¥® ROYAL SOCIETY

Materials
PP OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue

A graphene oxide-based sequential hanocatalyst

".) Check for updates‘
for efficient tumor combination therapy

Cite this: Mater. Adv., 2024,

5,5482 %D

Zhenlu Yang, (2 Ying Zhao, (¢ Zi Xu, (2% Rongpin Wang (2 ** and Qing Wang
Graphene oxide (GO) is a versatile and promising nanomaterial, and it can mimic peroxidase-like activity
to generate hydroxyl radicals to kill tumor cells. However, the low biocompatibility and catalytic
efficiency limit its application in tumor treatment. Here, we constructed a sequential catalytic
nanocatalyst based on GO to overcome its drawbacks and improve the therapeutic effect. GO
nanosheets were coated onto periodic mesoporous organosilica (PMOs) and then glucose oxidase
(GOD) was modified on the surface to create PMO@GO-GOD. The GO-wrapping of the PMOs could

Received 3rd February 2024, reduce the damage of the two-dimensional GO nanosheets in the cell membrane. The loaded GOD

Accepted 2nd May 2024 decomposed glucose into H,O, to continually supply the catalytic substrate for GO and thus enhanced
its catalytic performance. Meanwhile, effective photothermal therapy could be achieved by GO shells.

The administration of PMO@GO-GOD resulted in a remarkable antitumor effect with no obvious
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1. Introduction

Enzymes hold a remarkable catalytic efficiency and substrate
specificity and are vital in ensuring the function and metabo-
lism of living cells." Most natural enzymes are proteins or
RNA, which are unstable, high-cost and complicated." With
the advances of nanotechnology, some nanomaterials with
enzyme-like activity have been found, called “nanozymes”.>
Compared with natural enzymes, nanozymes are more stable,
low-cost and mass-produced.>! Nanozymes can mimic the
catalase-like activity, peroxidase-like activity, oxidase-like activ-
ity and superoxide dismutase-like activity, etc."”

Nanozymes can initiate catalytic reactions with the tumor
microenvironment to generate toxic molecules for efficient
tumor therapy,®® such as reactive oxygen species (ROSs),
including hydroxyl radicals (*OH), superoxide anions (*O,"),
and singlet oxygen (*0,), etc.®'° Recently, chemodynamic ther-
apy (CDT) has become a novel and potential anticancer strat-
egy. CDT induces cancer cell apoptosis by cytotoxic hydroxyl
radicals produced via a Fenton or Fenton-like reaction.?
There are several advantages of CDT, including low side
effects, no external field stimulation and low cost.'' Many
catalytic nanomaterials have been designed for CDT or
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CDT-based combination treatment, such as PtSn bimetallic
nanoclusters, manganese doped VSe, nanosheets, a vanadium-
based MXene nanoplatform and Ti-based MXene nanocompo-
sites, etc.'>™"°

Graphene oxide (GO) is a two-dimensional carbon
nanosheet and shows an excellent chemical/mechanical stabi-
lity, high surface area, strong absorbance in the near-infrared
(NIR) region and superb thermal properties.'®'” It has been
widely investigated in nanoelectronics, biosensors, drugs deliv-
ery, photothermal therapy (PTT) and biological imaging.'®2°
Furthermore, GO exhibits peroxidase-like catalytic characteris-
tics and can catalyze H,0, to generate hydroxyl radicals.”"*?
Thus, GO has been investigated for CDT and photothermal
therapy of cancers.*>** However, insufficient endogenous H,0,
limits its anticancer efficiency. What’s more, several studies
reported that GO had a concentration-dependent cytotoxicity
against human cells, which was believed to be caused by
direct physical damage to the cell membrane due to the
extremely sharp edges of the GO nanosheets.”>” The low
biocompatibility undoubtedly obstructs the biomedical
applications of GO.

Periodic mesoporous organosilica (PMO) contain uniform
organic and inorganic components and show potential in
biomedicine applications. They have a large specific surface
area, ordered mesoporous and easily functionalized surfaces,
and good biocompatibility and biodegradability. Multiple stu-
dies have constructed PMO-based multifunctional nanoplat-
forms for drugs delivery, biological imaging, and combined
therapy.”®**> The shape and size of the PMOs can be easily
modulated by optimizing the amount of structural-directing

© 2024 The Author(s). Published by the Royal Society of Chemistry
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PMO@GO-GOD

