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Abstract

Previous preclinical and clinical studies have shown that using only a single therapy makes it
difficult to completely eradicate tumors and restrain cancer metastasis. To overcome this challenge,
multi-modal synergistic treatments have attracted considerable attention. Herein, an ultrathin
Cu-loaded CoCuFe-selenide (CCFS) was prepared by a facile topotactic transformation from
CoCuFe layered double hydroxide (LDH) nanosheets (NSs), followed by surface modification with
polyvinyl pyrrolidone (PVP) and L-arginine (L-Arg). The resultant CCFS-PVP-L-Arg (CPA)
system shows excellent synergetic photothermal and gas therapy (PTT/GT). The CCFS NSs have
strong LSPR absorbance characteristic, with enhanced light absorption in the near-infrared (NIR)
region. This endows the CPA nanocomposite with an outstanding photothermal conversion
efficiency of 72.0% (pH 7.4) and 81.0% (pH 5.4), among the highest reported for 2D chalcogenide
nanomaterials. In addition, NO release from CPA is triggered by decomposition of L-Arg in the
H20>-rich and acidic tumor microenvironment, permitting localized NO gas therapy in the tumor
site. In vitro experiments revealed 91.8% apoptosis of HepG2 cells, and in vivo studies showed
complete tumor elimination upon treatment with the CPA nanocomposite under NIR irradiation. To
the best of our knowledge, this is the first report of combined defect-induced high-efficiency PTT

with H20, and pH targeted GT.
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1. Introduction

Photothermal therapy (PTT), an emerging cancer treatment strategy, has attracted tremendous
attention in recent years since it is minimally invasive with high regional selectivity and low
toxicity [1-4]. PTT commonly utilizes photothermal agents to generate localized hyperthermia
under near-infrared (NIR) light irradiation, leading to thermally-driven tumor ablation. Therefore,
the design and synthesis of PTT agents with high NIR to heat conversion efficiency is key to
attaining satisfactory PTT performance [5]. Recently, many photothermal agents have been
exploited for the PTT of cancer, including black phosphorus, 2D boron NSs, antimonene-based
nanomaterials, ultrathin chalcogenide NSs and organic dyes (i.e., indocyanine green), among which
2D transition metal chalcogenide nanosheets (TMC NSs) have received significant attention
because of their tunable band gaps and versatile properties [6-11]. The quantum confinement effect
enables TMC NSs to possess favorable optical properties and electronic band structure, resulting in
thickness-dependent NIR absorption characteristics and efficient photothermal conversion
properties. Materials such as MoS, MoSe,, and WSe; have been found to be promising candidates
for PTT [12-16]. Moreover, the presence of multiple (>2) metal ions in TMC NSs has been shown
to give enhanced photothermal conversion efficiency (PCE) for PTT over mono- and dual-metal
TMC NSs [17]. In spite of the great progress in this field, the inhomogeneous heat distribution
within tumor tissues of NIR therapy alone makes it difficult for PTT to completely eradicate tumors
and restrain metastasis [18-24], however. Routes to combine PTT with other treatment modalities to
achieve significantly enhanced therapeutic outcomes remain much sought after.

Gas therapy (GT) is a “green” anticancer therapeutic strategy involving the use of
gasotransmitters to induce cancer cell death [25]. A range of gaseous molecules, including hydrogen

(H2), hydrogen sulfide (H.S), sulfur dioxide (SO2), and nitric oxide (NO), can be used in GT
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[26-31]. Among these, NO is a particularly attractive candidate for exploitation, since it can
participate in a variety of physiological and pathological activities [32]. For instance, NO directly
causes cell death at a relatively high concentration, and shows excellent synergistic effects when
combined with other therapeutic methods [33]. L-arginine (L-Arg) can be used as a NO precursor,
releasing NO only in H202-rich and acidic tumor microenvironments [34]. This can result in
targeted GT and efficiently avoid unwanted NO release in healthy tissues. Cu-based chalcogenides
such as CuS, CuzxSe and CuTe, have been reported to be efficient photothermal agents owing to
their localized surface plasmon resonance (LSPR) characteristics [35-39]. This inspired us to
consider whether we can increase the presence of defect vacancies in these chalcogenides by
adjusting the Cu doping ratio or using surface corrosion to produce more free charge carriers. This
should resonate with incident radiation and promote LSPR absorption, thereby enhancing the
photothermal performance. Moreover, if Cu-based chalcogenides were further modified with L-Arg,
targeted NO release and synergistic PTT and GT would be realized.

