption
coefficient at 808 nm. This may be attributed that the increased Co™ in QDs could narrow the band
energy, thus inducing the widen absorption, lastly enhancing the PCEs. Simultaneously, the Fenton-like
activity in 20 min reduced with the amount of bivalent cobalt (Co’*) decreasing. Thus, it appeared that
cobalt valence played a crucial role in synergistic PTT/CDT. Besides, from the kinetics using DAB as
chromogenic agent, it was found that the rate and extent of Fenton-like reaction were correlated to the

molar ratio of Co/S. Thus, ESR technology was further employed to monitor dynamics of Fenton-like

reaction, using -dimcthyl-l-pyrrolinc-N-oxidc (DMPO) and 2,2,6,6-tetramethylpiperidine (TEMP) as
spin-trapping reagents for the capture of *OH or 02_. shown in Figure 5 C, the O2™ signals of CoSx
QDs 1:0.5 and 1:2 samples were stronger than 1:4 samples after reaction for 5 and 10 min, while no
significant difference was detected within the initial 2 min. This phenomenon indicated that CoSx QDs
1:0.5 and 1:2 samples exhibited more persistent O2~ generation abilities compared with CoSx QDs 1:4,
which resulted from their higher defects degree that provide more active sites for radical generation. More
importantly, the Oz signals of CoSx QDs 1:2 were higher than 1:0.5 sample, which might be attributed
that the existence of Co™ in CoSx QDs 1:2 accelerated defect consumption and generated more radical in
a certain time. Similar phenomenon could also be found from DMPO-+OH signal, except that the *OH
signal of CoSx QDs 1:0.5 at first 2 min was higher than other two samples (Figure S7). Combined with

the above-mentioned characterization and analyses, this phenomenon might be related to valence of

cobalt and sulfur vacancy density in defect-engineered CoSx QDs. The mechanism of defect engineered
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CoSx QDs for photothermal-enhanced Fenton-like reaction could be described as follows and shown in

Equation (1)-(3): hydroxyl radicals (*OH) is generated from H202 by the oxidation of Co®* [Egs. (1)].
Then, Co** reduced to Co** by H20», accompanied by the production of O2 and 2H* [Egs. (2)].
Simultaneously, the bound Oz could be reduced to Oz~ by the sulfur defect [Egs. (3)]. CoS«x QDs 1:0.5
showed the most persistent process of ROS generation, which could be attributed to an abundant sulfur
vacancy defect. Even so, its reaction at first 10 min was still lower than that of CoSx QDs 1:2, proving
that the intrinsic co-existence of Co**/Co** could accelerate ROS generation in the early stage of the
reaction. As sulfur amount increased, the extent of Fenton-like reaction diminished due to limited sulfur
defect.
H202 + Co**— Co™ ++OH + OH™ (1)
H202 + Co**— Co* + Oz + 2H* (2)
02 + ¢~ (defect) — O~ (3)
In conclusion, the valence state ratio of Co**/Co™ and sulfur defect level could co-regulate the alytic
rate of Fenton-like reaction and total ROS production, confirming the possibility of tunable PTT-

enhanced CDT by defect engineering of CoSx QDs.
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Figure 5. Defect-dependent photothermal effect and Fenton-like activity of CoSx QDs. (A) The
influence of valence state changes of cobalt in photothermal effect and Fenton-like reaction, (A1) the area
content of Co™ and Co** obtained from Co 2p XPS spectra, (A2) the PCEs and molar absorption

coefficient at 808 nm, (A3) the comparison of catalytic effect after 20 min; (B) Schematic illustration for
mechanism of photothermal amplified chemodynamic effect; (C) ESR spin trap signals of DMPO-O2"
under different conditions.

