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Noninvasive tumor therapy requires a new generation of bionanomaterials towards sensitive response to
the unique tumor microenvironment to achieve accurate and effective treatment. Herein, we have
developed a tumor therapy nanoplatform by immobilizing natural glucose oxidase (GOD) onto Cu-based
layered double hydroxide (CuFe-LDH) nanosheets, which for the first time integrates acid-enhanced
photothermal therapy (PTT), and pH-responsive and heat-facilitated chemodynamic therapy (CDT)
simultaneously. As demonstrated by EXAFS and HRTEM, CuFe-LDH nanosheets possess a considerable
number of defects caused by different acid conditions, resulting in a significantly acid-enhanced
photothermal conversion efficiency (83.2% at pH 5.4 vs. 46.0% at pH 7.4). Moreover, GOD/CuFe-LDH

. 49th D ber 2020 nanosheets can convert a cascade of glucose into hydroxyl radicals ("OH) under tumor acid conditions,
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Accepted 19th December 2020 which is validated by a high maximum velocity (Vi = 2.00 x 107" M) and low Michaelis—Menten

constant (Ky = 12.01 mM). With the combination of PTT and CDT, the tumor tissue in vivo is almost
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Introduction

As one of the most serious diseases, cancer is severely threat-
ening the health of human beings due to its high incidence and
mortality.' Conventional cancer therapies typically include
surgery, chemotherapy and radiotherapy.>”® However, each of
these methods has its own drawbacks, such as unsatisfactory
tumor elimination, poor target specificity, and serious side
effects. To address these limitations, promising noninvasive
therapies including photodynamic therapy (PDT), ultrasonic
therapy, photothermal therapy (PTT) and chemodynamic
therapy (CDT) emerged in the last few years.®** PTT is a novel
strategy of cancer treatment that converts near-infrared (NIR)
light to heat and possesses low side effects, noninvasiveness,
and high spatiotemporal selectivity."*** However, due to the
restriction of the heterogeneous heat distribution in tumor
tissue, PTT would lead to unsatisfactory tumor ablation and
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nanoplatform holds great promise in tumor-specific CDT/PTT synergistic therapy.

cause damage to the surrounding normal cells and tissues, and
therefore is known as a non-specific treatment.”*” As a new
type of treatment, CDT relies on the Fenton reaction to catalyze
the generation of highly oxidative hydroxyl radicals ("OH) from
hydrogen peroxide (H,O,) to damage biomolecules (such as
DNA and proteins) in cancer cells.”** Since the Fenton reaction
works rapidly only under acidic conditions, CDT can respond to
the unique tumor microenvironment (TME) to achieve specific
and selective tumor treatment, and thus avoid damage to
normal tissues.”®?* Unfortunately, the unsatisfactory H,O,
concentration and weak catalytic efficiency in vivo obviously
limit the further development of CDT.**?® Theoretically, the
heat produced by PTT can significantly improve the CDT
effectiveness, and CDT can also disturb microenvironmental
conditions and increase the thermal sensitivity of cancer cells,
resulting in enhanced PTT efficacy.”® Therefore, developing
a specific and synergistic PTT/CDT would be a promising
strategy to enhance the cancer therapeutic efficiency and
minimize the damage to the surrounding healthy tissues.
Based on the theory of defect-induced photogenerated elec-
tron-hole enhancement, defect-rich nanomaterials caused by
an acid environment can achieve increased PTT.*® Thus, we aim
to develop a tumor-specific synergistic therapy nanoplatform to
realize acid-enhanced PTT as well as pH-responsive and PTT-
enhanced CDT. Layered double hydroxides (LDHs) are a kind
of two-dimensional (2D) nanomaterial with the general formula
of [M*"_ M* (OH),](A" )un-mH,O (M** and M>*" represent
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bivalent and trivalent cations respectively, and A"~ acts as the
exchangeable interlaminar anion and can balance the charge of
the host layer), and have been widely explored as inorganic-
biological composite nanomaterials due to their good biocom-
patibility.®*“*> With a uniform shape, high specific surface area
and tunable chemical composition, LDHs have been demon-
strated as excellent drug carriers with specific cell imaging
functions. Moreover, LDHs can be reorganized to produce
plenty of defects under acidic conditions, which induces pho-
togenerated electron-hole pairs to realize efficient acid-
enhanced NIR photothermal conversion.** Given the above
properties of LDHs, if a new acid-enhanced and responsive PTT/
CDT platform could be designed by introducing photothermal
and chemodynamic dual-functional metal species (such as Cu**
and Fe’") into the LDH matrix, the TME-responsive cancer
synergistic therapy can be facilely implemented. The advan-
tages of the ultrathin CuFe-LDH nanosheets designed here
include: (1) the ultrathin nanostructure provides an ultrahigh
specific surface area and rich active sites, which has great
superiority in drug loading and defect preparation; (2) the cross-
distribution of Cu and Fe species in host layer provides a peri-
odic monatomic structure, which will enhance localized surface
plasmon resonance and synergetic photothermal performance;
(3) the abundant hydroxyl groups in the CuFe-LDH nanosheets
improve the affinity toward intracellular H,0, through electro-
static interaction, which obviously promotes CDT efficacy.
Herein, we designed and synthesized a multifunctional
nanosystem (GOD/CuFe-LDHs) by loading natural glucose
oxidase (GOD) onto CuFe-LDH nanosheets, realizing synchro-
nous acid-enhanced/responsive CDT/PTT synergistic treatment
(Scheme 1). With a lateral size of ~65 nm and a thickness of
~1.3 nm determined by HTEM and AFM, CuFe-LDHs catalyzed
the release of highly toxic "OH from H,0, through the Fenton
reaction. Moreover, as an enzyme catalyst, GOD could deplete
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glucose to produce abundant H,0, in the acidic TME, thus
effectively solving the problem of limited H,O, concentration.
Furthermore, GOD/CuFe-LDHs possessed an acid-enhanced
NIR photothermal treatment effect based on the defect-
induced increase of photogenerated electron-hole pairs. The
photothermal conversion efficiency (PCE) was 83.2% at pH =
5.4, which was higher than that of most state-of-the-art
nanoparticle-based systems (Table S11).>>%**° The local heat
generated from PTT further accelerated the activity of the Fen-
ton reaction, resulting in highly efficient CDT. Both in vitro and
in vivo tests displayed significant cell apoptosis and tumor
growth suppression after being treated with GOD/CuFe-LDHs
plus irradiation, indicating an excellent synergistic CDT/PTT
effect. Therefore, this work provides an effective and easily
scalable way to integrate CDT and PTT within the same nano-
platform for high-efficiency tumor-specific therapy.

