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Chemodynamic therapy (CDT) has attracted tremendous interest in cancer therapy because it is inde-
pendent of oxygen and photoirradiation. However, the therapeutic efficacy of CDT is restricted by in-
sufficient H,O, levels in tumor cells. Herein, employing endogenous GSH as a template and cationic
polymeric chitosan (CS) as crosslinker and stabilizer exhibiting easy cell uptake, red luminescent gold
nanoclusters (denoted CS-GSH@AuNCs) were successfully synthesized in HelLa cells. The in situ synthe-
sized CS-GSH@AuNCs exhibited both superoxidase dismutase (SOD) and peroxidase (POD)-like activity,
which could promote the production of H,0, from superoxide anion radicals (O,"~) and then ‘OH. The
combination of GSH elimination and H,0, elevation boosted the generation of ‘OH, which could trigger
cancer cell apoptosis and death. The enzyme-like activity of CS-GSH@AuNCs could be effectively activated
under acidic conditions, and showed a high killing effect on tumor cells but minimal toxicity to normal
cells. The developed GSH consumption and ‘OH promotion theranostic platform is an innovative route for
enhanced CDT by the amplification of oxidative stress.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Chemodynamic therapy (CDT) is an emerging cancer treatment
modality that converts H,0, to “OH via Fenton or Fenton-like re-
actions [1-3]. "OH is the most toxic reactive oxygen species (ROS)
that can induce DNA and protein damage as well as liposome per-
oxidation, leading to cell apoptosis and inhibiting tumor growth
[4-6]. Compared with photodynamic therapy (PDT), a therapeutic
strategy based on ROS, CDT can prevent the resistance of the hy-
poxic microenvironment and limit the light penetration depth of
solid tumors [7,8]. In addition, Fenton-type reactions can be acti-
vated effectively in tumor microenvironments (TMEs) with low pH
and high levels of H,0,, making CDT minimally harmful to nor-
mal tissue [9]. Various nanomaterials with the ability to deliver
Fenton-type catalysts have been developed for application in CDT,
such as ferrocene [10], iron nanoparticles [11], iron oxide nanopar-
ticles [12] and other metals [13-15]. Since the essence of CDT is to
catalyze H,0, to highly toxic *OH and induce tumor cell apopto-
sis, its therapeutic efficacy largely relies on H,0, levels. Although
the concentration of H,0, in tumor cells is far higher than that in
normal cells, CDT has difficulty generating enough *OH to achieve
satisfactory therapeutic performance [16]. Moreover, the levels of
antioxidants (such as GSH) also increases in tumor cells to coun-
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terbalance the overproduction of ROS, which largely decreases the
cell killing effect of ROS [17, 18].

Enhancing intracellular H,O, levels can be realized by deliver-
ing exogenous H,0, or promoting the production of endogenous
H,0,. Both will cause the ROS level to greatly exceed the antioxi-
dant capacity, known as amplification of oxidative stress. For ex-
ample, glucose oxidase combined with Fenton nanocatalysts has
been reported to elevate H,O, concentration via enzyme-catalyzed
reaction of glucose, which is overexpressed in tumor cells due to
their active metabolism [19,20]. Metal peroxides, which possess
pH-dependent H,0, release capacity, were also used to achieve
high efficiency CDT by elevating H,0, levels in tumors [14,16,21].
Lin et al. synthesized copper peroxide nanodots and utilized them
to enhance CDT by H,0, self-supply [16].

On the other hand, amplifying the production of ROS can be
realized by depleting endogenous GSH or inhibiting the genera-
tion of GSH [22,23]. For instance, nanocarriers coated with fer-
rous nanocomplexs as Fenton catalysts and L-buthionine sulfox-
imine (BSO) as a GSH inhibitor were applied for oxidative stress-
enhanced CDT and radiotherapy [24]. Because Au could bind
sulfhydryls by forming Au-S bonds, Au-containing nanomaterials
have been used as GSH-depleting agents to achieve oxidative stress
amplification in tumor cells [25-27]. Jointly promoting H,0, pro-
duction and GSH consumption is an effective strategy to enhance
the anticancer efficacy of CDT agents [28,29]. Developing simple
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Scheme 1. Illustration of the in situ synthesis of CS-GSH@AuNCs and their applica-
tion in chemodynamic therapy.

but efficient CDT agents by promoting the production of H,0, and
elimination of GSH is of great significance.