Tumor killing

Fig. 1 Schematic diagram of PMO@GO-GOD's composition and its applications for combating tumors by combining catalytic activity and photothermal
therapy. (A) Construction of PMO@GO-GOD sequential nanocatalyst. (B) Peroxidase-like and peroxidase-like activities of PMO@GO-GOD. (C)
Photothermal effect of PMO@GO-GOD. (D) Hydroxyl radicals and photothermal therapy are combined by PMO@GO-GOD to effectively kill tumor
cells. PMO = periodic mesoporous organosilica; GO = graphene oxide; GOD = glucose oxidase; ROS = reactive oxygen species. This figure was created

with Biorender.com.

agents, the ratio of ethanol and water, and the concentration of
organosilicon precursors and ammonia, etc.***° Therefore,
spherical, yolk-shell, double-shell, deformable hollow and
ultra-small PMOs can be synthesized.’®*??***® According to
previous studies, GOs can wrap on spherical mesoporous silica
nanoparticles to obtain multifunctional and morphology-
defined nanoplatforms for tumor treatment with a satisfactory
biocompatibility.*”>°

In this study, we coat the two-dimensional GO nanosheets
onto well-defined spherical PMOs and then link glucose oxi-
dase (GOD) in the surface to construct a simple, biocompatible
and sequential catalytic nanoplatform PMO@GO-GOD for CDT
and photothermal therapy for breast cancers (Fig. 1). The GO-
wrapped PMOs can reduce the damage of two-dimensional GO
nanosheets in the cell membrane and provide a morphology-
defined nanocarrier. The loaded GOD decomposes the
glucose in the tumor microenvironment into H,O, to enhance
the catalytic performance of GO. Subsequently, GO shells
effectively catalyze H,0, into hydroxyl radicals to kill tumor
cells. Meanwhile, owing to the high photo-thermal efficiency of
GO shells, effective photothermal therapy can be achieved
upon laser radiation. The results from cell and animal experi-
ments indicate the sequential nanocatalyst PMO@GO-GOD
can obviously elevate the cytotoxic hydroxyl radical and effec-
tively combat breast cancers by combining CDT and photo-
thermal therapy. Besides, we also confirm the good
biocompatibility of PMO@GO-GOD in vivo. Our study focuses
on the peroxidase-like catalytic activity of GO and constructs a

© 2024 The Author(s). Published by the Royal Society of Chemistry

simple, biocompatible and sequential nanocatalyst for tumor
combination therapy.

2. Materials and methods
2.1 Materials and reagents

Hexadecyltrimethyl ammonium bromide (CTAB, 25 wt%), con-
centrated ammonia aqueous solution, anhydrous ethanol
and concentrated hydrochloric acid were acquired from Sino-
pharm Chemical Reagent Co., Ltd. (Shanghai, China). Bis[3-
(triethoxysilyl)propyl]tetrasulfide (TESPTS), tetraethyl orthosili-
cate (TEOS), (3-aminopropyl)triethoxysilane (APTES), graphene
oxide (GO) and 2’,7’-dichlorofluorescin diacetate (DCFH-DA)
were bought from Sigma-Aldrich (St. Louis, MO, USA). Glucose
oxidase, N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide
hydrochloride (EDC), N-hydroxysulfosuccinimide sodium salt
(NHS), hydrogen peroxide (30 wt%) and 3,3',5,5'-tetramethyl-
benzidine (TMB) were bought from Aladdin Biochemical Tech-
nology Co., Ltd (Shanghai, China). A Reactive Oxygen Species
Assay Kit was obtained from Beyotime Biotech. Inc. (Shanghai,
China). Tissue Reactive Oxygen Species Assay Kits were bought
from Shanghai BestBio Biotechnology Co., Ltd (Shanghai,
China). B-p-glucose was obtained from Macklin Biochemical
Technology Co., Ltd (Shanghai, China). The glucose oxidase
activity assay kit and live/dead stain kit were acquired from
Solarbio Science & Technology Co., Ltd (Beijing, China). Tryp-
sin-EDTA and the L-15 medium were purchased from Biosharp

Mater. Adv., 2024, 5, 5482-5493 | 5483
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Life Sciences Co., Ltd (Hefei, China). The cell counting kit-8
(CCK-8) was bought from Invitrogen Corporation (USA). Fetal
bovine serum (FBS) was bought from Shanghai XP Biomed Ltd
(Shanghai, China). OriCell"MDA-MB-231 cells were acquired
from Cyagen Biosciences Inc (Guangzhou, China).