Currently, a variety of methods including mechanical-exfoliation (ME), intercalation-assisted
exfoliation, sonication-assisted liquid exfoliation, chemical vapor deposition (CVD) and
wet-chemical synthesis have been developed to prepare ultrathin TMC NSs [40-44]. However, there
are still some significant challenges in facile operation, uniform morphology, ingenious regulation
and mass production. Moreover, TMC NSs prepared by the above methods generally have issues of
unsatisfactory photothermal conversion efficiency (r) and PTT behavior. Therefore, an ingenious
route to synthesize TMC NSs with superior therapeutic and diagnostic performance will be essential
for future clinical cancer therapy. Layered double hydroxide nanosheets (LDH NSs) are a class of
two-dimensional (2D) nanomaterials with positive layers containing metal ions and charge

balancing interlayer anions. The metal composition is highly tuneable, and thus LDH NSs have
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been widely explored in catalysis, energy storage, electrochemistry and biomedicine [45-54]. In this
work, Cu-based CoCuFe-selenide (CCFS) NSs were prepared via an in situ selenylation treatment
of an ultrathin CoCuFe-LDH precursor. Subsequently, further surface modification was undertaken
with polyvinyl pyrrolidone (PVP) and L-Arg, generating a CCFS-PVP-L-Arg (CPA) nanocomposite
which was explored in detail for its potential in synergistic PTT/GT. The CPA nanocomposite is
found to have the CogsSeg structure, with a uniform size of ~85 nm and a thickness of ~2.0 nm. The
PTT efficiency of CPA could be controlled by regulating the Cu doping ratio, with an optimal PCE
of 72.0% at a 30% Cu molar content at pH 7.4. This further increased to 81.0% at pH=5.4
(simulating the acidic tumor microenvironment). Simultaneously, the CPA nanocomposite displays
a superior PA imaging capability with an ultralow detection limit (5 ppm) by virtue of the excellent
photothermal performance. Moreover, a burst release of NO was achieved under acidic and H20>
enriched conditions, indicating targeted and tumor-specific gas therapy. In vitro and in vivo tests
show 91.8% apoptosis of HepG2 cells and complete tumor elimination after treatment with the CPA
nanocomposite under NIR irradiation. Therefore, it is clear that ultrathin Cu-based chalcogenide
NSs combined with tumor-specific NO donors can serve as efficient and targeted systems for future

clinical cancer theranostics.

2. Experimental Section
2.1 Synthesis of CoCuFe-LDH nanosheets (NSs) precursor

CoCuFe-LDH NSs with various Cu contents were prepared by a bottom-up method previously
reported by our group, with some modifications. Solution A was prepared by combining
Co(NO3)2-6H20 (a mol, a = 0.00216, 0.00192, 0.00168, 0.00144 mol), Cu(NOs3)2-3H20 (b mol, a +

b = 0.0024 mol) and Fe(NO3)3-9H20 (0.0006 mol) in 60 mL of deionized water. Solution B
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comprised 54 mL of an agueous NaOH solution (0.0135 mol); Solution C contained NaNO3 (0.0006
mol) and 13.8 mL formamide dissolved in 46.2 mL of deionized water. Solution A and B were
added dropwise into solution C with stirring at 80 °C. The resultant colloidal precipitate was
washed with water and ethanol several times and centrifuged at a speed of 7000 rpm for 5 min.
Dialysis was then performed against deionized water with a 3 kDa dialysis membrane used to
remove excess formamide. The resulting CoCuFe-LDH colloid was redispersed in ethanol.
2.2 Synthesis of CCFS NSs

CCFS NSs were obtained via a facile in situ selenylation reaction of CoCuFe-LDH. Briefly,
0.0005 mol of the as-prepared CoCuFe-LDH NSs were dispersed in 60 mL of ethanol. A NaHSe
solution was prepared by introducing NaBH4 (0.0015 mol) into Se powder (0.0005 mol) with gentle
stirring for 10 min. The NaHSe solution was then mixed with the CoCuFe-LDH suspension under
flowing N protection. After magnetic stirring for 10 min at room temperature, the black suspension
obtained was transferred into a 100 mL autoclave and crystallized at 180 °C for 2, 4, 6, 8, 12, 16 h,
respectively. After cooling to room temperature in air, the resulting CCFS NSs were purified with
water and ethanol several times and centrifuged at 7000 rpm for 5 min. The CCFS NSs were
re-dispersed in deionized water for further modification.
2.3 Synthesis of CPA nanocomposite

PVP (50 mg) and L-Arg (50 mg) were added into 10 mL of the aqueous CCFS NS suspension
(500 pg mL1). After 12 h of stirring at room temperature, the mixture was centrifuged at 7000 rpm
for 5 min. The CPA nanocomposite was obtained after the precipitation was washed with deionized
water three times to remove residual L-Arg or PVP in solution.
2.4 NO gas generation

The NO production ability of CPA was evaluated using a micro NO content assay kit (Solarbio
6



Science &Technology Co., Ltd., Beijing, China). Three sets of conditions were explored: (1)
CPA/free H202; (2) CPA+ H202 (10 mM) at pH 7.4; (3) CPA+ H202 (10 mM) at pH 6.5. The
reaction suspensions were added to a 96-well plate, and after treatment with the reagents in the kit
according to the manufacturer’s instructions the absorption at 550 nm was measured with a
microplate reader.
2.5 Cell culture

U87mg, Hela, HepG2 and COS7 cells were separately cultured in Dulbecco’s modified eagle’s
medium (DMEM) containing 1% v/v penicillin-streptomycin solution and 10% v/v fetal bovine
serum (FBS), in an incubator (Thermo Scientific) with an atmosphere of 5% CO- at 37 °C. 1.0 mL
of trypsin (0.25%) was used to digest cells and subculture.
2.6 Cytotoxicity assay