GSH is a common functional substance regulating redox balance
in organisms, especially at a high concentration of 1-10 mmol/L in
tumor cells [30]. GSH is the most commonly used ligand for the
synthesis of metal nanoclusters (MNCs), which have been widely
applied in biosensing, bioimaging and biocatalysis [31-33], due to
their excellent biocompatibility, facile synthesis and low biotoxic-
ity. Endogenous GSH has been used as a template to synthesize
MNCs in cells or tissue, known as in situ synthesis [34-37]. How-
ever, most of in situ synthesized MNCs emit blue or green fluo-
rescence, of which the signal is susceptible to interference by the
background fluorescence or cell autofluorescence. In addition, al-
most all studies have focused on the biosensing of GSH or biola-
beling of cancer cells, and few have examined the application of
GSH-MNCs in cancer treatment by amplification of oxidative stress
via GSH depletion.

In this study, utilizing biocompatible chitosan (CS) as a stabi-
lizer [38], in situ synthesis of red fluorescent CS-GSH@AuNCs was
realized in cancer cells by consumption of endogenous GSH. More
importantly, the synthesized CS-GSH@AuNCs exhibited both SOD
and POD-like activity, which can catalyze 0,"~ to H,0,, and fur-
ther to *OH, and could be used to enhance CDT by depleting GSH
and in turn facilitating H,0,/°OH production (Scheme 1). The CS-
GSH@AuNCs showed high cytotoxicity toward HeLa cells but little
harm to normal cells. The anticancer CDT efficacy of the synthe-
sized CS-GSH@AuNCs was proven in vitro by MTT assay, calcein
AM/PI costaining assay and flow cytometric analysis, and the re-
sults demonstrated that the CS-GSH@AuNCs had good cancer cell
killing effects.

GSH is a common template for the synthesis of gold nanoclus-
ters owing to the strong binding interactions between Au and S
[39]. However, most GSH-templated gold nanoclusters were pre-
pared at high temperature or in the presence of a strong reduc-
tant to achieve acceptable stability and luminescence [40,41]. It
was reported that chitosan (CS) could induce significant lumines-
cence enhancement of GSH@AuNCs via self-assembly [42,43]. Thus,
we expected that mild synthesis conditions might be achieved if
CS was introduced with GSH and HAuCl, during the synthesis of
GSH@AUNCs. The results showed that CS-GSH@AuNCs with strong
red luminescence were successfully prepared at room temperature
and without the addition of extra reductant. The optimization of
the molar ratio of Au to GSH (Au/GSH), pH and content of CS for
the synthesis of CS-GSH@AuNCs in solution is shown in Fig. S1
(Supporting information).

XPS analysis (Fig. 1A) showed the existence of Au(0) and Au(I)
in CS-GSH@AuNCs, with contents of 72.94% and 27.06%, respec-
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Fig. 1. (A) XPS analysis of Au element in the CS-GSH@AuUNCs. Fluorescent ex-
citation and emission spectra (B) and UV-visible absorption spectra (C) of CS-
GSH@AuUNCs. (D) Fluorescence spectra of GSH@AuNCs, CS-GSH@AuNCs, and the
mixture of HAuCl, and CS. TEM images of CS-GSH@AuNCs at low resolution (E) and
high resolution (F).

