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ABSTRACT

Combining photodynamic therapy (PDT) with chemodynamic therapy (CDT) has been proven to be a promis-
ing strategy to improve the treatment efficiency of cancer, because of the synergistic therapeutic effect arising
between the two modalities. Herein, we report an inorganic nanoagent based on ternary NiCoTi-layered double
hydroxide (NiCoTi-LDH) nanosheets to realize highly efficient photodynamic/chemodynamic synergistic therapy.
The NiCoTi-LDH nanosheets exhibit oxygen vacancy-promoted electron-hole separation and photogenerated hole-
induced O,-independent reactive oxygen species (ROS) generation under acidic circumstances, realizing in situ
pH-responsive PDT. Moreover, due to the effective conversion between Co®+ and Co?* caused by photogenerated
electrons, the NiCoTi-LDH nanosheets catalyze the release of hydroxyl radicals (¢OH) from H,0, through Fenton
reactions, resulting in CDT. Laser irradiation enhances the catalyzed ability of the NiCoTi-LDH nanosheets to pro-
mote the ROS generation, resulting in a better performance than TiO, nanoparticles at pH 6.5. In vitro and in vivo
experimental results show conclusively that NiCoTi-LDH nanosheets plus irradiation lead to efficient cell apop-
tosis and significant inhibition of tumor growth. This study reports a new pH-responsive inorganic nanoagent
with oxygen vacancy-promoted photodynamic/chemodynamic synergistic performance, offering a potentially
appealing clinical strategy for selective tumor elimination.

1. Introduction

tic methods. Photodynamic therapy (PDT) is another kind of reactive
oxygen species (ROS)-based therapeutic modality with high selectivity

Chemodynamic therapy (CDT) is an emerging therapeutic modal-
ity for the treatment of cancer. Interest in CDT has bloomed in recent
years owning to its minimal invasiveness, tumor-specificity and mini-
mal side effects [1-3]. CDT uses Fenton or Fenton-like reactions to gen-
erate highly oxidative hydroxyl radicals (¢OH) from endogenous hydro-
gen peroxide (H,0,), thereby inducing cancer cell apoptosis or necro-
sis [4-6]. Regrettably, the curative effect of CDT is hampered by the
low efficiency of the Fenton reaction [7,8]. To realize the desired anti-
tumor effect, CDT usually needs to be combined with other therapeu-
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and spatiotemporal accuracy, and which is not susceptible to the emer-
gence of drug resistance [9,10]. PDT adopts light-excited photosensi-
tizers (PSs) to generate ROS including -OH, superoxide radicals (-O57)
and singlet oxygen (10,) [11,12]. It has been reported that ultravio-
let (UV)/visible laser irradiation can improve «OH generation efficiency
in Fenton reactions to enhance the antitumor effect of CDT [13-15].
For example, the Fenton reaction catalyzed by biotite nanosheets could
be significantly enhanced under 650 nm light irradiation [16]. There-
fore, the combination of CDT and PDT has proven to be a promising
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Scheme 1. Schematic illustration of pH-responsive PDT/CDT synergistic treatment in the presence of NiCoTi-LDH.

strategy to realize enhanced anticancer performance. However, most
of the reported nanoagents for CDT/PDT synergistic therapy involve
complex designs or incorporation of PSs and Fenton agents, such as
manganese ferrite nanoparticle-anchored mesoporous silica nanoparti-
cles loaded with chlorin e6 [17], Cu®*-graphitic carbon nitride (g-C5N4)
nanosheets [18], and NaYF,:Yb3*,Tm3* @mSiO,-Ru®*/Fe?* nanoplat-
form [19]. Therefore, achieving synergistic CDT/PDT in a single smart
nanoagent remains a formidable challenge.

Because of their diverse chemical composition, easy preparation,
excellent stability and biocompatibility, two-dimensional (2D) layered
double hydroxides (LDHs) have been demonstrated to be promising
nanoagents in biomedical fields including drug delivery, bioimaging
and cancer therapy [20-23]. For example, ultrathin Gd-doped MgAl-
LDH nanosheets can be used as a carrier to co-load with doxorubicin
and indocyanine green for fluorescence/magnetic resonance imaging
guided cancer therapy [24]. CoFe-LDH and CuFe-LDH nanosheets can
trigger the Fenton reaction to realize CDT by exploiting the abundant
H,0, in cancer cells and converting this into -OH within the tumor mi-
croenvironment [25,26]. Moreover, isophthalic acid-intercalated ZnAl-
LDHs with a high 10, quantum yield can be adopted as a compos-
ite PS for PDT [27]. Despite the fact that 2D LDHs have been used
as the Fenton agents for high-efficiency CDT, or as the host to load
with organic PSs for enhanced PDT, no one has reported the direct
utilization of 2D LDH nanosheets themselves for CDT/PDT synergistic
therapy.