Cytotoxicity studies of CPA were carried out using the MTT method. Briefly, U87mg, Hela,
HepG2 or COST7 cells (1x10* cells/well, 200 uL) were seeded in 96-well plates and incubated for 24
h. After adding the CPA nanocomposite at various concentrations (2, 5, 10, 20, 30, 50, 100 and 200
ng mL ™), the cells were incubated for another 24 h. Subsequently, cell viability was determined by
the colorimetric MTT method after washing with PBS 3 times. In addition, cells were seeded in
12-well plates and incubated with different concentrations (2, 5, 10, 20, 30, 50, 100 and 200 pg
mL ) of CPA (1x10° cells/well, in 200 pL of medium). After incubation for 24 h, the culture
medium was removed and the cells washed with PBS 3 times. Subsequently, cells were treated with
Calcein-AM (5 ng mL %) and PI (10 pg mL™?) for 20 min, allowing visualization of the population
of lived and dead cells under a fluorescence microscope (Leica TCS SP5, Germany).
2.7 In vitro anticancer properties

HepG2 cells were seeded into 96-well plates (1x10* cells/well, 200 pL) for a 24 h incubation,
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and then treated with LDH, CPA and CPA+H:O; at different concentrations (2, 5, 10 and 20 pg
mL™1) for another 24 h. The culture medium was removed, the cells washed with PBS three times,
and fresh medium added. Next, the LDH or CPA-treated cells were irradiated with an 808 nm laser
at a power intensity of 1.0 W cm2 for 10 min. The cells incubated with CPA+H,0 were either
exposed to the 808 nm laser (1.0 W cm2) for 10 min or left without any further treatment.
Subsequently, cell viability was analyzed using the MTT assay, with calcein-AM/PI assays used to
validate the MTT results. The pattern of cell apoptosis and necrosis was explored after staining
using an Annexin V-FITC and PI staining kit and assay by flow cytometry (CytoFLEX, Beckman
Coulter).
2.8 NO content in cells

NO generation in cells exposed to CPA was investigated using DAF-FM DA. HepG2 cells were
seeded in 12-well plates and incubated in a 5% CO> atmosphere at 37 °C for 24 h. CPA was added
into the cells and the plate incubated for another 24 h. After changing the medium at pH 6.5, HepG2
cells were given three different treatments: (1) CPA, (2) CPA+ H>02 (0.1 mM), and (3) CPA+ H20-
(0.1 mM) with 808 nm (1.0 W cm™2) NIR irradiation for 10 min. The cells were then incubated for a
further 4 h, and DAF-FM DA was added. The cells were incubated in the dark for 20 h and then
imaged using a fluorescence microscope. Similarly, the fluorescence signal intensity was quantified
by flow cytometry after incubation for 20 h in the dark.
2.9 PA imaging experiments

In vitro and in vivo PA imaging was performed on a multispectral optical tomography system
(MSOT inVision 128, iThera Medical, Germany). A series of CPA and LDH aqueous suspensions (5,
10, 15, 20 and 25 pug/mL) was prepared in agar gel cylinders for in vitro testing. To investigate the

imaging performance in vivo, tumor-bearing mice were i.v. injected with the CPA nanocomposite
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(10 mg kg%, 200 uL), and PA signals were recorded at 0, 2, 4, 8, 12 and 24 h post-injection.
2.10 In vivo anti-tumor therapy

PBS suspensions of the CPA nanocomposite (10 mg kg%, 200 uL), or controls comprising PBS
alone or an LDH suspension at the same concentration were i.v. injected into tumor-bearing mice. 8
h post-injection, the tumor sites were irradiated with an 808 nm NIR laser (1.0 W cm™2) for 7 min.
Control animals were not irradiated. The real-time changes in temperature at the tumor sites were
monitored with a thermal imaging camera (Fluke Ti480, USA) during treatment. The tumor size
was measured with calipers every 2 days for 16 days after irradiation treatment. The relative tumor
volume was calculated as V/Vo (V and Vo are the tumor volume measured at time t and to,
respectively). The body weight was measured every two days also.
2.11 Histological analysis

Mice were sacrificed and their tumors and main organs resected after 16 days of treatment. All
the tissues were dipped in 10% formalin, cut into slices with 3-5 um thickness, and stained with
hematoxylin and eosin (H&E). The histology and morphology of slices were captured with a digital
microscope (Leica TCS SP5, Germany).
2.12 Blood analysis

Healthy male Balb/c mice were i.v. injected with PBS and CPA samples (200 pL, 10 mg kg™3).
Blood samples were collected from the mice after 1 day and 7 days. Subsequently, blood
biochemistry, liver function and kidney function indicators were measured.
2.13 Biodistribution

Tumor-bearing mice were i.v. injected with 200 pL of a PBS suspension of the CPA
nanocomposite (10 mg kg ™) and sacrificed 2, 4, 6, 8, 10, 12, 24 and 48 h after injection to collect

the main organs (i.e., heart, liver, spleen, lung, and kidneys). These tissues were digested with nitric
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acid and the concentration of Co determined by ICP-MS.
2.14 AT1-Fluc tumor orthotopic mouse model

The orthotopic tumor model was established by injecting 4T1 cells (5x10°, 100 pL in PBS) into
the right fourth breast fat-pad of Balb/c mice. Mice with a tumor volume of around 70 mm? were
selected for subsequent experiments.
2.15 In vivo bioluminescence imaging

The 4T1 tumor-bearing mice were injected with PBS, a suspension of the CPA nanocomposite
(200 pL, 10 mg kg ™) or an LDH suspension (200 pL, 10 mg kg 1), and irradiated with an 808 nm
NIR laser (1.0 W cm™2) for 7 min after 8 h post-injection. Control animals did not receive the NIR
treatment. To monitor tumor growth, the D-luciferin probe (150 mg kg™) was intraperitoneally
injected into the mice, and imaging was performed every other day with an IVIS Lumina
fluorescence imaging system.
2.16 Statistical analysis

Data are expressed as mean = standard deviation (s.d). Statistical comparisons were made using
an unpaired Student’s t-test (between two groups) or one-way ANOVA (for multiple comparisons)

followed by Tukey’s post-test: *p < 0.05, **p < 0.01, ***p < 0.001.