Biocompatibility of the CoSy QDs and their high specificity of cytotoxicity on cancer cells. Inspired
by the results of above extracellular experiments, the CoSx QDs are expected to 1duoe cancer cell
apoptosis by the synergy effect of PTT, CDT and GSH depletion. The possible schematic mechanism was
displayed in Figure 6A. Considering that the weakly-acidic tumor microenvironment can enhance the
*OH production capacity and promote the self-disintegration of CoSx QDs, this in turn further exposes
more surface defects for higher Fenton-like reaction rate. We then investigated the synergistic CDT/PTT
effect in cancer cell lines. Firstly, the biocompatibility of un-irradiated CoSx QDs was confirmed on LO2,
A431, MDA-MB-231 and 4T1 cells with standard MTT experiments (Figure 6B). The viability of LO2,
A431, MDA-MB-231 cells were greater than 95 % after incubating with non-irradiated CoSx QDs 1:2 for
24 h even at a high concentration up to 1.0 mM, which confirmed the toxicity of CoSx QDs. However,
the cell viabilities of 4T1 cells were dose-dependent and decreased to 60 % at the concentration of 1 mM
CoSx QDs. The different survival rates may be attributed to the higher basal level of oxidative stress in
4T1 cells than cancer A431 cells,”” MDA-MB-231 cells** > and normal LO?2 cells, that in turn produced
more *OH via Fenton-like reactions even when there was no laser irradiation. Therefore, the CDT
capability of the CoSx QDs was dependent on the oxidative state of the cells. Then the synergetic

anticancer effect of CDT and PTT was investigated by treating 4T1 and A431 cells with CoSx QDs 1:2

and exposure to 808 nm NIR laser for 5 min, as depicted in Figure 6C-D. This is due to that a slightly
acidic pH 6.5 environments could accelerate Fenton-like reaction of CoSx QDs to produce more *OH,

inducing the significantly decreased cell viability of 4T1cells, further indicating the high CDT efficiency

of CoSx QDs in tumor microenvironment. Notably, without laser irradiation, cell viability of A431 cells
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remained relatively high even up to ImM concentration of CoSx QDs. However, under laser irradiation at

808 nm for 5 min, the cell viability of both 4T1 and A431 decreased significantly when CoSx QDs re
irradiated with the 808 nm laser, confirming the synergistic killing effect of PTT alone and PTT-enhanced
CDT.

Moreover, in vitro PTT and PTT-enhanced CDT efficacy of CoSx QDs was further visually confirmed
by nfocal fluorescence imaging of 4T1 cells and A431 incubated with CoSx QDs 1:2, live-dead ined
with calcein AM and propidium iodide (PI), respectively (Figure 6E, F). It can be clearly observed that
the red spots in 4T 1cells both greatly increased with CoSx QDs concentrations with and without laser
irradiation, while that in CoSx QDs treated A431 cells only enhanced with laser irradiation. Notably, both
two cells without CoSx QDs catmcnt were not affected even after laser irradiation at the power density
of 0.8 W/cm? for 5 min. This means that CoSx QDs have higher capability to ablate 4T1 cells than
A431cells no matter with and without laser irradiation, which is consistence with the result of Figure 6B.
Such phenomena may be attributed to higher H>O» generation in CoSx QDs treated 4T1 cells than other
three cell lines.*** Moreover, aging quantification showed that the ratios of erage ratios of the red
fluorescence intensity to green fluorescence intensity from CoSx QDs treated and untreated cells (Figure
6G, H). The ratios for 4T1 cells decreased significantly with increasing CoSx QDs 1:2 concentrations
with and without laser irradiation, wherein they sustainably suffered a greater fall without than with laser
irradiation at the same concentrations of CoS: QDs. By contrast, this high killing effect trend was
repeatedly observed with A431 cells but only for the laser irradiation group. These data verified that CoSx

QDs were promising candidates for anticancer therapeutics due to the synergetic effect of CDT and PTT.
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Figure 6. In vitro PTT and hyperthermal-enhanced CDT of cancer cells by biodegradable CoSy
QDs. (A) Schematic mechanism for biodegradable CoSx s induced cancer cell apoptosis; (B) Relative
viabilities of four cell lines incubated with CoSx QDs 1:2 at different concentrations for 24 h; (C-D) Cell

jability of A431 and 4T'1 cells treated with various concentrations of CoSx QDs 1:2 at pH 74 and 6.5
under 808 nm laser irradiation (power ity: 0.8 W/cm?). Fluorescence images of A431 and 4Tlcells
/PI under different conditions. Scale bar:
d live 4T1 (G) and A431 (H) cells stained with calcein PI with and

without laser treatment. The data show mean + s.d..n=8 (B),n =5 (C, D, G and H). *P < 0.05, **P <

with (E) or without laser irradiation (F) stained with calcein

200 pm. Quantification of de
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0.01, ***P < 0.001, and ****P < 0.0001, analyzed Emdcnt’s t-test (B, G and H) or two-way ANOVA
(C and D) with Tukey's multiple comparisons post-test. Asterisks indicate statistically significant

differences between CoSx QDs + laser groups vs CoSx QDs only groups.