Results and discussion

CuFe-LDH nanosheets were synthesized via a “bottom-up”
method that provides great advantages such as finely controlled
structures (uniform shapes and high surface volume ratios) and
superior functions. High-resolution transmission electron
microscopy (HRTEM) images in Fig. 1A show that the lateral
size of the obtained CuFe-LDH nanosheets was approximately
65 nm with a monodispersed hexagonal shape morphology, and
the lattice fringe spacing of the LDH (110) plane was 0.154 nm.
The hydrodynamic diameter of CuFe-LDH nanosheets was 65 +
5 nm in water as determined by the dynamic light scattering
(DLS) method (Fig. S1t), which was consistent with HRTEM
observations. Moreover, the homogeneous distribution of Cu
and Fe throughout the LDH matrix was evidenced by energy-
dispersive X-ray (EDX) mapping (Fig. 1B). Atomic force
microscopy (AFM) images of CuFe-LDH nanosheets displayed
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Scheme 1 A schematic illustration of the tumor-specific therapy mechanism in the presence of GOD/CuFe-LDHs.
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(A) HRTEM image and (B) EDX mapping of CuFe-LDH nanosheets. (C) AFM image of CuFe-LDH nanosheets. (D) XRD patterns of CuFe-

LDHs. XPS spectra of (E) Cu 2p and (F) Fe 2p. (G) FT-IR spectra of CuFe-LDHs, GOD and GOD/CuFe-LDHs. (H) Thermogravimetric curves of
CuFe-LDH and GOD/CuFe-LDH nanosheets respectively at a temperature from 298 K to 873 K. (I) The UV absorbance spectra of the reaction of
DTNB with GSH in the presence of CuFe-LDHs with different concentrations (1.25-10 pug mL™).

a thickness of ~1.3 nm (Fig. 1C), indicating the uniformly
ultrathin nanostructure.*" Such 2D nanosheets would facilitate
biocompatibility with cells. The X-ray diffraction (XRD) analysis
revealed a diffraction peak at 260 = 12.24°, in accordance with
the characteristic (003) reflection of the LDH phase (Fig. 1D). In
addition, the chemical state of Cu and Fe in CuFe-LDHs was
confirmed by X-ray photoelectron spectroscopy (XPS). Fig. 1E
shows Cu 2p characteristic peaks at 934.69 eV (2p3/2) and
944.31 eV (2p1/2), indicating the appearance of the Cu®" state in
CuFe-LDHs. In the Fe 2p spectrum, two main characteristic
peaks were observed at 711.68 eV (2p3/2) and 725.19 eV (2p1/2)
(Fig. 1F), confirming the Fe®" species within CuFe-LDH
nanosheets.