3. Results and discussion
3.1 Synthesis and characterization

The CCFS NSs were synthesized by a facile two-step method as illustrated in Figure 1a. Firstly,
CoCuFe-LDH NSs as precursors were prepared via a “bottom-up” synthesis method [55]. Secondly,
CCFS NSs were successfully fabricated by in situ selenylation of the CoCuFe-LDH precursors.

Transmission electron microscopy (TEM) and atomic force microscopy (AFM) images reveal that
10



monodispersed plate-like CoCuFe-LDH NSs were formed, with a uniform size of ~70 nm and a
thickness of ~1.3 nm (Figure 1b-d). After the selenylation reaction, the resulting CCFS NSs retain
the plate-like morphology of the LDH precursor with unaltered size and thickness (Figure le-g). A
homogeneous distribution of Co, Cu, Fe and O elements in the CoCuFe-LDH (Figure 1h) and of Co,
Cu, Fe and Se in the CCFS NSs (Figure 1i) are observed by energy-dispersive X-ray (EDX)

mapping, further confirming successful selenylation.
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Figure 1. (a) A schematic illustration of the preparation of the CPA nanocomposite for PA
image-guided synergistic PTT/GT. (b, e) TEM images, (c, f) AFM images, (d, g) corresponding

thickness, and (h, i) EDX mapping of CoCuFe-LDH and CCFS NSs, respectively.
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XRD was used to characterize the transformation of the crystal structure from CoCuFe-LDH to
CCFS NSs. As shown in Figure S1, typical (003), (006) and (009) reflections were observed in
CoCuFe-LDH, with the diffraction intensity decreasing gradually with the increase of copper
content. For CCFS NSs, all the peaks could be well indexed with the CogSes phase (JCPDS Card
No. 09-0233) (Figure S2), indicating that the selenylation treatment of CoCuFe-LDH leads to the
formation of CogSes with Fe and Cu doping into the lattice. The structural transformation process
with different reaction times was investigated (Figure S3). A selenylation time of 16 h was
necessary for high crystallinity of CCFS NSs, and 16 h was thus used to generate all the CCFS
samples for subsequent exploration.

The diffraction intensity of the resulting CCFS NSs gradually decreases as the Cu ratio
increases from 10% to 40%, and some impurity phase appears at 40% Cu doping (Figure 2a).
Inductively coupled plasma atomic emission spectrometry (ICP-AES) results show that the Cu ratio
in the product is consistent with the feed ratio from 10% to 40% (Table S1). X-ray photoelectron
spectroscopy (XPS) was used to explore the chemical composition and valence state of the CCFS
NSs (Figure 2b). Peaks at 780.9 and 796.8 eV are assigned to Co?* 2ps2 and 2p1/2; those at 933.7
and 953.8 eV are attributed to Cu?* 2pz;2 and 2p1/2; and, peaks at 931.9 and 951.7 eV belong to Cu*
2psr2 and 2p12; Peaks at 932.5 and 952.5 eV correspond to Fe** 2ps; and 2p12. A small amount of
Ca° 2pszand 2pis2 is observed at 778.3 and 793.2 eV, while the feature at 59.2 eV is relative to the
surface oxidation of Se (SeOy) (Figure 2c-f). All these observations confirm successful formation of
the CCFS formulation.

The NO molecule has good diffusion ability in tumor tissues. It has also been reported as a
secondary messenger that can regulate many physiological processes. L-Arg can react with H>O> to

generate NO under the acidic and H202-rich tumor microenvironment (TME) conditions. Therefore,
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L-Arg was loaded onto the CCFS NSs for synergistic PTT/GT treatment. PVP was further used for
surface modification to enhance the stability and biocompatibility. The resultant CPA
nanocomposite shows a lateral size of ~85 nm and a thickness of ~2.0 nm (Figure S4 and S5).
Fourier transform infrared spectroscopy (FT-IR) was further performed to verify successful
functionalization with L-Arg and PVP (Figure 2g). M-Se vibrations at 711 cm™ as well as L-Arg
COO- symmetric stretching vibration at 1421 cm™and PVP C=0 stretching vibration at 1660 cm™
are observed with the CPA nanocomposite, which indicates L-Arg and PVP are successfully loaded.
Thermogravimetric analysis (TGA) of CPA and CP was performed to assess the loading capacity,
and the mass ratio of L-Arg in the final CPA was measured to be 5.6% by thermogravimetry (Figure
S6). The physicochemical properties of the CCFS with 30% Cu content and CPA samples were
further investigated. CCFS NSs with 30% Cu content show a negative zeta potential of —11.4 £ 0.1
mV in aqueous solution, while the LDH sample has a potential of 31.2 £ 0.1 mV. After the CCFS
NSs are loaded with L-Arg and modified with PVP, the zeta potential changes to —34.1 + 0.2 mV in
water, with similar values obtained in Dulbecco’s modified eagle’s medium (DMEM) and
phosphate-buffered saline (PBS) (Figure 2h). The hydrodynamic diameter of the CCFS NSs with
30% Cu content is measured to be 80 + 3.7 nm (Figure S7a) by dynamic light scattering, which is
close to that of the CoCuFe-LDH (84 + 6.5 nm, Figure S7b). The CPA material in each of the three
different media (water, PBS, and DMEM) displays an increased diameter of 113 + 1.5 nm (Figure
2i). The excellent storage stability of CPA was demonstrated by the unaltered hydrodynamic size