Synergistic photothermal and chemodynamic therapy of CoSx QDs in vivo. Encouraged by the

promising photothermal and Fenton-like performance in in vitro cell culture models, the in vive antitumor
therapeutic efficacy of the CoSx QDs was further evaluated. The 4T1 tumor-bearing nude mice were

randomly divided into four groups, including control group (saline), saline + laser group (saline plus 808

nm laser irradiation), CoSx QDs group and CoSx QDs + laser group (CoSx QDs plus @ nm laser
irradiation). In laser irradiation groups, the tumor sites were irradiated by 808 nm laser (0.8 W/cm?) at 6 h
post-injection. After 8 min of laser irradiation, the tumor temperature of mice in saline injection group did

not have obvious changes, while the temperature of tumor areas of mice in CoSx QDs injection group
rapidly increased and reached the plateau of ~ 52 °C (Figure 7A and 7B). These results indicated the
good in vivo photothermal effect of CoSx QDs, which was sufficient to induce hyperthermia for tumor

inhibition. The tumor volume of each group was measured and recorded with time (Figure 7C). Each

tumor was collected and weighed after different treatments for 22 days (Figure 7D and 7E). For saline +
laser group, the tumor grew rapidly with an insignificant inhibition rate of ~ 4 %. mpared to the rapid
tumor growth in the control up, the tumor growth in CoSx QDs group was significantly inhibited,
which should be ascribed to the high «OH generation ability of CoSx QDs tumor microenvironment.

However, the tumor inhibition ratio in CoSx QDs group was ~ 39.5 %, indicating that Fenton-like reaction
of the CoSx QDs alone could not achieve desired therapeutic effect. Distinct from above three groups, the

tumor growth in CoSx QDs + laser group was completely inhibited, revealing the improved therapeutic

effect of CDT in combination with PTT.

Malignant tumors are prone to metastasis, thereby forming distant tumors, which is the main cause
of tumor death. Therefore, the inhibition effect of CoSx QDs in distant tumors was also investigated. As

shown in the lung tissue photograph (Figure 7F), obvious metastatic tumor nodules were observed in the

lungs in saline group, saline + laser group and CoSx QDs group, whereas which could not be observed in
21




the lungs for CoSx QDs + laser group, suggesting remarkable synergistic therapy effect of PTT and PTT-

enhanced CDT killing of the primary tumor such that there was not sufficient surviving cancer cells to
undergo metastasis.

Furthermore, the fascinating therapeutic effect in vivo was also evaluated by collecting tumor tissues
after various treatments for H&E, Ki67 antigen and terminal deoxynucleotidy! transferase (TUNEL)
staining, respectively. As displayed in Figure 7G, the st serious tumor cell damage such as condensed
nucleus, more vacuoles and changed cellular morphology was found in mice treated with CoSx QDs +
laser group, which further show the high synergism of PTT with PTT-enhanced CDT killing efficiency in
vive. The E)dy weights of mice in all groups increased slowly with time and showed no noticeable
difference during the therapeutic process (Figure 7TH). heir major organs were collected for histology

analysis after H&E staining (Figure 7I). No obvious histological damage was observed on organ slices

for all groups, which demonstrated favorable biocompatibility of CoSx QDs.
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&ure 7. In vivo synergistic PTT and hyperthermal-enhanced CDT of CoSx QDs. (A) Infrared

thermal images of 4T1 tumor-bearing mice under laser irradiation at 808 nm (0.8 W/cm?) for 8 min after
intravenous ia’ection of saline or CoSx QDs 1:2 and (B) corresponding temperature variation curves of
tumor sites; (C) Tumor growth curves of different groups of mice after injection of saline or CoSx QDs
1:2 with and without laser irradiation; (D) Digital photogﬁhs of excised tumors and (E) the tumor
inhibition rate received various treatments for 22 days. The data are presented as the mean + s.d., n = 3.
The statistical significance waﬁlculated via two-way ANOVA with Tukey's multi%comparisons test.
*##¥%p < 0.0001. (F) Digital p

treatments; (G) H i67 antigen and TUNEL staining images of tumor ti s harvested from

otographs and H&E staining images of lungs in mice after different

corresponding mice after 15 days of various treatments; (H) Body weight data. (I) H&E staining images
of main organs (heart, liver, spleen and kidney) in different groups. Different treatment conditions

included saline and 3.75 pg/mL of CoSx QDs 1:2.