The loading of GOD onto CuFe-LDH nanosheets was further
studied. Fourier transform infrared (FT-IR) spectra were recor-
ded to prove the combination of GOD and CuFe-LDHs (Fig. 1G),
in which the absorption peak at 1384 cm ' (symmetric
stretching vibration of N-O) of NO;™ in LDHs and absorption
band at 1053 cm ™" (stretching vibration of C-OH) of GOD were
detected in the GDO/CuFe-LDH nanosheets, indicating that
GOD was successfully loaded onto CuFe-LDH nanosheets. As
shown in Fig. S2,T the zeta potential of CuFe-LDH, GOD and
GOD/CuFe-LDH samples was measured to be 26.3, —19.8 and
15.6 mV respectively, further confirming the assembly of GOD
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onto CuFe-LDHs. The hydrodynamic diameter of GOD/CuFe-
LDH nanosheets measured by DLS was 70 £ 5 nm in water
(Fig. S31), and the GOD/CuFe-LDH nanosheets possessed
excellent dispersion stability with an unchanged hydrodynamic
diameter within one week (Fig. S41). Moreover, the loading
amount of CuFe-LDH nanosheets toward GOD was measured by
thermogravimetry (TG), which was determined to be 9.01%
according to the weight loss curve of CuFe-LDHs and GOD/
CuFe-LDHs (Fig. 1H).

GSH, a reducing substance that exists in cancer cells, can
recognize the reactive oxygen species (ROS) produced by the
Fenton reaction to greatly reduce the efficiency of CDT.*> We
firstly investigated the regulating ability of GOD/CuFe-LDHs
toward GSH depletion by the DTNB assay. GOD/CuFe-LDHs of
different concentrations (1.25-10 pg mL~") was added to 1 mM
GSH aqueous solution, and the absorbance of DTNB decreased
as the GOD/CuFe-LDH concentration increased (Fig. 11), indi-
cating that GSH could be consumed by GOD/CuFe-LDHs. To
further verify the reaction between GSH and GOD/CuFe-LDHs,
XPS was utilized to study the change in the state of Cu and Fe
in CuFe-LDHs after the reaction. As shown in the XPS spectra
(Fig. $51), some Cu®" and Fe*" were reduced to Cu* and Fe>* in
the presence of GSH, which significantly reduced the antioxi-
dant capacity of the tumor. The above-mentioned results show

© 2021 The Author(s). Published by the Royal Society of Chemistry
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that GOD/CuFe-LDHs can regulate the GSH level in the TME,
which will further lead to enhanced CDT performance.

The UV-vis-NIR spectra of GOD/CuFe-LDH nanosheets at
different pH values were further investigated. As displayed in
Fig. 2A-C, the GOD/CuFe-LDH suspension exhibited obvious
absorption between 600 nm and 900 nm, indicating that CuFe-
LDHs could absorb NIR at 808 nm. The absorbance intensity of
GOD/CuFe-LDH nanosheets at pH = 7.4 increased linearly with
the increase of concentration. However, the absorbance of GOD/
CuFe-LDH samples at pH = 6.5 and 5.4 shifted from a wide
range to an absorption peak around 750 nm. This change could
be ascribed to the local erosion of GOD/CuFe-LDH nanosheets
under weak acid conditions, and similar results have been re-
ported in previous studies.” Subsequently, the temperature
change of GOD/CuFe-LDH samples at different pH values was
monitored under the irradiation of an 808 nm laser (1.0 W
cm ?). The temperature of GOD/CuFe-LDHs (100 pg mL )
upon 10 min irradiation increased obviously as the pH value
decreased. The temperature increment (A7) at pH = 7.4, 6.5, 5.4
was 15.8, 25.2, and 26.6 °C respectively, while the PBS only gave
a AT of 5.5 °C (Fig. 2D). Such results could be ascribed to the
occurrence of some defects accompanying the weak acid envi-
ronment that etched the surface of CuFe-LDHs, which
enhanced the photogenerated electron-hole to realize efficient
NIR photothermal conversion.*® The temperature changes and
thermal infrared images were measured by an IR thermal
camera (Fig. 2E). The temperature of GOD/CuFe-LDHs at pH =
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7.4, 6.5, 5.4 reached 44.3, 54.2 and 56.5 °C respectively, while
the temperature of PBS was 37.6 °C, manifesting the excellent
photothermal performance of GOD/CuFe-LDHs in weak acid
environments. Moreover, the PCE of GOD/CuFe-LDH nano-
sheets at pH = 7.4 was determined to be 46.0% (Fig. S6t), while
the PCE of GOD/CuFe-LDH nanosheets at pH = 6.5 and 5.4
significantly increased to 75.1% (Fig. 2F) and 83.2% (Fig. 2G)
respectively. In addition, the photothermal conversion also
indicated the linear relation of concentration and AT (Fig. 2H):
an increase of AT from 13.4 °C to 35.6 °C could be obtained with
an increase in concentration (25-200 pg mL™'; pH = 6.5).
Furthermore, photothermal stability tests showed a stable
photothermal conversion capability in five successive heating/
cooling cycles, indicating the repeatable and regenerated pho-
tothermal performance of GOD/CuFe-LDHs (Fig. 2I).