tively. The optical properties of the as prepared CS-GSH@AuNCs
were investigated. As shown in Fig. 1B, CS-GSH@AuNCs showed
a maximum emission peak at 625 nm with an absolute quan-
tum yield of 8.1% when excited at 370 nm. The UV-visible absorp-
tion spectrum showed no obvious plasma scattering peak rang-
ing from 450 nm to 650 nm appeared (Fig. 1C), which is consis-
tent with the UV-visible absorption characteristics of most GSH-
templated nanoclusters [44,45]. These results indicated the forma-
tion of AuNCs. For comparison, GSH@AuNCs and CS-HAuCl; com-
plexes were prepared under similar conditions as those for CS-
GSH@AUNCs. As shown in Fig. 1D, GSH@AuNCs showed weak emis-
sion ranging from 500 nm to 720 nm, and the CS-HAuCl; com-
plex had no emission peak from 500 nm to 720 nm, while the
fluorescence intensity of CS-GSH@AuNCs increased approximately
7.6 times compared with that of GSH@AuNCs. This result indicated
that the introduction of CS enhanced the fluorescence intensity of
GSH@AuNCs. TEM images depicted that CS-GSH@AuNCs had a net-
like structure at low resolution (Fig. 1E), and were composed of
smaller spherical particles at high resolution (Fig. 1F). GSH@AuNCs
showed high dispersity at either low or high resolution (Fig. S2 in
Supporting information). The individual AuNCs in CS-GSH@AuNCs
had a diameter of 2.04 nm as GSH@AuNCs, with a diameter of 1.90
nm (Fig. S3 in Supporting information).

To further explore the role of CS in the synthesized CS-
GSH@AuNCs, the hydrodynamic diameter and zeta potential of
GSH@AuUNCs and CS-GSH@AuNCs were determined. As shown in
Figs. 2A and B, CS-GSH@AuNCs showed a narrow particle size dis-
tribution and the hydrodynamic diameter increased to 355 nm
from 57 nm compared with that of GSH@AuNCs. The zeta poten-
tial of GSH@AuUNCs was approximately —68.4 mV (Fig. 2C), imply-
ing that GSH@AuNCs had a negative surface charge, which was
consistent with the literature [43]. While the zeta potential of CS-
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Fig. 2. Hydrodynamic diameter of GSH@AuNCs (A) and CS-GSH@AuNCs (B). Zeta
potential measurements of GSH@AuNCs (C) and CS-GSH@AuNCs (D).
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Fig. 3. (A) UV-visible absorption spectra of TMB without and with CS-GSH@AuNCs.
(B) SOD-like activity measurement by NBT chromogenic method, the control refers
to the mixture solution of riboflavin (200 pmol/L), methionine (130 mmol/L) and
NBT (750 pmol/L). (C) H,0,-generation determination via commercial H,0, ana-
lyzer. (D) The changes of the production of H,0, and "OH with time.

GSH@AuNCs was approximately 33.5 mV (Fig. 2D), and these mate-
rials were positively charged. It was considered that the negatively
charged GSH@AuNCs were connected with the cationic polymer
CS via electrostatic interactions by forming a framework structure,
and the nonradiative transitions of the excited electrons associated
with the surface ligand were inhibited, thus leading to fluorescence
enhancement of CS-GSH@AuNCs [43,46]. In addition, the combi-
nation of GSH@AuNCs with CS improved the stability of AuNCs,
which enabled CS-GSH@AuNCs to be synthesized under mild con-
ditions.