Herein, we report a new nanoagent based on ternary NiCoTi-LDH
which can provide pH-responsive and high-efficient CDT/PDT synergis-
tic therapy (Scheme 1). Specifically, a large number of oxygen vacancies
(OVs) on NiCoTi-LDH nanosheets could be produced in acidic circum-
stances. The OVs on NiCoTi-LDH nanosheets caused by corrosion can
facilitate the effective separation of electron-hole pairs. To this end, the
NiCoTi-LDH nanosheets can be used as a PS for in situ pH-responsive
PDT since they exhibit OV-promoted electron-hole separation and pho-
togenerated hole-induced O,-independent ROS generation under acidic
circumstances. Importantly, because of the photogenerated electron-
induced effective conversion between Co3t and Co?*, the NiCoTi-LDH

nanosheets can also catalyze the H,0, to generate highly toxic «OH
through the Fenton reaction. Note that laser irradiation increases the
ability of the NiCoTi-LDH nanosheets to catalyze ROS generation un-
der acidic conditions and the performance is better than that of TiO,
nanoparticles at pH 6.5. In vitro and in vivo tests proved conclusively that
the NiCoTi-LDH nanosheets plus irradiation lead to efficient cell apop-
tosis and significant inhibition of tumor growth through the CDT/PDT
synergistic therapy. This study reports a new pH-responsive inorganic
nanoagent with OV-promoted synergistic CDT/PDT performance, offer-
ing a potentially appealing strategy for design of highly efficient multi-
functional biomedical nanoagents.

2. Results and discussion

Ternary NiCoTi-LDH nanosheets were synthesized by a low-
temperature wet-chemical synthesis method on the basis of a previously
reported approach with slight modifications (see Experimental Section
in the Supporting Information) [24]. As shown in Fig. 1a, the trans-
mission electron microscope (TEM) image reveals discrete NiCoTi-LDH
nanosheets with a size of 50-80 nm. High-resolution TEM (HRTEM)
image of a typical NiCoTi-LDH nanosheet shows a continuous lattice
fringe and measured lattice distance of ~ 0.151 nm (inset of Fig. 1a),
corresponding to the (110) plane of NiCoTi-LDH. The elemental com-
position of the nanosheets was characterized by energy dispersive spec-
troscopic (EDS) element mapping (Fig. 1b). This confirms the presence
of Ni, Co, Ti and O and their homogenous distribution through the en-
tire nanosheet. The thickness of the nanosheets was characterized by
atomic force microscopy (AFM) and found to be 2.5-4.5 nm (Fig. 1c).
According to the X-ray powder diffraction (XRD) pattern in Fig. 1d, all
the characteristic diffraction peaks are well matched with the reference
[28], confirming its crystal structure. Dynamic light scattering (DLS)
shows that the hydrodynamic diameters of NiCoTi-LDH nanosheets are
83.4 + 3.8 nm, 85.5 + 4.3 nm, and 94.2 + 5.0 nm in water, culture
medium and phosphate buffer saline (PBS), respectively (Fig. 1e). There
is no significant change in hydrodynamic dimension over one week,
demonstrating that the colloid has a good stability (Fig. 1f). Digital
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Fig. 1. Characterization of the NiCoTi-LDH nanosheets. (a) HRTEM image. (b) EDX mapping. (c) AFM image. (d) XRD patterns of NiCoTi-LDH nanosheets. (e)
Size distribution of NiCoTi-LDH nanosheets in water, PBS and DMEM culture medium, respectively. (f) Stability tests in water, PBS and DMEM showing the particle
sizes over 7 days. Data shown as mean + s.d. (n = 3). (Insets show digital photographs of NiCoTi-LDH nanosheets dispersed in DMEM on day 1 and 7). (g) Ni 2p, (h)

Co 2p and (i) Ti 2p XPS spectra of NiCoTi-LDH nanosheets at pH 7.4, 6.5, and 5.4.

photographs of NiCoTi-LDH nanosheets dispersed in high glucose Dul-
becco’s modified Eagles medium (DMEM), water and PBS are displayed
in the inset in Fig. 1f and Fig. S1, respectively. X-ray photoelectron spec-
troscopy (XPS) was employed to confirm the valence state of Ni, Co and
Ti in the nanosheets. The Ni 2p, Co 2p, O 1 s, and Ti 2p peaks are all
found in the survey spectra (Fig. S2). Characteristic peaks with binding
energies (BEs) at 855.65 eV and 873.21 eV in the high-resolution spec-
trum (Fig. 1g, pH 7.4) are assigned to Ni2* 2pg,, and 2p, , [29], and
the peaks at 781.18 eV (2p3,,), 785.84 eV (2p;,, satellite), 796.81 eV
(2p;») and 802.27 eV (2p, , satellite) are attributed to Co?* (Fig. 1h,
pH 7.4) [30]. In the Ti 2p spectrum, two main peaks are observed at
458.10 eV (2p3,,) and 463.60 eV (2p;,,) (Fig. 1i, pH 7.4) [31], con-
firming the presence of Ti** in the NiCoTi-LDH nanosheets.