and Tyndall effect within a week storage period (Figure S8 and S9).
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Figure 2. (a) XRD spectra of CCFS NSs with 10%, 20%, 30% and 40% Cu. (b) Survey XPS
spectrum of CCFS NSs with 30% Cu content. (c) Co 2p, (d) Fe 2p, (e) Cu 2p, (f) Se 3d XPS spectra
of the CCFS NSs with 30% Cu content. (g) FT-IR spectra of PVP, L-Arg, CCFS and CPA with 30%
Cu content. (h) Zeta potential of LDH, CCFS with 30% Cu content and CPA samples in water, PBS

and DMEM. (i) Size distribution of CPA in water, PBS and DMEM. Error bars denote + s.d. (n = 3).

3.2 Photothermal properties and NO release of CPA nanocomposite

The influence of Cu-doped ratio on the PTT performance of the CPA nanocomposite was
studied. NIR absorption of the CCFS NSs with various Cu ratios was recorded, and CCFS NSs with
30% Cu show a maximum absorbance at 808 nm. The CPA nanocomposite, prepared from 30%
Cu-doped CCFS NSs, has almost the same absorbance at 808 nm (Figure 3a). The photothermal

performance of the CCFS and CPA systems were evaluated by recording the temperature change
14



upon 808 nm (1.0 W cm~2) laser irradiation. As shown in Figure 3b, the temperature change (AT) of
CCFS with various Cu contents increases from 10% to 30% Cu and then decreases from 30% to
40%. The CCFS sample with 30% Cu thus possesses the best photothermal performance, consistent
with the NIR absorption data. The AT of CPA decreases slightly compared to that of the 30% Cu
CCFS NSs, but is nevertheless still very high.

The photothermal performance of CPA is strongly dependent on its concentration and laser
power density (Fig. 3c and Figure S10): an increase in temperature (from 23.6 °C to 45.9 °C) is
observed with the rise of concentration (10, 20, 30 and 50 ppm), and AT can be finely tuned from
12.9 °C t0 45.9 °C by enhancing the laser power density (0.05, 0.3, 0.55, 0.75 and 1.0 W cm2). The
temperature of changes could additionally be seen using an infrared (IR) thermal camera (Figure
3d). Considering the mildly acidic nature of TME, we further evaluated the photothermal properties
of CPA at different pH values. Compared with pH 7.4, the CPA absorption at 808 nm increases by
14.2% at pH 5.4 (Figure 3e). The maximum temperatures depicted in Figure 3f are 45.9 °C, 47.3 °C
and 50.1 °C at pH 7.4, 6.5 and 5.4, respectively. The photothermal conversion efficiency values ()
of CPA at pH 7.4, 6.5 and 5.4 are 72.0%, 76.5% and 81.0%, respectively (Figure 3g, Figure S9),
which are dramatically superior to those of the most reported TMC photothermal agents, such as
WS>2-PVP (36.9%), TaS>-PEG (39.0%), and Cu>Se (50.89%) (Table S2). This verifies an enhanced
photothermal conversion performance under acidic conditions. Subsequently, the photostability of
the CPA nanocomposite was investigated, and its photothermal effect found to remain stable after
five consecutive heating/cooling cycles (Figure 3h). CPA shows no significant change of
UV-vis-NIR absorption spectrum after storage at different concentrations over 7 days (Figure S12),
confirming its excellent storage stability. Subsequently, the ion release of CPA was analyzed by

ICP-MS. As shown in Figure S13, the ion (Co, Cu and Fe) release behavior was studied at pH 7.4,
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6.5 and 5.4. After 24 h, a less than 8.89% of ion release (Co, Cu and Fe) is observed, indicating the
low decomposition efficiency of CPA sample. Although CPA does not perform as well as Xenes,
Silicon and black phosphorus in degradation, the low decomposition efficiency might enhance its
retention effect in tumor sites [6, 56-57].