As a CDT reagent, CuFe-LDH nanosheets can decompose
H,0, through a Fenton-like reaction to generate ‘OH, which can
further react with terephthalic acid (TA) to produce fluorescent
2-hydroxyterephthalic acid.** Hence, we utilized TA as a probe to
detect the generated "OH. As shown in Fig. S7A and B, the CDT
performance of CuFe-LDHs in a simulated TME was assessed by
adding CuFe-LDHs (50 pg mL ') to H,0, (100 uM) at different
pH values. The fluorescence intensity of 2-hydroxyterephthalic
acid at 425 nm did not change obviously at pH = 7.4 (repre-
senting a normal tissue environment), but increased signifi-
cantly with the extension of time at pH = 6.5 (representing the
TME), indicating that the CDT performance of CuFe-LDHs
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Fig. 2 (A—C) UV-vis absorbance spectra of GOD/CuFe-LDHs with different concentrations (25, 50, 100, 200 ug mL™) at pH 7.4, 6.5 and 5.4
respectively. (D) Photothermal heating curves of PBS and GOD/CuFe-LDHs at pH 7.4, 6.5 and 5.4. (E) Photothermal photographs of water and
GOD/CuFe-LDHs upon 808 nm irradiation at 1.0 W cm™2. Calculation of the photothermal-conversion efficiency under 808 nm irradiation at pH
6.5 (F) and 5.4 (G). (H) The photothermal effect of GOD/CuFe-LDHs with different concentrations at pH 6.5. (I) Temperature variation of GOD/
CuFe-LDHs at pH 6.5 under irradiation at 1.0 W cm~2 for 5 light on/off cycles (10 min of irradiation for each cycle). The time constant () for the

heat transfer was calculated by applying the linear time data from the
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could only be triggered under acidic conditions. Subsequently,
the CDT performance of GOD/CuFe-LDHs was further esti-
mated by adding GOD/CuFe-LDHs (50 pg mL ') to a glucose
solution (1 mM) at different pH values (Fig. S7D and Eft). The
results indicated that GOD/CuFe-LDHs could convert glucose
into H,0, and further catalyzed the decomposition of H,0, to
generate a large amount of ‘OH under weak acid conditions (pH
= 6.5) or in a neutral environment (pH = 7.4). The CDT effect of
CuFe-LDHs and GOD/CuFe-LDHs at 50 °C was further tested. As
depicted in Fig. S7C, Ff and 3A, B, the CDT efficiency of CuFe-
LDHs and GOD/CuFe-LDHs at 50 °C was higher than that at
room temperature, suggesting that CDT performance could be
improved under high-temperature stimulation. These results
demonstrated that GOD/CuFe-LDHs can be used as an effective
PTT-enhanced CDT reagent in cancer therapy.

Electron spin resonance (ESR) spectroscopy is considered as
the most effective evidence to identify 'OH by using 5,5-
dimethyl-1-pyrroline N-oxide (DMPO) as the capture probe.** As
shown in Fig. 3C, the characteristic 1:2:2:1 "OH signal was
observed when the CuFe-LDH suspension was at pH = 6.5 while
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temperature reached 323 K, a higher "OH signal intensity was
observed in the ESR spectrum. It is noteworthy that, when
glucose was introduced into the GOD/CuFe-LDH suspension, an
obvious "OH signal at pH = 6.5 was also observed (Fig. 3D).
Moreover, GOD/CuFe-LDHs at 323 K demonstrated a much
stronger "OH generation ability than that at 298 K, confirming
that GOD/CuFe-LDHs possessed a thermal-augmented effect in
promoting the Fenton reaction to generate the "OH radical.
Thus, GOD/CuFe-LDHs could effectively initiate acidity-/
temperature-responsive and glucose-triggered "OH generation.
The underlying mechanism of the catalytic Fenton reaction was
further revealed by choosing 3,3',5,5'-tetramethylbenzidine
(TMB) assay to determine the catalytic effect of GOD/CuFe-
LDHs on the production of ‘OH that can oxidize TMB to blue-
green TMB cation-free radicals with the maximum absorbance
at 650 nm.* Initially, the typical enzyme-kinetics theory was
adopted to explore the catalytic activity of GOD/CuFe-LDHs with
H,0, as the substrate. Through the Beer-Lambert law, the
Michaelis-Menten curve could be used to calculate and fit the
initial reaction rate, and the Michaelis constant (Ky) and the
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Fig.3 The reaction of TA with the generated ‘OH-induced enhancement of fluorescence (A) CuFe-LDHs and H,O, atpH =7.4,6.5, 6.5 + 323 K;
(B) GOD/CuFe-LDHs and glucose at pH =7.4, 6.5, 6.5 + 323 K. (C) ESR spectra of CuFe-LDHs by adding H,O in buffers at various pH values. (D)
ESR spectra of GOD/CuFe-LDHs by adding glucose in buffers at various pH values. (E) Cu K-edge XANES spectra of water-plasma exfoliated
CuFe-LDH nanosheets at pH 7.4 and 6.5, CuO, Cu,0O, and Cu foil. (F) Cu K-edge FT-EXAFS for water-plasma exfoliated CuFe-LDH nanosheets at
pH 7.4 and 6.5 with homologous curve-fitting results. (G-1) Lattice fringes of CuFe-LDHs at pH 7.4, 6.5 and 5.4 respectively (red dashed circles