2.2 Synthesis and modifications

The PMO nanoparticles were synthesized according to a
reported strategy with a small change.’® CTAB (0.1 g), ethanol
(37.5 mL), deionized water (162.5 mL) and concentrated ammo-
nia aqueous solution (1.25 mL) were mixed and stirred at 35 °C
for 2 h. Then, TEOS (0.225 mL) and TESPTS (0.025 mL) were
mixed and added into the above solution. Fifteen minutes later,
12.5 of pL APTES was added and the mixed solution was stirred
at 35 °C for 24 h. The products were obtained by centrifugation
and washing using ethanol. The products were dissolved in
ethanol and concentrated HCI (37%) was added (ethanol : HCl =
500:1, volume ratio). The mixed solution was stirred at 60 °C
for 3 h three times to remove CTAB. Then, positively charged
PMOs were obtained by washing thrice using ethanol. The
positively charged PMOs were coated by the negatively charged
GO nanosheets via electrostatic adsorption. Briefly, 5 mg of
PMOs and 2.5 mg of GOs were mixed and stirred at 25 °C for
24 h. PMO@GO was acquired after washing thrice using water.
To conjugate GOD, the carboxyl group-containing PMO@GO
(1 mg) was firstly activated by 1.2 mL of EDC (1 mg mL ") and
1.4 mL of NHS (1 mg mL™ ") under shaking at room temperature
for 2 h, and then 2 mg of GODs were added for 24 h. Lastly,
PMO®@GO-GOD was acquired after centrifugation and washing
thrice using water.

2.3 Characterization

The transmission electron microscopy (TEM) images of the
nanoparticles were captured using a JEM 2100F microscope
(JEOL, Japan). A Zetasizer Nano ZS90 (Malvern Panalytical, UK)
was used to measure the zeta potential and hydrodynamic sizes
of the nanoparticles. Fourier transform infrared (FT-IR) spectra
were recorded using Nicolet 6700 FT-IR spectrometers (Thermo
Scientific, USA). A Model680 microplate reader (Bio-Rad, USA)
was used to obtain the UV-vis spectra. The Micromeritics ASAP
2460 analyzer (Micromeritics Instruments Corporation, USA)
was applied to acquire the nitrogen sorption isotherm. The
corresponding pore size, pore volume and specific surface areas
were analyzed according to previous methods.*!

2.4 Evaluating glucose oxidase activity and peroxidase-like
activity of the nanocatalyst

The activity of GOD anchored on PMO@GO was tested by a
glucose oxidase activity assay kit. According to the instructions
of the assay kit, 900 pL of the working solution and 100 pL of
PMO@GO-GOD with different concentrations (0, 31.25, 62.5,
125 and 250 pg mL™', PMO equiv.) were mixed and the
absorbance at 500 nm was recorded at 20 s (as Al) and 2 h
(as A2) by a Model680 microplate reader. PMO®@GOs at differ-
ent concentrations (0, 31.25, 62.5, 125 and 250 ug mL~', PMO
equiv.) were tested as the controls. Three parallel experiments
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were performed for each. The following equation was used to
calculate the glucose oxidase activity: GOD (U pg™') = 666.67 x
(A2 — A1)/W, where W is the mass of sample.

TMB was used as a chromogenic substrate to detect the
peroxidase-like characteristics of PMO@GO and PMO®@GO-
GOD. TMB can be oxidized to its oxidation state with a distinct
color changing (blue color). There were six groups: PMO,
PMO+H,0,, PMO@GO, PMO@GO+H,0,, PMO@GO-GOD,
and PMO@GO-GOD+H,0,. The concentration gradients of
PMO, PMO@GO or PMO@GO-GOD were 0, 31.25, 62.5, 125
and 250 pug mL~" (PMO equiv.). The final concentrations of
H,0, and TMB were 50 mM and 800 nM, respectively. The final
reaction volume was 1 mL. The reactive solution was shaken at
room temperature for 30 min. Then, the centrifuge tube of each
group was photographed and the absorbance at 652 nm was
measured by a Model680 microplate reader. The peroxidase-
like activity of PMO@GO (250 pg mL~', PMO equiv.) was
also evaluated in the presence of H,0, with different concen-
trations (0, 0.5, 1, 5, 25, 50 mM) by using a similar strategy. In
order to verify that the anchored GOD can promote the gen-
eration of hydroxyl radicals, several groups were designed:
glucose (GLU)+PMO+H,0,, GLU+PMO@GO+H,0,, PMO@GO-
GOD+H,0,, GLU+PMO@GO-GOD+H,0,. The concentration of
PMO, PMO@GO or PMO@GO-GOD was 250 ug mL~' (PMO
equiv.). The final concentrations of H,0, and TMB were 50 mM
and 800 nM, respectively. Similarly, the centrifuge tube of each
group was photographed and the absorbance at 652 nm was
recorded after 30 min.