CONCLUSION

In summary, we have developed a facile and novel strategy to obtain biodegradable CoSx QDs in a mild
condition and employ it for the synergistic PTT and hyperthermal CDT. Defect engineering of CoSx QDs
was induced to regulate its PTT and CDT performance by the tunable sulfur vacancy density on the
surface. The experimental results confirmed the as-prepared CoSx QDs 1:2 exhibited excellent Fenton-
like property and photothermal performance simultaneously, and its therapeutic effect was enhanced by
both the rise of local temperature of tumor and higher catalytic rate of Fenton-like reaction under laser
irradiation. Meanwhile, the partial and gradual biodegradability of CoSx QDs into cobalt ions would not
only improve the ROS generation ability by increasing crystal defect density but also possibly facilitated
eventual elimination of CoSx QDs from the body after their therapeutic outcomes were achieved. The
XRD and XPS results confirmed the PCEs increased with the increasing of trivalent cobalt (C03+), while
the chemodynamic effect decreased with the increasing of Co™, which indicated the synergistic effect of
PTT/CDT could be regulated by controlling the intrinsic valance state of cobalt in CoSx QDs. The cell
experiments proved the biocompatibility of CoSx QDs for normal cells. By photothermal-enhanced

Fenton-like reaction, CoSx QDs could produce sufficient ROS for cell inactivation without extrinsic

addition of H20..
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METHODS

Materials. All chemicals and reagents (analytical grade) were used as received without any further
purification. Cobalt chloride (CoCl2*6H20), sodium sulfide (Na2S+9H20), bovine serum album (BSA)
and 3,3'-diaminobenzidine tetrahydrochloride tablet (DAB) ere purchased from Sigma-Aldrich Co.
(USA). The 3,3'-diaminobenzidine tetrahydrochloride tablet contains two kinds of tablets (DAB and
H202), dissolve them in 5 mL water to obtain storage solution, respectively. 3, J'-tetramethylbenzidine
dihydrochloride (TMB) and methylene blue (MB) were purchased from Marklin Chemical Co., Ltd
(China). Ultrapure water was obtained from a Milli-Q system (Health Force Biomeditech Holdings Ltd.).

Material Characterization. TEM images were obtained on a JEM 1400 transmission electron
microscope with an accelerating voltage from 40 to 120 kV. UV-vis absorption spectra were determined
by PerkinElmer UV-vis spectrophotometer. DLS was performed on the Malvern Nano-ZS Particle Size.
IR thermal image was recorded by the photothermal camera FLIR T420. The contents of cobalt ions in
those samples were ermined by using inductively coupled plasma atomic-emission spectroscopy (ICP-
AES, Thermo). The binding energy of the sample were characterized by X-ray photoelectron
spectroscopy (QPS; AXIS HIS, Kratos Analytical). The powder XRD measurements were performed
using a Bruker D8 advanced diffractometer with a Cu Ka irradiation in the 20 range of 200-600. Dynamic
light scattering (DLS) measurements were performed at room temperature with a Zetasizer Nano ZS
(Malvern Instruments). The recorded intensity autocorrelation function was transformed into number
functions to investigate particle size distribution. R spectra were obtained using a Bruker A300-10/12
ESR spectrometer (center field: 3480.00 G; microwave frequency: 9.79 GHz; and power: 505 mW) to
trap the active oxygen species (*HO, O2, etc.).n 808 nm high power NIR Laser (operating mode, CW;
output power after fiber, 2.5 W; LED dis- play, diode current, multimode fiber; fiber core diameter, 400
pm; fiber connector, SMA905, with tunable laser driver module of 0%—100%) purchased from CNI Co.,