indicate lattice defects).
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calculated from the Lineweaver-Burk plot to be 13.16 mM and
1.69 x 1077 M s~ ' respectively (Fig. S8A-Ct). Similarly, the
steady-state kinetics of GOD/CuFe-LDHs was evaluated in the
subsequent glucose supply experiment (Fig. S8D-F1). According
to our projection, the catalytic activity of GOD/CuFe-LDHs was
dependent on the glucose concentration (Fig. S8D¥), and the
kinetics also conformed to the Michaelis-Menten behavior
(Fig. S8Ef). The Ky and the V. were determined to be
12.01 mM and 2.00 x 1077 M s~ ' respectively (Fig. S8F}). The
above results guarantee a mild and stable sequential catalytic
Fenton reaction of GOD/CuFe-LDHs in the TME, inducing
a good anti-cancer therapeutic effect.

To better understand how different pH conditions influence
local coordination structures and surface defects within CuFe-
LDHs, the Cu EXAFS spectra for vacuum-dried CuFe-LDH
powders at different pH values were recorded. In Fig. 3E, the
main absorption edge of Cu in CuFe-LDHs at pH = 7.4 and 6.5
appeared approximately at 8995.6 eV and a weak absorption
pre-edge feature was observed at 8972 eV, which was attributed
to the 1s to 4p dipole transition and the 1s to 3d electronic
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transition respectively, indicating the presence of Cu®". In
Fig. 3F, the Fourier-transformed extended X-ray absorption fine
structure (FT-EXAFS) of the CuFe-LDH sample illustrated that
the explicit octahedral coordination of Cu-OOH at pH = 6.5 was
slightly smaller than that at pH = 7.4, which could be ascribed
to the presence of oxygen vacancies at pH = 6.5. This infor-
mation manifested that CuFe-LDHs at pH = 6.5 could provide
more catalytically active sites to enhance Fenton reaction effi-
ciency. In addition, lattice defects on the (110) lattice plane of
CuFe-LDHs under three pH conditions were displayed using
HRTEM images (Fig. 3G-1). Apparently, some defect points were
observed at pH = 6.5 and 5.4, but not at pH = 7.4, demon-
strating that the weak acid environment could etch the surface
of CuFe-LDHs and caused some defects that are beneficial to
photothermal conversion, resulting in acid-enhanced PTT
performance.