2.5 Evaluating the photothermal conversion of PMO@GO-
GOD

The PMO@GO-GOD solutions with different concentrations (0,
0.675, 1.25, 2.5, 5 mg mL ', PMO equiv.) were irradiated by an
808 nm laser (1.0 W cm™?) (Nanjing PL Optics Technology Co.,
Ltd, China) for different times (0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 min).
Then, PMO@GO-GOD solution with a concentration of 1 mg
mL~' (PMO equiv.) was irradiated by an 808 nm laser under
different power densities (0.25, 0.5, 1.0 and 2.0 W cm>) for
different times (0, 1, 2, 3, 4, 5, 6, 7, 8,9, 10 min). The maximum
temperature of the solution at different times was detected by a
UTi260B thermal camera (UNI-T Technology Co., Ltd, China).
Moreover, the PMO@GO-GOD solution with a concentration of
1 mg mL™" (PMO equiv.) was irradiated by an 808 nm laser
(1.0 W em™?) for 10 min, and then cooled gradually at room
temperature to reach the equilibrium temperature. A total of
five cycles were performed.

2.6 Cellular uptake

MDA-MB-231 cells (1 x 10° cells per well) were planted into a 6-
well plate in 10% FBS-containing L-5 medium at 37 °C for 12 h.
After removing the old medium, 3 mL of fresh medium contain-
ing PMO@GO-GOD (final concentration of 100 g mL ™', PMO
equiv.) was added and the cells were incubated for 0 h, 3 h,
6 h and 24 h. Then, cells were washed, fixed, dehydrated,
embedded and sliced. Finaly, TEM images of the cells were
captured by a H-7650 microscope (Hitachi, Japan).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.7 ROS generation in tumor cells

MDA-MB-231 cells (8 x 10* cells per dish) were planted into a
cell culture dish in L-5 medium at 37 °C for 12 h. After removing
the old medium, 1 mL of fresh medium containing
PMO, PMO®@GO, PMO®GO-GOD (final concentration of
1 mg mL ™', PMO equiv.) was added and the cells were incu-
bated for 12 h. The cells incubated with 1 mL of fresh medium
were considered as the control group. After removing the
medium, cells of each group were washed by PBS thrice and
1 mL of DCFH-DA (10 pM) was added. Twenty minutes later, the
fluorescence emission of the cells was captured at 525 nm by a
confocal laser scanning microscope (FV1000, Olympus, Japan)
(excitation at 485 nm).

2.8 Cytotoxicity

MDA-MB-231 cells (1 x 10* cells per well) were planted into
a 96-well plate in L-5 medium for 12 h. There were six
groups: control, laser, PMO, PMO@GO, PMO@GO-GOD, and
PMO@GO-GOD+laser. Three parallel experiments were per-
formed for each group. Then, 100 pL of fresh medium contain-
ing PMO, PMO®@GO, and PMO@GO-GOD (final concentration
of 1 mg mL™", PMO equiv.) was respectively added and the cells
were incubated for another 12 h. For the control group and
laser group, 100 pL of fresh medium was added. After washing
three times using PBS, the cells of the laser group and
PMO®@GO-GOD+laser group were irradiated by an 808 nm laser
(1 W em™?) for 5 min. After that, the old medium was removed
and 150 puL of medium containing 10% CCK8 was added in
each well of all the groups. Two hours later, the absorbance at
450 nm was measured for each well and the relative cell
viability was evaluated.

The live/dead assay was performed using live/dead stain Kkits
with live cells being stained by Calcein-AM and dead cells being
stained by prodium iodide (PI). MDA-MB-231 cells (5 x 10° cells
per well) were planted into a 12-well plate in L-5 medium for
24 h. There were six groups: control, laser, PMO, PMO®@GO,
PMO®@GO-GOD, and PMO@GO-GOD+laser. Then, 500 pL of
fresh medium containing PMO, and PMO@GO, PMO@GO-
GOD (final concentration of 1 mg mL ™', PMO equiv.) was
respectively added and the cells were incubated for another
12 h. For the control group and laser group, 500 pL of fresh
medium was added. After washing three times using PBS, the
cells of the laser group and PMO@GO-GOD+laser group were
irradiated by an 808 nm laser (1 W cm™?) for 5 min. After that,
the cells of the different groups were digested and washed by
assay buffer, then resuspended in buffer (1 x 10°~° cells per mL).
1-2 pL of Calcein-AM was added and cells were incubated for
20-25 min at 37 °C. Then, 3-5 pL of PI was added for 5 min.
After washing by PBS, the cells were dropped on a clean
microscope slide and photographed using a fluorescence
microscope (Olympus, Japan).