It has been reported that AuNCs can function as peroxi-
dase (POD)-like catalysts to decompose H,0, into "OH, which
in turn could oxidize chromogenic substrates providing a colori-
metric measurement [47,48]. Here, the POD-like activity of CS-
GSH@AuNCs was assessed by a colorimetric assay with 3,3’,5,5'-
tetramethylbenzidine (TMB) as a chromogenic substrate. As shown
in Fig. S4 (Supporting information), CS-GSH@AuNCs could induce
an apparent color change of TMB from colorless to blue-green un-
der acidic conditions, with a distinct absorption peak at 650 nm
(Fig. 3A), but without any change under neutral conditions, indi-
cating that CS-GSH@AuNCs possess POD-like activity.
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However, the catalytic oxidation reaction between CS-
GSH@AuUNCs and TMB did not involve exogenous H,0,. We
hypothesized that CS-GSH@AuNCs should have superoxide dis-
mutase (SOD)-like activity which could convert superoxide anion
radicals (O,"~) coming from dissolved oxygen to H,0,. Thus the
classic nitroblue tetrazolium (NBT) chromogenic method was
employed to evaluate the SOD-like activity of CS-GSH@AuNCs.
As shown in Fig. 3B, in the absence of CS-GSH@AuNCs, the so-
lution of riboflavin and methionine could produce O,"~ upon UV
irradiation, which could oxidize NBT to blue formazan with a
distinct absorption peak at 560 nm. The absorption peak at 560
nm decreased remarkably in intensity after CS-GSH@AuNCs were
added, implying that the produced O,'~ should be eliminated
by the CS-GSH@AuUNCs. Then, an H,0, quantitative assay kit was
utilized to further determine the generation of H,0,. As shown
in Fig. 3C, once H,0, or CS-GSH@AuUNCs were introduced into the
H,0, assay reagent, the absorption peak at 440 nm decreased
in intensity, and a new significant peak at 550 nm appeared,
indicating that our CS-GSH@AuNCs could produce H,0,. Taking
the absorbance of the assay kit solution with CS-GSH@AuNCs
added at 550 nm as the H,0,-generation capacity (Fig. S5A in
Supporting information) and the absorbance of the TMB solution
with CS-GSH@AuUNCs added at 650 nm as the ‘OH-generation
capacity (Fig. S5B in Supporting information), the dynamic process
of H,0, and ‘OH production by CS-GSH@AuNCs under acidic
conditions was investigated. As shown in Fig. 3D, the production
of H,0, increased rapidly and tended to be balanced after 100
min. The production of *OH increased relatively moderately and
slightly decreased after 120 min. The results confirmed the enzy-
matic characteristics of CS-GSH@AuNCs, meaning that 0,"~ was
catalyzed to H,0, by SOD-like activity, and the produced H,0,
was further catalyzed into ‘OH by POD-like activity.

To clarify that the color change of TMB was attributed to
the SOD and POD-like activity of CS-GSH@AuNCs rather than to
oxidase-like activity, p-benzoquinone and TBA were used to mask
05"~ and °"OH, respectively. As shown in Fig S8 (Supporting infor-
mation), a significant absorption peak appeared at approximately
560 nm when TMB was added into CS-GSH@AuNCs under acidic
conditions, but no absorption peak was observed when O, and
*‘OH were masked in advance. Meanwhile, the dissolved oxygen in
the solution of TMB and CS-GSH@AuNCs was removed by passing
nitrogen to eliminate the oxidase-like activity of CS-GSH@AuNCs.
As shown in Fig. S7 (Supporting information), oxygen had no ef-
fect on the catalytic reaction between CS-GSH@AuNCs and TMB.
These results indicated that CS-GSH@AuNCs possess SOD and POD-
like activity but do not possess oxidase-like activity.

Although significant progress has been made in controlling the
growth of AuNCs in solution, the in situ growth of AuNCs was re-
stricted by harsh conditions such as high temperature or the pres-
ence of a strong reductant. Considering that the conditions used
to synthesize our CS-GSH@AuNCs were close to physiological con-
ditions, the intracellular GSH content was high, and the cationic
polymer CS was good for cell uptake and low biotoxicity, the syn-
thesis of CS-GSH@AuUNCs was realized in Hela cells. First, the ef-
fect of other commonly existing biomolecules and ions on the syn-
thesis of CS-GSH@AuNCs was investigated in vitro. As shown in
Fig. S8 (Supporting information), only GSH could induce signifi-
cant fluorescence after incubation with CS-HAuCly, even though
BSA and Cys showed weak fluorescence after treatment with CS-
HAuCly. The results demonstrated that the biomolecules and ions
common in cells should have little effect on the in situ synthesis
of CS-GSH@ AuNCs. Then, CS-GSH@AuUNCs were biosynthesized in
Hela cells by incubating cells with CS-HAuCly. As shown in Fig. 4,
the cells emitted red fluorescence after incubation with CS-HAuCly
for 24 h, and the fluorescence signal was enhanced with increas-
ing incubation time. The result indicated that red fluorescent CS-
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Fig. 4. Fluorescence confocal microscopy images of Hela cells alone (the line of control), and cells treated with CS-HAuCl, incubated for 24-72 h (The scale bar is 20 pm).