Ltd. was used for PTT experiments. The laser spot size was 1 cm?®. It was used as the surface laser and

position on top of the mice. The laser power was measured by laser power meter.
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Synthesis of CoSy QDs. In a typical procedure, the Co-precursor solution was firstly prepared by

dispersing 0.5 mL Co”* solution (0.1 M) and 40 mg BSA into 40 mL water, and the pH value was

adjusted into 3.0 by 1 M HCIL. Then, 0.2 mL NaxS (0.5 M) was dropped slowly under vigorous stirring at

room temperature. After adjusting pH value to neutral, a clear black solution of CoSx QDs 1:2 was
produced quickly. Then the obtained black solution was purified by ultrafiltration centrifuge tube
(MWCO 5000) and centrifuged in 4°C for several times. The concentration of CoSx QDs was measured
by ICP. Also, CoSx QDs with other defect level were prepared by adding different volumes of Na2S
solution.

Quantitative Measurement of Photothermal Conversion Efficiency of CoSy QDs. The solution
temperatures were monitored by using an IR thermal camera. Experiments were taken out in 0.2 mL 1 x
PBS solutions (pH = 6.5) containing different concentrations of CoSx QDs. When the samples were
poscd to laser of 808 nm (0.8 W/cm?), the temperature was recorded every 20 s for 5 min, then turned
off the laser and recorded the rnperature declining process of the samples. To explore the photothermal
conversion stability of the CoSx QDs, aqueous dispersion (Co ion concentration of 1 mM) as
irradiated by the NIR-laser (0.8 W/cm?) for 5 min, then the laser was off for 5 min to cool the sample.

The on/oft irradiation cycle was repeated for five times.

The photothermal conversion efficiency (PCE) was calculated according to the previous literature.

hS(Tmax - Tsur) - Qd:;s
I(1 — 10~4s0s)

’]:.l:

# is the photothermal conversion efficiency, Tmax is the equilibrium temperature for solution, Ty is the

surrounding temperature. Quis is the heat loss. [ is the incident laser power, and A is the absorbance of
CoSx QDs solution at 808 nm.

mpCp

s hs

mp is the mass of solvent (0.2 g) and Cb is the heat capacity [4.2 x10" J/ (kg °C)].  is the sample system

time constant.
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Fenton-Like Reaction of CoSx QDs. In this part, DAB, TMB and MB were used to assess the amount of

ROS generated by the Fenton-like reaction. For the DAB oxidation, 50 pl. CoSx QDs (2 mM), 200 pL
DAB solution and 200 uL. H2O:2 solution were mixed in 550 pL 1 x PBS solutions (pH = 6.5) at 20 °C.

After the addition of CoSx QDs, the UV—vis—NIR absorbance of the mixed system at a range of 200-800

m was measured. To assess the influence of defect level on the *OH production rate, UV kinetics was
investigated at 569 nm. For the TMB oxidation, 50 pL CoSx QDs (2 mM) were mixed with 0.6 mM TMB
in 1 x PBS solutions (pH = 6.5) and incubated with H202 (10 mM). The UV kinetics of TMB oxidation
system was investigated at 665 nm. For the degradation of MB,mM NaHCO3/5% COz2 buffer solution
containing 5 mg/L MB, 10 H202, and 0.2 mM CoSx QDs was allowed to stand at room temperature
for 30 min. The UV kinetics of MB degradation system was investigated at 665 nm. rcactions were
taken out at room temperature (~ 20 °C).

In Vitro Thermal Enhanced Fenton-Like Reaction. The in vifro experiments were taken out in digital
heating circulating water bath, which can provide a stable reaction temperature that easy to avoid the
accumulation of errors during heating process. First, 200 pL. DAB, 200 pL H202 and 550 pL 1 x PBS
solutions (pH = 6.5) were mixed in quartz cuvette and was heated in a water bath for 10 minutes. After
the pretreatment, 50 uL. CoSx QDs 1:2 was added into the solution and then recorded the absorbance by
UV spectrum every minute to monitor the extent of reaction. In this part, three different temperatures (20,
40 and 50 °C) were taken to test the effect of temperature on CDT efficacy.