2.9 Animal model establishment

All the animal experiments were performed following the rules
of the National Institutes of Health Guide for the Care and Use

© 2024 The Author(s). Published by the Royal Society of Chemistry
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of Laboratory Animals and obtained approval from the Ethical
Committee of Guizhou Provincial People’s Hospital. The Balb/c
nude mice (5-7 weeks old, female) were purchased from SiPeiFu
Biotechnology Co., Ltd (Beijing). After feeding for a week, 100 pL of
MDA-MB-231 cells (5 x 10° mL ") were subcutaneously injected
into the right back of the mice to establish xenograft models. After
the tumor maximum diameters of the mice reached 10 mm, the
following experiments were performed.

2.10 ROS generation within tumor tissue

The mice bearing xenograft tumors were randomly assigned
into four groups by adjusting their weights and tumor sizes
(n = 3 per group), as follows: group 1: control (saline); group 2:
PMO (50 pL, 4 mg mL™~', PMO equiv.); group 3: PMO@GO
(50 pL, 4 mg mL™~ ', PMO equiv.); group 4: PMO@GO-GOD
(50 uL, 4 mg mL™ ', PMO equiv.). The corresponding agents
were injected into the tumors of mice from each group at day 1,
day 3 and day 6. At day 7, tumor tissues were collected, and ROS
were detected by the Tissue Reactive Oxygen Species Assay Kit
(BB-470515, BestBio, Shanghai, China) according to instruc-
tions. The emission at 610 nm were recorded to reflect the
intensity of ROS under the excitation at 510 nm.

2.11 Evaluating therapeutic effect and biocompatibility in vivo

The mice bearing xenograft tumors were randomly assigned
into six groups by adjusting their weights and tumor sizes (n =
5 per group), as follows: group 1: control (saline); group 2: laser
(808 nm, 1 W cm™?, 5 min); group 3: PMO (50 uL, 4 mg mL ",
PMO equiv.); group 4: PMO@GO (50 uL, 4 mg mL},
PMO equiv.); group 5: PMO@GO-GOD (50 pL, 4 mg mL
PMO equiv.); group 6: PMO@GO-GOD (50 uL, 4 mg mL ™},
PMO equiv.)+laser (808 nm, 1 W c¢cm™ %, 5 min). The corres-
ponding agents were injected into tumors of mice from each
group and laser irradiation was performed at day1, day 3 and
day 6, if applicable. The tumor sizes were measured every three
days, and the tumor volume (V) was calculated by using the
equation: V= (X> x Y)/2, where X is the maximum width and Y is
the maximum length. The relative tumor volume was calculated
by normalizing the tumor volume at day X to the tumor volume
at day 0. Fourteen days later, the tumors of mice from each
group were harvested for TUNEL and H&E staining.

For evaluating the biosafety in vivo, healthy mice were
randomly assigned into two groups (n = 3 per group): group
1: control (saline); group 2: PMO@GO-GOD (50 uL, 4 mg mL ",
PMO equiv.). The corresponding agents were intravenously
injected, and weights of the mice were recorded every day.
Seven days later, venous blood of the mice was collected for a
routine blood and biochemical examination. The main organs,
including liver, kidney, heart, spleen and, of the mice were
collected for H&E staining.

2.12 Statistical analysis

GraphPad Prism 6 (GraphPad Software Inc., USA) and Origin 8
(OriginLab Inc., USA) software were applied for the statistical
analysis and visualization. Continuous results are indicated as
mean =+ standard deviation. Variance analysis was used for the

Mater. Adv, 2024, 5, 5482-5493 | 5485
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comparison of certain variables between two groups. The
statistical difference existed when p < 0.05.

3. Results and discussion
3.1 Characterization

The TEM images show the well-defined spherical structure of
PMO (Fig. 2a) with a diameter of 70 + 7 nm. The nanoparticles
exhibit a good dispersibility. After being successfully coated by
GO sheets, the nanoparticles PMO@GO remain well-defined in
structure and of satisfactory dispersibility (Fig. 2b). The size of
PMO®@GO-GOD is 77 + 10 nm in the TEM image and slightly
larger than that of PMO®@GO (Fig. 2¢). The mesoporous struc-
ture of PMO is verified by the nitrogen adsorption-desorption
isotherm, which shows a typical IV curve (Fig. 2d). The pore
size, pore volume and surface area were 3.7 nm, 1.57 cm® g~ "
and 1647 m> g, respectively (Fig. 2d, inset). Because of the
addition of APTES, the zeta potential of PMO in our study
shows a positive charge of 42.9 + 3.4 mV while it becomes
—28.5 + 0.7 mV after being coated with negatively charged GO
sheets (Fig. 2e). The PMO@GO-GOD remains with a negative
charge of —25.3 £ 2.7 mV because of the negative charge of
GOD (Fig. 2e). The hydrodynamic size of PMO is about 138 nm,
increases to about 190 nm after being coated with GOs, and
further enlarges to 256 nm after linking GOD (Fig. 2f). The
change of zeta potential, hydrodynamic size and TEM images
indicates that GO sheets have successfully wrapped around the
surface of PMO nanoparticles and that the GOD is linked.