Given the potent photothermal property of CCFS with a 30% Cu-doped ratio at pH 5.4, we
further studied the influence of different contents of Cu and different pH conditions on defects.
Previous reports have demonstrated that Cu-based semiconductors with an LSPR peak in the NIR
region could be applied as photothermal transducers. In addition, the free charge carriers caused by
vacancies in Cu-based semiconductors can resonate with incident radiation, further enhancing
LSPR absorption to yield improved photothermal performance. Therefore, the influence of different
contents of Cu in the doped CCFS NSs on defect presence was studied. The HRTEM images of the
(222) lattice plane in the CCFS NSs directly display lattice defects (Figure 3i). As the Cu content
increases, more defect points/areas are observed on the surface of the NSs. It should be noted from
the atomic-resolution spherical aberration corrected TEM image that more defect points (marked
with red circles) can be directly observed as the Cu content increases (Figure S14). Raman spectra
were collected to gain further insight into the changes in crystal structure and defects with an
increasing Cu content (Figure 3j). CCFS NSs with 10% Cu reveal a typical spectrum of cobalt
selenide with a sharp peak around 656.4 cm™ and a weaker peak around 479.6 cm™. The sharp peak
around 177.6 cm™ is associated with the Se-Se stretching vibration. With an increase of Cu content
from 10% to 30%, the Raman peaks show a gradual broadening and red shift due to the gradual
distortion of the crystal structure, further implying that CCFS with 30% Cu content has more lattice
defects than those with 10% and 20% Cu content [58,59]. To substantiate the defect-facilitated

photothermal conversion of CCFS NSs, we dipped CCFS NSs in buffers with various pH values
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(pH 5.4, 6.5, 7.4) to produce different defect contents. High-resolution XPS spectra of Cu 2ps»
(Figure S15) was applied to evaluate the ratio of Cu* and Cu?" in CCFS NSs at pH 5.4, 6.5, 7.4.
Semi-quantitatively, 70.86% Cu (I) in CCFS NSs was found at pH 5.4, 68.05% at pH 6.5 and
56.77% at pH 7.4 (Table S3). The higher Cu™ content in CCFS NSs induced by the combination of
Cu?* and electrons reflected increased defects. Thus, CCFS NSs possess more defects at pH 5.4
than at pH 7.4 and 6.5, which is consistent with the photothermal conversion values at various pH
conditions.

As mentioned earlier, L-Arg can be oxidized into NO in the H2O.-rich and acidic TME. To
explore the effect of an acid environment on CPA, the concentration of NO generated in neutral (pH
7.4) and acidic (pH 6.5) solutions was determined via a typical Griess assay [60]. As shown in
Figure 3k, the reaction rate of L-Arg-H20- in neutral conditions is very slow, while a burst of NO
release is seen at pH 6.5, resulting in NO concentrations ca. 3.4-fold higher than at pH 7.4. The
reason for achieving the pH stimuli-responsive NO release may be attributed to the enhanced
oxidation properties of H2O> under acidic conditions. It is also worth noting that a negligible
concentration of NO is found in the absence of H20., demonstrating the essential role of H20: in
NO generation through a direct reaction between H>O> and L-Arg. Overall, the presence of L-Arg

makes CPA a promising agent for synergistic PTT/GT cancer therapy.
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Figure 3. (a) UV-vis absorption spectra of CCFS NSs with various Cu ratios and the CPA
nanocomposite (30% Cu). (b) Photothermal effects of CCFS NSs with various Cu ratios and CPA.
(c) Photothermal effects of CPA suspensions at various concentrations. (d) Photothermal images of
PBS and CPA. (e) UV-vis absorption spectra of CPA at pH 7.4, 6.5 and 5.4. (f) Photothermal effect
of CPA at pH 7.4, 6.5 and 5.4. (g) Calculation of photothermal conversion efficiency of CPA at pH
7.4. (h) Photostability tests of CPA over five cycles. (i) HRTEM images of CCFS NSs with various
Cu ratios. (j) Raman spectrum of CCFS with various Cu ratios. (k) The NO concentration generated
by CPA with or without H20, under neutral (pH 7.4) or acidic (pH 6.5) conditions. Error bars

denote * s.d. (n = 3). All photothermal experiments were performed with irradiation at 808 nm for

10 min with a power density of 1.0 W cm,

3.3 In vitro biocompatibility and PTT/GT study.

Prior to studying the anticancer effect of CPA nanocomposite, a biocompatibility evaluation was

performed. Three types of cancer cells (U87mg, Hela, HepG2) and COS7 cells were incubated with
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different concentrations of CPA (0-200 ug mL™1), and then the cell viability was quantified through
a standard methyl thiazolyl tetrazolium (MTT) assay. As shown in Figure S16 and S17, no obvious
toxicity is observed in any of the cell lines even at a concentration as high as 200 pg mL, which
indicated that the CPA nanocomposite had excellent biocompatibility. The precursor CoCuFe-LDH
NSs also show good biocompatibility, similar to the CPA nanocomposite (Figure 4a).

To study the PTT/GT effects of CPA, HepG2 cells were incubated with LDH, CPA+H20,, CP
and CPA (100 puM) at concentrations ranging from 0-20 ug-mL™ for 24 h. As illustrated in Figure
4b, the cell viabilities of HepG2 cells treated with CoCuFe-LDH, CP and CPA (20 pg mL™?) are
83.3%, 22.3% and 20.4% respectively after 10 min irradiation (1.0 W cm™2). In the presence of 20
png-mL? of CPA+H,0,, the cell viabilities are 90.1% (without irradiation) and 8.2% (with
irradiation), indicating synergistic PTT/GT effects. To further prove the synergistic effect, the
half-maximal inhibitory concentrations (ICso) of CPA+H»0,, CP+L and CPA+H>O.+L were
calculated to obtain the combination index (Cl). The obtained CI value (0.82) is less than 1.0,
indicating the excellent synergistic effect of PTT/GT [61].