In vitro anticancer performance of GOD/CuFe-LDH nano-
sheets was investigated through the standard methyl thiazolyl
tetrazolium (MTT) assay.”® The cytotoxicity of CuFe-LDHs in
three types of cancer cells (Hela, U§7MG and HepG2) was first
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Fig. 4 Relative viability of Hela cells incubated with GOD/CuFe-LDHs under (A) neutral (pH = 7.4) and (B) acidic (pH = 6.5) conditions with and
without 808 nm laser irradiation at a power density of 1.0 W cm™2 for 10 min, and (C) corresponding Calcein-AM/PI staining images. (D) CLSM
images of Hela cells after co-incubation with CuFe-LDHs (50 pg mL™Y) and GOD/CuFe-LDHs (50 pg mL™Y) under neutral (pH = 7.4) and acidic
(pH = 6.5) conditions for 6 h and subsequently stained with ROS fluorescence probe DCFH-DA. CLSM images of LysoTracker Green DND-26
(green) stained lysosome (E) and MitoTracker Green FM (green) stained mitochondria (F): (1) PBS, (2) pH 7.4 + GOD/CuFe-LDHs (50 pg mL™Y) +
NIR (1.0 W cm™2, 10 min), (3) pH 6.5 + GOD/CuFe-LDHs (50 ng mL™), (4) pH 6.5 + GOD/CuFe-LDHs (50 ug mL™) + NIR (1.0 W cm™2, 10 min).
(Scale bars: C, D 100 um; E, F 25 um.) (G) Cell apoptosis analysis using the Pl/annexin V-FITC double staining method.
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examined with variable concentrations from 12.5 to 200 ug
mL~" and the MTT results showed that the cell viability was
above 95% (Fig. S9Aand Bt), indicating the high biocompati-
bility of CuFe-LDHs. Subsequently, the synergetic PTT/CDT
efficiency of GOD/CuFe-LDHs was studied and Hela cells were
cultured with CuFe-LDHs and GOD/CuFe-LDHs respectively at
pH = 7.4 and 6.5 for 24 h in the presence of an equivalent drug
dosage ranging from 3.125 to 50 pg mL™'. As illustrated in
Fig. S10,t the viability of cells treated with CuFe-LDHs (50 pg
mL ") without irradiation was found to be 98.7% (pH = 7.4) and
94.6% (pH = 6.5) as well as 70.9% (pH = 7.4) and 54.1% (pH =
6.5) with irradiation (1.0 W em ™2, 10 min). As for GOD/CuFe-
LDHs, the synergetic PTT/CDT performance enhanced obvi-
ously and the viability of cells treated with GOD/CuFe-LDHs
without irradiation was found to be 88.6% (pH = 7.4) and
30.4% (pH = 6.5) as well as 45.9% (pH = 7.4) and 6.9% (pH =
6.5) with irradiation (1.0 W cm™?, 10 min) (Fig. 4A and B),
demonstrating that the most effective anticancer performance
of GOD/CuFe-LDHs occurred at pH = 6.5 with NIR irradiation.
In addition, considering that the concentration of GSH in
cancer cells is usually 7-10 times higher than that in normal
cells, we examined the therapeutic effect of GOD/CuFe-LDHs in
a normal cell model (Cos-7: African green monkey kidney
fibroblasts). In Fig. S11,} the MTT results showed that the
lethality of GOD/CuFe-LDHs to Cos-7 cells was comparable to
that of Hela cells under various treatments, indirectly indicating
that GOD/CuFe-LDHs could effectively regulate the GSH level in
cancer cells and prevent GSH from depleting ROS. Hela cells
cultured with 50 g mL~" of GOD/CuFe-LDHs under the above
conditions were further visualized by the calcein acetoxymethyl
ester and propidium iodide (Calcein-AM/PI) method (Fig. 4C),
and GOD/CuFe-LDHs at pH = 6.5 with irradiation displayed the
best anticancer activity, which was in line with MTT test results.
The ROS generation in cells was evaluated by selecting 2/,7'-
dichlorodihydrofluorescein diacetate (DCFH-DA) as a fluores-
cent probe.*” Corresponding confocal laser scanning micros-
copy (CLSM) images of Hela cells treated with CuFe-LDHs and
GOD/CuFe-LDHs at pH = 7.4 and 6.5 were acquired (Fig. 4D),
and the results revealed that cells treated with GOD/CuFe-LDHs
at pH = 6.5 exhibited the strongest fluorescence signal, indi-
cating the highest ROS production.

Cell death is often accompanied by structural damage to
organelles including lysosomes and mitochondria.*® In order to
reveal the damage caused by PTT, CDT and PTT/CDT to
organelles, we preliminarily investigated the effect of different
treatments on lysosomes (Fig. 4E). The cells in the PBS group
showed green staining spots due to the lysosomal entrapment
in the cytoplasm, however, green staining spots blurred and
green punctation reduced in the cells treated with GOD/CuFe-
LDHs (pH 7.4) under NIR irradiation, indicating that local
heat generated from GOD/CuFe-LDHs caused lysosomal
damage to a certain extent. The green spots almost disappeared,
and the green fluorescence intensity of cytoplasm increased
obviously in the GOD/CuFe-LDH (pH = 6.5) group, indicating
that "OH generated by GOD/CuFe-LDHs could destroy lyso-
somes. As for the GOD/CuFe-LDHs (pH = 6.5) in the NIR group,
the strongest green fluorescence intensity was found in the
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cytoplasm, indicating that CDT/PTT could cause further
damage to lysosomes. To further confirm lysosomal damage,
the acridine orange (AO) relocation assay was adopted to
monitor the lysosomal membrane permeabilization (LMP) of
Hela cells (Fig. S12f), since the hyperthermia and/or the
produced ‘OH can cause lysosomal membrane destabilization.
As expected, an increase in orange fluorescence of the entire
cytoplasm was observed after the treatment with PTT (GOD/
CuFe-LDHs (pH 7.4) under NIR irradiation), CDT (GOD/CuFe-
LDHs (pH 6.5)) and synergistic PTT/CDT (GOD/CuFe-LDHs
(pH 6.5) under NIR irradiation), indicating that pronounced
LMP could cause the release of lysosomal content into the
cytoplasm. In the PTT/CDT group, the orange fluorescence was
the strongest and the nuclear morphology shrunk significantly,
demonstrating the hyperthermia/’"OH-mediated lysosome
destruction. Subsequently, the damage caused by PTT, CDT and
PTT/CDT to mitochondria was also evaluated (Fig. 4F). The cells
treated with PBS had filamentous mitochondria with green
linear staining, but the mitochondria became fragmented in
GOD/CuFe-LDHs (pH = 7.4) in the NIR group and GOD/CuFe-
LDH (pH = 6.5) group because of the severe influence of local
heat and "OH generation. In particular, after being treated with
GOD/CuFe-LDHs (pH 6.5) under NIR irradiation, the progres-
sive increase in treatment-induced mitochondrial fragmenta-
tion confirmed severe mitochondrial damage. The changes in
mitochondrial membrane potential (MMP) were assessed by
5,5',6,6'-tetrachloro-1,1',3,3'-tetraethyl-imidacarbocyanine