) e | () i

Fig. 5. TEM images of biosynthesized CS-GSH@AuNCs in HeLa cells under different
magnification.

GSH@AuNCs were successfully synthesized in cells. NAC as a pro-
moter for the generation of intracellular GSH, was used to verify
that the red fluorescence came from the reactions between intra-
cellular GSH and CS-HAuCly. As shown in Fig. S9 (Supporting in-
formation), cells pretreated with NAC for 30 min before incubation
with CS-HAuCl, exhibited an enhanced fluorescence signal, imply-
ing the interactions of CS-HAuCl, with endogenous GSH to form
fluorescent CS-GSH@AuUNCs.

The intracellular presence of biosynthesized CS-GSH@AuNCs
was confirmed by TEM tests. As shown in Fig. 5A, spherical CS-
GSH@AuUNCs with an average diameter of 90.6 nm (Fig. S10A in
Supporting information) were clearly observed in the TEM im-
ages, and the individual GSH@AuNCs could be identified in high-
resolution TEM images (Figs. 5B and C), with an average diame-
ter of 3.0 nm (Fig. S10B in Supporting information). The diffraction
pattern (the insert of Fig. 5C) and the interplanar spacing of 0.21
nm and 0.20 nm (Fig. 5D) confirm the presence of AuNCs. The size
of individual AuNCs in the CS-GSH@AuNCs increased from ca. 2.0
nm synthesized in solution to 3.0 nm for the intracellular synthe-
sized one should be mainly attributed to the different pH, temper-
ature, incubation time and matter content of GSH and CS-HAuCly.
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pH away from the isoelectric point of CS and GSH, higher temper-
ature, longer incubation time and lower concentration of GSH as
well as CS-HAuCl, would give rise to the formation of larger size
nanoclusters.

Superoxide anions (0,"~) generated from NADPH oxidases
(NOXs) and mitochondrial electron transport chains (ETCs) serve as
the main sources of H,0, in living systems, and the overall cellular
concentration of O,°~ is maintained at approximately 10~ mol/L
[6,49]. The biosynthesized CS-GSH@AuNCs with SOD and POD-like
activity would promote the conversion of 0,"~ to H,0,, and then
to ‘OH, leading to the amplification of intracellular oxidative stress.
2,7-Dichlorfluorescin diacetate (DCFH-DA), a nonfluorescent com-
pound that can be efficiently oxidized to fluorescent DCF, was em-
ployed as an ROS fluorescent indicator to monitor *OH production.
The cells were pretreated with CS-HAuCl, for 24 h to 72 h and
then stained with DCFH-DA for 30 min before fluorescence confo-
cal imaging. As shown in Fig. 6, a green fluorescence signal was ob-
servable after the HelLa cells were was incubated with CS-HAuCly
for 24 h, and the fluorescence signal enhanced as the incubation
time increased to 48 and 72 h, while no detectable fluorescence
was observed for the control experiment. This demonstrated that
the CS-GSH@AuNCs synthesized in situ still exhibited enzyme-like
catalytic activity, which could elevate intracellular ROS levels. Con-
sidering that the optimal pH for preparing CS-GSH@AuNCs in so-
lution was 6.0 and that enzyme-like activity could be efficiently
activated under acidic conditions, *OH generation was investigated
at different pH. The cells were incubated with CS-HAuCl, for 72
h at pH 6.0 or 7.4 and then stained with DCFH-DA for 30 min. As
shown in Fig. S11 (Supporting information), the cells incubated un-
der acidic conditions exhibited ultrahigh fluorescence signals com-
pared to those incubated under neutral conditions, which was con-
ducive to their role in the tumor microenvironment.