HepG2 cells treated with saline, LDH, CP, CPA, and CPA+H20. respectively (without or with
808 nm irradiation) were stained with calcein acetoxymethyl ester and propidium iodide
(calcein-AM/PI; Figure 4c). The results are consistent with the MTT data. When the HepG2 cells
were stained with Annexin V-FITC/PI and analyzed by flow cytometry, a 90.5% apoptosis is
observed in HepG2 cells treated with CPA+H.O and exposed to 808 nm radiation for 10 min.
Significant early-stage apoptosis appears in the PI*/Annexin V-FITC" region, demonstrating that the
effective PTT/GT was induced by the CPA nanocomposite (Figure 4d).

NO release in the HepG2 cellular environment was detected by the NO fluorescence probe

DAF-FM DA. Compared with the blank group, HepG2 cells incubated with CPA (pH 6.5) and H20:
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alone show no green fluorescence signal while it is obvious in CPA+H>0: (pH 6.5), proving that a
large amount of intracellular NO was produced by the CPA nanocomposite reacting with H2O: in
the acidic microenvironment (Figure 4e and Figure S18a). The flow cytometer results display
markedly increased fluorescence intensity with CPA+H20,, which also confirms the large amount
of NO production (Figure 4f and Figure S18b). To explore the potential of the CPA formulation to
act as an imaging agent, allowing theranostics as well as treatment, the PA signal was explored for
the 30% Cu-doped CPA sample at different concentrations. As is revealed in Figure 4g, as the
concentration increased from 0 to 25 ug mL1, the PA signal is significantly enhanced, presenting a
positive linear relationship (Figure 4h). The PA signal of CPA is much stronger than that of the LDH

precursor at the same concentration, showing excellent PA performance after selenylation.
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Figure 4. (a) MTT assay results of HepG2 cells after incubation with CoCuFe-LDH and CPA
samples at various concentrations. (b) MTT results of HepG2 cells after incubation with

CoCuFe-LDH, CPA+H202, CP and CPA at various concentrations (without or with 808 nm laser
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irradiation at a power density of 1.0 W ¢cm™2 for 10 min). (c) Corresponding Calcein-AM/PI staining
images. The green and red fluorescence represents live and dead cells, respectively. (d) PI/Annexin
V-FITC double staining to determine the extent of HepG2 cells apoptosis after different treatments.
(e) HepG2 cells stained with the NO fluorescence probe DAF-FM DA after being treated with blank,
CPA, CPA+H>02, and CPA+H20O2+laser. The green fluorescence intensity represents the NO level.
(F) Corresponding fluorescence signal intensity as detected by flow cytometry. (g) PA images and (h)
PA intensity of CoCuFe-LDH and CPA aqueous suspensions with various concentrations. (i) In vivo
PA imaging of the tumor (highlighted by a red circle) at various time points after a mouse was
intravenously injected with CPA (dose = 10 mg kg™). (j) A 3D PA image of tumor at 8 h

post-injection, based on image reconstruction. Where shown, error bars denote + s.d. (n = 3).

3.4 In vivo anti-tumor therapy

Encouraged by the in vitro results, the in vivo therapeutic efficacy was evaluated in HepG2
tumor-bearing mice via intravenous (i.v.) injections (200 pL, 10 mg kg™). We first assessed the PA
performance of CPA in the HepG2 tumor-bearing model (n=3 mice/group). No PA signal is found in
the tumor area (Figure 4i, red circle) before injection, but 4 h after i.v. injection a clearly
distinguishable PA signal begins to appear and peaks after 8 h. The PA signal then decreases rapidly
and becomes undetectable 24 h post-injection. Figure 4j gives a 3D PA image 8 h after i.v. injection,
indicating a distinct accumulation of CPA.

Subsequently, the mice were randomly divided into five groups: (1) PBS+NIR (control group),
(2) LDH+NIR, (3) CPA (GT alone), (4) CP (PTT alone), (5) CPA+NIR (PTT/GT). 8 h after the i.v
administration of 200 pL of sample (10 mg kg™?), the mice were anesthetized and exposed to 808

nm NIR laser (1.0 W cm™, 7 min). In vivo photothermal images to visualize temperature changes
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were recorded using an IR thermal camera (Figure 5a). The tumor site temperature of the mice
injected with CPA reaches 56.2 °C over the 7 min irradiation, while the groups injected with PBS
and LDH show a reduced temperature increase to 38.6 °C and 43.8 °C, respectively.

To quantitatively evaluate the therapeutic effects, the tumor volume was recorded every other
day over 16 days of treatment (Figure 5b and c). The PBS group with irradiation exhibits rapid
tumor growth, while the LDH+NIR and CPA groups show slight inhibition. In the CP+NIR group,
the tumor is suppressed to a certain extent. Impressively, the tumor is completely ablated in the
CPA+NIR group during the experimental period. In addition, in the CPA + NIR group, rapid wound
healing at the treatment site was also found during the treatment, which may be attributed to that
NO can promote the production of various growth factors [62]. And the rapid healing of the wound
will further prevent the recurrence of the tumor caused by inflammation [63]. The excellent
antitumor effect of CPA plus irradiation can be seen both from digital photos (Figure 5b) and
volume curves (Figure 5¢). The tumor tissue slices collected from the five treatment groups were
stained with hematoxylin and eosin (H&E) (Figure 5d). \Very clear necrosis of HepG2 cells is
observed in the CPA+NIR group, while the PBS+NIR group maintains a normal cell morphology
and the LDH+NIR, CP+NIR and CPA groups show partial necrosis.