iodide (JC-1) staining (Fig. S137). In active mitochondria, the JC-
1 dyes can enter the mitochondrial matrix easily to form
aggregates with red fluorescence, while in inactive mitochon-
dria, the JC-1 dyes are not able to enter the matrix and mainly
exist in the form of monomers with green fluorescence.
Compared with the control group, the cells treated with GOD/
CuFe-LDHs (pH 7.4) under NIR irradiation exhibited a slight
dimming of red fluorescence and the appearance of green
fluorescence, indicating that the mitochondria were affected by
hyperthermia. For the cells with CDT treatment (GOD/CuFe-
LDHs (pH 6.5)), a significant decrease in MMP was indicated
by the strong green fluorescence of JC-1 monomers and weak
red fluorescence of JC-1 aggregates, suggesting that the gener-
ation of large amounts of ‘OH led to mitochondrial damage.
The depolarization of mitochondrial membranes was most
pronounced in GOD/CuFe-LDHs (pH 6.5) in the NIR group, as
evidenced by the further enhancement of green fluorescence
and the disappearance of red fluorescence in cells, demon-
strating the hyperthermia/’OH-mediated mitochondrial
dysfunction. These intriguing results demonstrated that the
CDT-generated "OH and PTT-induced local hyperthermia could
not only cause severe rupture of lysosomes but also induce the
dysfunction of mitochondria. Lysosomal damage would result
in the release of numerous proteolytic enzymes (such as cas-
pases) that play an important role in the activation of cancer-cell
apoptosis. Mitochondrial dysfunction can cause mitochondrial
hypertonic state and directly lead to cell apoptosis. The syner-
gistic lysosomal damage and mitochondrial dysfunction effec-
tively promoted the therapeutic effect of GOD/CuFe-LDHs
under NIR irradiation. Furthermore, cell apoptosis of the
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treated Hela cells was analyzed by the annexin V-FITC/PI double
staining method and the result is depicted in Fig. 4G. Hela cells
incubated with GOD/CuFe-LDHs at pH = 7.4 under irradiation
and at pH = 6.5 without irradiation indicated partial apoptosis.
In the case of GOD/CuFe-LDHs at pH = 6.5 under irradiation,
cell apoptosis occurred in both early and late stages with
significant increment, demonstrating the effective synergetic
PTT/CDT performance.

These exciting results in vitro encourage us to study the
blood circulation, biodistribution, real-time imaging and tumor
inhibition of GOD/CuFe-LDHs in vivo. Hela cells were subcu-
taneously injected into female BALB/c mice to establish
a tumor-bearing mice model. The pharmacokinetics analysis of
the GOD/CuFe-LDHs was conducted by measuring the Cu
concentrations in blood at different time points post-injection.
The fitting data (Fig. S141) indicated that the blood circulation
of GOD/CuFe-LDHs followed a typical two-compartment model,
and the half-lives were 0.71 &+ 0.06 h (distribution phase) and
11.08 £ 0.95 h (elimination phase) respectively, demonstrating

the long blood circulation time of GOD/CuFe-LDHs.
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Subsequently, the biodistribution of GOD/CuFe-LDHs was
examined after intravenous injection, and the Cu concentra-
tions in major organs (heart, liver, spleen, lungs, and kidneys)
and tumors of mice were determined by inductively coupled
plasma-mass spectrometry (ICP-MS). As shown in Fig. S15,T
GOD/CuFe-LDHs could effectively accumulate at tumor sites
and reached its highest value at about 12 h post-injection. The
excellent accumulation of GOD/CuFe-LDHs at tumor sites can
be attributed to the enhanced permeation and retention (EPR)
effect. After that, an in vivo antitumor study was carried out to
validate the potential of GOD/CuFe-LDHs for synergetic cancer
therapy. 18 Hela tumor-bearing mice were separated into 3
groups at random when the tumors reached ~80 mm?®: (1) PBS +
NIR, (2) GOD/CuFe-LDHs, and (3) GOD/CuFe-LDHs + NIR. After
intravenous administration of PBS or GOD/CuFe-LDHs (1 mg
kg !, 200 pL), these mice were exposed to an 808 NIR (1.0
W cm™ ', 10 min) laser at 12 h post-injection. The tumor-site
temperature of PBS-injected and GOD/CuFe-LDH-injected
mice reached 37.3 and 53.6 °C respectively as monitored with
an infrared thermal camera (Fig. 5A), demonstrating excellent

360 s .