3.2 Verifying the successful anchoring of GOD on PMO@GO
and its catalytic activity

The PMO@GO-GOD shows a typical absorption peak at 970 nm,
which is consistent with the absorption peak of GOD and

@ __
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indicates the successful modification of GOD (Fig. 3a). The
FT-IR spectra of PMO@GO and PMO@GO-GOD display vibra-
tion peaks at ~1080 cm ' and ~800 cm " (assigned to the
asymmetric and symmetric stretching vibration of the Si-O-Si
band), and ~950 cm ™" (assigned to the flexural vibration of the
Si~OH band)** (Fig. 3b). These vibration peaks suggest the
organosilicon structure of PMO@GO and PMO@GO-GOD. A
vibration peak at about 1722 cm ' (attributed to the C=0
band) is observed for PMO@GO,*® while not clearly identified
in PMO®@GO-GOD. Instead, the amide I band and II band
vibration peaks at 1660 cm ' and 1534 cm™ ' appear in the
PMO®@GO-GOD spectrum (Fig. 3b),***> which indicates GOD is
successfully conjugated in the PMO@GO by the amino-carboxyl
reaction. Then, the glucose oxidase activity of PMO@GO-GOD
was tested. After adding the glucose oxidase activity assay
working solution, the color of the PMO@GO-GOD solution
changes from colorless to orange, while the PMO®@GO solution
remains colorless (Fig. 3c). The absorbance at 500 nm of the
PMO®@GO-GOD solution is significantly higher than that of the
PMO®GO solution (p < 0.01) (Fig. 3d). The results suggest
GOD remains active after being anchored on PMO@GO. By
calculation, the glucose oxidase activity of PMO@GO-GOD is
5.12-6.40 U pug ™.

3.3 Evaluating the peroxidase-like activity of the nanocatalyst

After adding TMB (a reagent for detecting peroxidase activity),
the color of PMO@GO mixed with H,0, changes to blue and a
darker blue is observed when the concentration of PMO@GO
increases (Fig. 4a). As a comparison, the color of PMO@GO
without extra H,0, shows a slight change, while the PMO and
PMO mixed with H,0, remain colorless (Fig. 4a). The absor-
bance at 625 nm of PMO@GO+H,0, is significantly higher
than those of the PMO@GO group and PMO+H,0, group
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Fig. 2 Characterization of nanoparticles. (a) TEM images of PMOs, scale bars = 100 nm; (b) TEM images of PMO@GO, scale bars = 100 nm; (c) TEM
images of PMO@GO-GOD, scale bars = 100 nm; (d) the nitrogen adsorption—desorption isotherm and pore size distribution (inset) of PMO; (e) zeta
potentials of PMO, PMO@GO and PMO@GO-GOD; (f) hydrodynamic diameters of PMO, PMO@GO and PMO@GO-GOD.
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Fig. 3 Verifying the successful anchoring of GOD on PMO@GO and its catalytic activity. (@) UV-vis spectra of GOD, PMO, PMO@GO, and PMO@GO-
GOD; (b) FT-IR spectra of PMO@GO and PMO@GO-GOD; (c) the color change of PMO@GO and PMO@GO-GOD with different concentrations (PMO
equiv.) after adding the glucose oxidase activity assay working solution for 2 h; (d) the absorbance at 500 nm of PMO@GO and PMO@GO-GOD with
different concentrations (PMO equiv.) after adding the glucose oxidase activity assay working solution for 2 h (n = 3 per concentration in each group;
variance analysis was used; corresponding data and p value are provided in the figure).

(both p < 0.0001) (Fig. 4b). The absorbance at 625 nm of
PMO@®@GO increases with concentration of H,O, after adding
TMB for 30 min (Fig. 4c). These results confirm the peroxidase-
like activity of PMO®@GO, which is attributed to the GO sheets
and can catalyze H,0, to generate a hydroxyl radical. Mean-
while, we also observed that the color and absorbance at
625 nm of the PMO@GO+H,0, group and PMO@GO-
GOD+H,0, group were similar (Fig. 4a and b) (p = 0.9206),
which may be due to the lack of glucose in the reaction solution
and that the GOD cannot play an active role to produce H,0,.
Next, we verify that the peroxidase-like activity of PMO@GO can
be enhanced by modifying GOD. The color of the PMO®@
GO-GOD+glucose group becomes obviously blue and its absor-
bance at 625 nm is significantly higher than that of the
PMO@GO-GOD group and PMO@GO+glucose group (both
p < 0.0001) (Fig. 4d and e). These results indicate that the
loaded GOD can decompose the glucose into H,O, to enhance
the peroxidase-like activity of the GO sheets to generate more
hydroxyl radicals. The PMO@GO-GOD can act as a sequential
nanocatalyst with glucose oxidase and a peroxidase-like activity
in a hybrid system.