The Co concentrations in the major organs and tumor sites were measured by inductively
coupled plasma-mass spectrometry (ICP-MS) to investigate the accumulation and metabolism of
CPA nanocomposite in vivo (Figure 5e). A high level of Co element accumulates in the tumor site at
2~8 h post injection as a result of the enhanced permeability and retention (EPR) effect.
Simultaneously, the Co content in lung, liver and spleen reached a high level firstly and then
decreased to a very low level at 48 h. The fast decrease of Co content in these organs indicates the

easy elimination of CPA [64]. Moreover, after 30 d, the levels of Co element in all the measured
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organs and tissues become very low, demonstrating that CPA could be metabolized almost
completely from the mice body. Furthermore, no obvious change in body weight is seen throughout
the experimental period (Figure 5f), indicating that all these treatments had negligible side effects.
No significant difference between the H&E staining images of the major organs (heart, liver, spleen,
lung, kidney; Figure 5g) are observed with the CPA and PBS groups. After the mice were treated
with CPA nanocomposite, their blood biochemistry indices (WBC, RBC, PLT and HGB) and levels
of AST, ALT, BUN and CRE (liver and kidney function indices) show no difference to those of
healthy mice, proving negligible side effects of CPA administration (Figure S19) and confirming
good biocompatibility in vivo.

To probe into the in vivo effect of CPA in more detail, an in situ tumor model was developed
using 4T1 tumor cells labelled with firefly luciferase. Bioluminescence imaging was used to
investigate the antitumor performance of CPA through the specific binding of firefly luciferase and
fluorescein. This allows rapid, sensitive and noninvasive in vivo detection as well as quantitative
analysis of tumor growth and metastasis [65-68]. The results are displayed in Figure 5h. The tumors
grow rapidly in the PBS control group, but are partly suppressed in the LDH+NIR and CPA groups.
In contrast, an obvious decrease in tumor size is observed in the CP+NIR group. More excitingly, in
the group treated with CPA and NIR irradiation, the tumors are completely destroyed or became
atrophied. All these results confirm that the CPA nanocomposite has excellent synergistic PTT/GT

performance and potential clinical applications.
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Figure 5. In vivo data of mice i.v. injected with PBS, CoCuFe-LDH and CPA with 7 min irradiation

applied at 8 h post-injection. (a) Photothermal imaging. (b) Digital photographs of mice recorded

every other day over 16 days after various treatments. (c) Tumor growth curves (**p < 0.01). (d)

Tumor tissue slices stained with H&E after 16 days of treatment. (e) Time-dependent distribution of

CPA in various organs determined by Co concentration (*p < 0.05, **p < 0.01, ***p < 0.001). (f)

Body weight of mice measured every other day. (g) Histological images of major organs treated

with PBS and CPA, collected on day 16. (h) Bioluminescence imaging of 4T1-fluc-tumor-bearing

mice intravenously injected with PBS, CoCuFe-LDH, CP and CPA without or with NIR laser

irradiation for 7 min. Images were taken at day 0, 2, 4, 8, 12, and 16, respectively. Error bars stand

for £ s.d. (n=6).
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4. Conclusions

An ultrathin chalcogenide nanocomposite was prepared via the facile topotactic structural
transformation of a precursor CoCuFe-LDH and subsequent surface modification by PVP and
L-Arg. The resultant CPA nanocomposite can be used as a novel nanoplatform both for synergistic
PTT/GT of tumors and PA imaging. The CPA nanocomposite exhibited a photothermal conversion
efficiency of 72.0% and 81.0% at pH 7.4 and 5.4, respectively. These photothermal properties
allowed PA imaging to be used to provide noninvasive real-time information on CPA distribution in
vivo. Moreover, the H2O»-rich and acidic tumor microenvironment could trigger the oxidization of
L-Arg for effective NO generation and targeted GT. In vitro and in vivo investigations respectively
demonstrated 91.8% apoptosis of HepG2 cells and complete tumor elimination by a synergistic
PTT/GT treatment with CPA and 808 nm irradiation. Therefore, this work provides a robust route to
construct ultrathin Cu-containing chalcogenides with highly potent photothermal properties coupled
with tumor-specific GT, and thus could serve as a useful system for future clinical cancer

theranostics.
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Cu-loaded CoCuFe-selenide (CCFS) are synthesized via an in situ selenylation treatment of
ultrathin CoCuFe-LDH precursors, followed by surface modification with polyvinyl pyrrolidone
(PVP) and L-arginine (L-Arg). The as-prepared CCFS-PVP-L-Arg (CPA) nanocomposite exhibits
excellent performance in photoacoustic (PA) imaging and synergistic photothermal and gas therapy

(PTT/GT), which holds great promise for future clinical cancer theranostics.
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