48 °C
42°C
36 °C
30°C

(A) In vivo photothermal imaging of mice i.v. injected with PBS and GOD/CuFe-LDHs after 12 h with 10 min irradiation. (B) Hela tumor

growth curves with various drug treatments (*p < 0.05, **p < 0.01). (C) Digital photographs of mice with various drug treatments at different time
points. (D) H&E and TUNEL stained tumor tissue slices from different groups of mice after 16 d post-treatment. Scale bars are 100 pm. (E)
Bioluminescence images of tumor-bearing mice post various treatments.
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photothermal performance. To quantitatively evaluate the
therapeutic effect, the tumor volume was recorded in the
following 16 days of feeding (Fig. 5B). As a control, the PBS
group with irradiation exhibited negligible tumor inhibition,
and the GOD/CuFe-LDH group without irradiation inhibited
tumor growth slightly, showing a certain level of CDT efficacy.
However in the case of the GOD/CuFe-LDH group with irradia-
tion, a significant tumor growth suppression was observed,
indicating the synergistic CDT/PTT therapeutic effect of GOD/
CuFe-LDHs. The digital photos of mice (Fig. 5C) and corre-
sponding excised tumors (Fig. S16t) reflected the excellent
antitumor effect of GOD/CuFe-LDHs with irradiation, which
was consistent with the tumor volume curves. Moreover, the
mice of each group maintained normal weight without obvious
side effects (Fig. S171). Hematoxylin and eosin (H&E) staining
and TUNEL staining toward tumor slice revealed that the tumor
tissue treated with GOD/CuFe-LDHs under irradiation was
obviously necrotic, while the morphology of the remaining two
groups was normal or partially necrotic (Fig. 5D). Furthermore,
histological analysis, blood biochemistry, and liver, and kidney
function markers, as well as H&E analysis of major organs, were
used to assess the in vivo toxicity of GOD/CuFe-LDHs.
Compared with the PBS group, the GOD/CuFe-LDH-treated
group exhibited no statistical difference in all parameters,
demonstrating that GOD/CuFe-LDHs caused no noticeable
infection, inflammation or tissue damage (Fig. S18 and S197).
In addition, an in situ tumor model was further established and
the bioluminescence imaging (BLI) was used to testify the
synergistic CDT/PTT performance of GOD/CuFe-LDHs. It can be
seen from Fig. 5E that the BLI signal observed in the GOD/CuFe-
LDH group without irradiation decreased slightly on the 16th-
day post-administration compared with the PBS group, dis-
playing a certain degree of the CDT effect. For the GOD/CuFe-
LDH group with irradiation, a weak BLI signal and significant
tumor destruction were observed, thereby confirming the
synergistic CDT/PTT therapeutic effect of GOD/CuFe-LDHs. The
relative tumor volume of mice in Fig. S207 also confirmed this
conclusion. Particularly, we examined the survival rates of
different groups of mice after various treatments (Fig. S217).
Owing to tumor growth, all of the mice in the PBS group with
irradiation and the GOD/CuFe-LDH group without irradiation
died within 37 d and 48 d, respectively while the survival rate of
mice in the GOD/CuFe-LDH group with irradiation is 100%
within 60 d, illustrating the excellent synergistic CDT/PTT
therapeutic effect of GOD/CuFe-LDHs.

Conclusions

In summary, with the combined advantage of acid-enhanced
PTT and heat-facilitated CDT, GOD/CuFe-LDH ultrathin nano-
sheets could serve as a new type of TME-responsive theranostics
system to eliminate tumors completely. CuFe-LDH nanosheets
possessed a significant number of defects under acid condi-
tions, leading to significantly acid-enhanced photothermal
conversion. The PCE of GOD/CuFe-LDH nanosheets at pH = 6.5
and 5.4 was 75.1% and 83.2%, obviously higher than that of
46.0% at pH = 7.4. In addition, with a high velocity (V;ax = 2.00
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x 1077 M) and low Michaelis-Menten constant (Ky = 12.01
mM), GOD/CuFe-LDH nanosheets displayed efficient ‘OH
production in the TME. More importantly, the local heat
generated from PTT accelerated the activity of the Fenton
reaction, further improving the synergistic effect of PTT/CDT.
Both in vitro and in vivo tests proved that GOD/CuFe-LDH
nanosheets had an excellent antitumor effect. Therefore, this
research provides a new pH-responsive nanoplatform based on
GOD/CuFe-LDHs for CDT/PTT synergistic therapy.
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