ytotoxicity Assay and Cellular Uptake of CoSy QDs. The in vitro cytotoxicity was measured using
Alamar Blue viability assay. Four cell lines including human hepatic cell (LO2), uman epidermoid
carcinoma cell (A431), human epithelial breast cell (MDA-MB-231) and mouse breast cancer cell (4T1)
were cultured in Dulbecco’s Modified Eagle Medium (DMEM) containing 10 % fetal bovine serum in a
humidified environment containing 5 % CO2 and 95 % air at 37 °C. 4T1 cells were seeded in 96-well
plates (Costar, IL., U.S.A) at an intensity of 3x10* cells/mL. After 24 h incubation, the medium was

replaced by fresh medium containing CoSx QDs 1:2 suspensions at different concentrations, and the cells
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were then incubated for 24. After the designated time intervals, the Alamar Blue reagent was added into
cell culture medium in 1 to 10 volume ratios for cell incubation. 3 h later in an incubator, fluorescent
measurement (Ex.: 560 nm, Em.: 590 nm) was taken and normalized against untreated samples to the cell

viability.
In Vitro Photothermal Ablation of CoSx QDs. A431 cells and 4T1 cells were cultured in Lab-Tek

chambered cover-glass (ThermoFisher) with the growth medium (DMEM supplemented with 10 % fetal
bovine serum and 1 % penicillin—streptomycin; ThermoFisher), at 37 °C in a humidified atmosphere

1
containing 5 % CO2 and 95 % air. After incubation for 24 h, A431 cells and 4T1 cells were firstly
exposed to various concentrations of CoSx QDs 1:2 and irradiated by an 808 nm laser (0.8 W/cm?) for 5
min at pH 6.5 and pH 74, respectively. These cells were incubated for an additional 24 h, and relative

cell viabilities were determined by the standard Alamar Blue assay mentioned above. For further studying
in vitro PTT effect, cells seeded into 8 well plates were incubated with 0.2, 0.6 and 1.0 mM of CoSx QDs
1:2 d then irradiated by an 808-nm laser (0.8 W/cm?) for 5 min. The cells were stained with Calcein
AM and Propidium lodide (PI) for 30 min, washed with PBS, and then imaged by a confocal fluorescence
microscope (Leica, SP8).
Statistical Analysis. Data was expressed as mean + SD. The statistical significance of the data was
compared by Student’s t-test. Analysis of variance (ANOV A) was used to analyze the differences among
the different groups.
Establishment of Tumor Models. 0 prepare the tumor model, 1.0 x 10° 4T1 cells were suspended in
PBS ( pL) and subcutaneously injected into the right back region of four-week-old nude mice. When
the tumor diameter reached about 8—10 mm, the tumor-bearing mice were used for in vivo therapy.
Vivo Photothermal Studies. To evaluate the phototl;rmal property in vivo, the 4T1 tumor-bearing
15

nude mice were injected with saline or CoSx QDs via the tail vein, the dosage of the injected

nanoparticles was at an equivalent dose of CPT at 3 mg/kg. The laser irradiation (808 nm, 0.8 W/cm?, 8
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min) was performed at 6 h after injection. The temperature of tumor regions was detected using an
infrared thermography camera (E40, FLIR) at the desired the irradiation time point.

In Vivo Synergistic PTT/CDT. The rnor-bearing nude mice were divided into four groups randomly (n
=3, in each group), and injected via tail vein with saline only, injected with saline plus er (808 nm, 0.8
W/em?, 8 min), CoSx QDs spersion only (5 mg mL~%, 50 pL), and CoSx QDs plus r (808 nm, 0.8
W/cm?, 8 min), spectively. During the irradiation, the temperature of mice body was monitored by an
IR thermal imager. After the treatment, tumor size and body weight of each mouse were measured every
two days. And the tumor growth inhibition rate (TGIR) was calculated according to the equation:
TGIR(%) = (1 — G/G0) x 100% The tissues of major organs of the mice were stained by hematoxylin and
eosin (H&E) and imaged using an inverted fluorescence microscope (IX71, Olympus, Japan) for
histology analysis. All animal experiments were carried out under protocols approved by the Institutional
Animal Care and Use Committee. The approval number of animals is [ACUC-2019021.
ASSOCIATED CONTENT

Supporting Information. Supplementary figures S1-S2: in vitro characterization of nanoparticles
including DLS and XRD analysis, bandgap energy measurements of CoSx QDs solution, additional
figures S4-S7 presented the measurement of ROS generation using different methods including UV—vis

spectra and corresponding dynamics analysis of Fenton-like reaction process and ESR spin trap signals

under different conditions. These supplementary informations are available online.
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