Encouraged by the excellent capacity of the in situ synthe-
sized CS-GSH@AuNCs for *OH generation, their CDT efficiency in
cells was evaluated. Primarily, the viability of normal cells and
cancer cells treated with CS-HAuCl, was measured by the classic
methyl thiazolyl tetrazolium (MTT) assay. CS-HAuCl, showed dose-
dependent cytotoxicity toward cancer cells (e.g., Hela) (Fig. 7A),
blue bar), and the cell viability was 50% when the concentration of
Au was 250 pmol/L. CS-HAuCl, presented relatively low cytotoxic-
ity toward normal cells (e.g., 293-T) even though the concentration
of Au reached 250 pmol/L, with a cell viability of 90% (Fig. 7B).
This should be attributed to the higher GSH level in cancer cells
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Fig. 6. Fluorescence confocal microscopy images of HelLa cells only stained with DCFH-DA (the line of control), and cells incubated with CS-HAuCly for 24-72 h before

staining with DCFH-DA (the scale bar is 20 pm).
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Fig. 7. (A) Cell viability of HelLa cells treated with CS-HAuCl, for 48 h under different pH. (B) Cell viability of 293-T cells after incubation with CS-HAuCl, for 48 h at pH
7.4. (C) Fluorescence confocal images of HelLa cells costained with calcein AM (green, live cells) and PI (red, dead cells) after incubation without (control) or with CS-HAuCl,
for 48 h (the concentration of Au was 250 pmol/L, the scale bar is 100 um). (D) Flow cytometry analysis of HeLa cell apoptosis after treatment without (control) or with

CS-HAuCl, for 48 h.

than in normal cells, which was beneficial for the formation of CS-
GSH@AuUNCs. To simulate the moderately acidic tumor microenvi-
ronment, the cell viability of HeLa cells treated with CS-HAuCl, at
pH 6.0 was evaluated, and it showed a more significant dose de-
pendence with the cell viability decreasing to 30% when the Au
concentration was 250 pumol/L (Fig. 7A, red bar). These results sug-
gested that the cell killing effect could be efficiently triggered in
an acidic tumor environment. The ability of CS-GSH@AuNCs to in-
duce the death of cancer cells was further explored by a live/dead
cell staining assay. As depicted by fluorescence images of calcein
AM- and propidium (PI)- costained HelLa cells (Fig. S12 in Support-
ing information), the in situ synthesized CS-GSH@AuNCs induced
cell death in a dose-dependent manner. As anticipated, cells incu-
bated with CS-HAuCl, displayed a higher CDT efficacy at pH 6.0
than at pH 7.4 (Fig. 7C). Furthermore, flow cytometry analysis in
which cells were stained with annexin V-FITC and PI revealed a
high percentage of apoptotic HelLa cells treated with CS-HAuCly
compared with the control experiment, and the cell apoptosis rate
greatly increased under weakly acidic conditions (Fig. 7D). The
study demonstrated that enhanced cytotoxicity to induce cancer
cell death could be achieved by controlling CS-GSH@AuNCs growth
in cells, which amplified intracellular oxidative stress by consum-
ing endogenous GSH as well as producing H,0, and ‘OH, suggest-
ing the potential of using in situ synthesized CS-GSH@AuNCs for
highly efficient CDT.

In summary, we reported the biosynthesis of CS-GSH@AuNCs
in Hela cells and their application as CDT agents via oxidative
stress amplification. Red fluorescent CS-GSH@AuNCs could be syn-
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thesized in cancer cells utilizing endogenous GSH by treating cells
with CS-HAuCly, and the prepared CS-GSH@AuNCs exhibited SOD
and POD-like activity that could catalyze O,*~ into H,0, and fur-
ther to *OH. The in situ synthesized CS-GSH@AuNCs could signifi-
cantly amplify intracellular oxidative stress under acidic conditions
by combining GSH depletion and "OH production, and displayed
enhanced cell killing capacity for cancer cells via CDT with negli-
gible toxicity to normal cells. This work provides a new strategy
for cancer treatment with CDT by controlling AuNCs growth in the
tumor microenvironment.
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