3.4 Photothermal performance of the nanocatalyst

The temperature of the PMO@GO-GOD solution increases with
irradiation time and the photothermal efficiency depends on

© 2024 The Author(s). Published by the Royal Society of Chemistry

the concentration of PMO@GO-GOD (Fig. 5a). The temperature
of PMO@GO-GOD (5 mg mL™", PMO equiv.) increases about
33 °C after irradiation (1 W e¢cm™?) for 10 min, while the
ultrapure water shows only a 2.5 °C increase. Besides, the
temperature increase also depends on the laser intensity
(Fig. 5b). When 1 mg mL~' PMO@GO-GOD solution is irra-
diated by a laser (808 nm, 1 W cm ™) for five on-off cycles, the
temperature change is stable and exhibits a 22-23 °C increase
for each bout of irradiation (Fig. 5¢c). These results indicate that
the PMO@GO-GOD has a high photothermal efficiency and
excellent photothermal stability.

3.5 Evaluating the therapeutic effect in vitro

TEM images show the uptake progress of PMO@GO-GOD
nanoparticles by MDA-MB-231 cells. The cellular uptake gradu-
ally increases with time and abundant PMO@GO-GOD nano-
particles are taken in after incubation for 24 h (Fig. 6a). The
ROS was detected by DCFH-DA and observed by fluorescent
micrographs. The fluorescent intensity of MDA-MB-231 cells
incubated with PMO@GO-GOD is stronger than that of other
groups (Fig. 6b), which indicates more ROS generation. Mean-
while, we also observe that cells of the PMO@GO-GOD groups
are reduced (Fig. 6b). The reason may be that partial cells are
damaged by hydroxyl radicals generated via the peroxidase-like
activity of PMO@GO-GOD. Next, we evaluate the therapeutic
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Fig. 4 Peroxidase-like activity of the nanocatalyst. (a) The color change of the nanomaterials with or without H,O, at different concentrations (PMO
equiv.) after adding TMB for 30 min; (b) the absorbance at 625 nm of corresponding groups after adding TMB for 30 min (n = 3 per concentration in each
group; variance analysis was used; corresponding data and p value are provided in the figure); (c) the absorbance at 625 nm of PMO@GO mixed with
H,O; (different concentrations of 0, 0.5, 1, 5, 25, 50 mM) after adding TMB for 30 min; (d) the color change of different groups mixed with H,O, after
adding TMB for 30 min, GLU = glucose; (e) the absorbance at 625 nm of the corresponding groups mixed with H,O, after adding TMB for 30 min (n = 3
per concentration in each group; variance analysis was used; corresponding data and p value are provided in the figure).

effect in MDA-MB-231 cells via a CCK8 kit and live/dead cells combination of cytotoxic ROS and photothermal therapy can
stain kit. The relative cell viability is not significantly inhibited further enhance the therapeutic effect for breast cancer cells.
by PMO®@GO when compared with that of PMO (p = 0.8065),

while is obviously reduced in the PMO@GO-GOD group (p < 3.6 Evaluating therapeutic effect and biocompatibility in vivo
0.01) (Fig. 6d). Furthermore, tumor cells are injured more After injecting saline or PMO or PMO@GO or PMO@GO-GOD,
severely when treated with PMO@GO-GOD and laser irradia- the ROS in tumor tissue is detected by a dedicated tissue ROS
tion (p < 0.05) (Fig. 6d). Similar results were observed in assay kit. The ROS in the PMO@GO group shows no significant
the live/dead cells assay (Fig. 6c). These results demonstrate increase than that of the control group (p = 0.6067), while the
that ROS is not sufficient for killing tumor cells by only PMO®@GO-GOD group displays an obviously elevated ROS
using PMO@GO, while by introducing GOD in this nanosys- when compared with that of the PMO@GO group (p < 0.01)
tem, the therapeutic effect can be elevated. What’s more, the (Fig. 7a). The result suggests that PMO@GO-GOD can increase

50 30
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Fig. 5 The photothermal performance of the nanocatalyst. (a) Temperature curves of PMO@GO-GOD with different concentrations (0, 0.675, 1.25, 2.5,
5 mg mL™Y) under laser irradiation at 1 W cm™~2; (b) temperature curves of PMO@GO-GOD (1 mg mL™%, PMO equiv.) under laser irradiation at 0.25, 0.5, 1.0
and 2.0 W cm™2; (c) the on—off curve of PMO@GO-GOD (1 mg mL™%, PMO equiv.) under laser irradiation at 1 W cm™2 (laser on: 10 min; laser off: 10 min).
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Fig. 6 Evaluating the cellular uptake, ROS generation and therapeutic effect in MDA-MB-231 cells. (a) TEM images of MDA-MB-231 cells incubated with
PMO@GO-GOD for 0 h, 3 h, 6 hand 12 h. Scale bars = 2 um; (b) fluorescent micrographs of MDA-MB-231 cells incubated with the medium (as control),
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cells in different groups. Calcein-AM (green, live cells) and PI (red, dead cells). The scale bar is 500 um; (d) relative viabilities of MDA-MB-231 cells in
different groups. If applicable, the cells were irradiated by an 808 laser at 1 W cm™2 for 5 min (n = 3 per group; variance analysis was used; corresponding

relative viabilities and p value are provided in the figure).

the generation of ROS in tumor tissue due to the modified
GOD. Next, we assess the therapeutic effect in tumor-bearing
mice by comparing relative tumor volumes. Tumor volumes of
mice from the control, laser, PMO and PMO®@GO groups
increase with time and share a similar trend, while tumor
growth rates become slower for the PMO@GO-GOD group
and PMO@GO-GOD+laser group (Fig. 7b). At the end of treat-
ment, the relative tumor volume of mice from the PMO@GO-
GOD group is significantly inhibited when compared to that of
the control group and PMO@GO group (both p < 0.01). A
better therapeutic effect is observed in mice treated with
PMO®@GO-GOD and laser irradiation when compared with that
of the PMO®@GO-GOD group (p < 0.05) (Fig. 7b). Similarly,
more necrotic and apoptotic tumor cells in the H&E staining
and TUNEL staining sections are found in mice receiving
PMO®@GO-GOD and laser irradiation treatment (Fig. 7c). These
results indicate that PMO®@GO-GOD can provide sufficient ROS
to kill tumor cells and the combination of cytotoxic ROS and
photothermal therapy significantly improves the therapeutic
effect for breast tumors.

To assess biocompatibility in vivo, healthy mice were intra-
venously injected with PMO@GO-GOD, and then the relevant

© 2024 The Author(s). Published by the Royal Society of Chemistry

parameters were analyzed at day 7, with mice treated with
saline as the control group. The body weights of mice from
the PMO®@GO-GOD and control groups display no significant
reduction (Fig. 8a). There are no obvious differences in the
main blood routine and biochemical results between the two
groups (Fig. 8b and c) (all p > 0.05). The H&E staining sections
of the main organs of the mice show no obvious damage
after the administration of PMO@GO-GOD (Fig. 8d). These
results manifest that the biocompatibility of PMO@GO-GOD
in vivo is satisfactory, which can promote its application for
biomedicine.

4. Conclusion

We construct a simple, biocompatible, and sequential catalytic
nanocatalyst PMO@GO-GOD to realize enhanced CDT and
photothermal therapy for combating breast cancers by taking
advantage of the peroxidase-like activity of GO. The PMO@
GO-GOD shows a well-defined structure, uniform size and good
dispersibility. This nanocatalyst PMO@GO-GOD is verified to
have glucose oxidase activity and peroxidase-like activity, and
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the peroxidase-like activity can be enhanced by modifying GOD.
The GOD decomposes glucose in the tumor microenvironment
into H,0, to continually provide the catalytic substrate for the
GO shells. Subsequently, the GO shells effectively catalyze H,O0,
into hydroxyl radicals to kill tumor cells. Meanwhile,
PMO®@GO-GOD can also achieve an effective photothermal
therapy due to its high photo-thermal efficiency. According to
data from cell and animal experiments, ROS significantly
increase in tumor cells and tumor tissues after administration
with PMO@GO-GOD, and a remarkable therapeutic effect can
be achieved by combining the CDT and photothermal therapy.
Furthermore, there is no obvious weight reduction or organ
damage in mice treated with PMO@GO-GOD, which confirms
its good biocompatibility. Our study focuses on the peroxidase-
like catalytic activity of GOs and constructs a simple, biocom-
patible, sequential catalytic nanocatalyst for effectively combat-
ing breast cancers.
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