The absorption spectrum of the NiCoTi-LDH nanosheets was mea-
sured by an ultraviolet-visible-near-infrared (UV-vis-NIR) diffuse re-
flection spectrophotometer. The NiCoTi-LDH nanosheets show a broad
and strong absorption in the range of 500 to 700 nm (Fig. S3a). Such
result suggests that the NiCoTi-LDH nanosheets have the potential to
be excited by visible light (650 nm). The photodynamic properties of
NiCoTi-LDH nanosheets under 650 nm laser irradiation were studied
by using 1,3-diphenylisobenzofuran (DPBF) as a detector (absorption
band: 410 nm) and the traditional inorganic type I PS TiO, as a com-

parison [32]. As shown in Fig. S4, a gentle decline in the absorbance
of the DPBF solution (6.3%) is observed upon 650 nm laser irradiation
(100 mW cm™2, 6 min) owing to its self-decomposition. The presence
of NiCoTi-LDH nanosheets (pH 7.4) and TiO, accelerated this process
with a decreased absorbance of 17.4% and 40.6%, respectively. In the
case of NiCoTi-LDH nanosheets at pH 6.5, a decrease of 68.7% in ab-
sorbance is observed within 6 min. It is therefore concluded that the
ROS generation ability of NiCoTi-LDH nanosheets under acidic condi-
tions is stronger than that of TiO, and NiCoTi-LDH nanosheets in a neu-
tral environment, indicating a strong pH-responsive PDT performance.

To further explore ROS generation by NiCoTi-LDH nanosheets, elec-
tron spin resonance (ESR) spectroscopy was applied using 5,5-dimethyl-
1-pyrroline N-oxide (DMPO) as a spin probe for the detection of -OH
[33,34]. In Fig. 2a, obvious ‘OH signals are observed when the NiCoTi-
LDH suspension was in mildly acidic conditions (pH 6.5 and 5.4) un-
der 650 nm laser irradiation (100 mW cm2, 10 min). Comparatively,
almost no signal is found in identical measurement conditions at neu-
tral pH (pH 7.4), confirming the pH-responsive PDT performance of
NiCoTi-LDH nanosheets. As shown in Fig. 2b, with the introduction
of Hy,0,, NiCoTi-LDH nanosheets at both pH 6.5 and 5.4 generated a
considerable amount of ‘OH while almost no -OH signal was detected
at pH 7.4, indicating the acid-enhanced CDT performance. Moreover,
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Fig. 2. ROS evaluation and fine-structure characterizations of the NiCoTi-LDH nanosheets. ESR spectra of DMPO/-OH for NiCoTi-LDH nanosheets (a) under
650 nm laser irradiation (100 mW cm2, 10 min) in buffers with various pH values, (b) with H,0, in buffers with various pH values, (c) with H,0, under laser
irradiation. (d-f) Lattice fringes of NiCoTi-LDH nanosheets at pH 7.4, 6.5 and 5.4, respectively (the white dashed circles indicate lattice defects). (g) Fourier-transform
Co K-edge EXAFS spectra of NiCoTi-LDH nanosheets (at pH 7.4, 6.5 and 5.4) and Co references. (h) Normalized Ti K-edge XANES spectra and (i) Fourier-transform
Ti K-edge EXAFS spectra of NiCoTi-LDH nanosheets (at pH 7.4, 6.5 and 5.4) and Ti references.

the synergetic PDT/CDT performance of NiCoTi-LDH nanosheets was
investigated. In mildly acidic conditions (pH 6.5 and 5.4), NiCoTi-LDH
nanosheets co-existing with H,O, displayed a significantly enhanced
-OH signal after laser irradiation compared with NiCoTi-LDH plus laser
irradiation or H,O, (Fig. 2c). All the above results illuminate the excel-
lent ROS generation capability of NiCoTi-LDH nanosheets under acidic
conditions and its potential in synergistic PDT/CDT. Considering that
*OH can react with terephthalic acid (TA) to produce fluorescent 2-
hydroxyterephthalic acid [35], we further utilized TA as a probe to de-
tect «OH generated under the above conditions (Fig. S5), and the results
are consistent with the ESR results.

To verify the reaction between NiCoTi-LDH and H,0,, XPS was ap-
plied to study the change in chemical state of Co after Fenton reaction.
As shown in the Co 2p spectrum (Fig. S6a), four main peaks at 781.1 eV
(Co®* 2p5), 782.2 €V (Co* 2ps ), 796.1 eV (Co®* 2p; 5) and 797.5 eV
(Co2t 2p;,5) as well as two satellite peaks (787.5 eV and 803.0 eV)
are observed, indicating that some Co?* was oxidized to Co%* in the
presence of H,0, with a Co?*/Co3* ratio ~ 0.855 [36]. Subsequently,
the reaction between NiCoTi-LDH and H,0, under laser irradiation was
also investigated and the molar ratio of Co®*/Co%* is found to be 1.261
(Fig. S6b). The above results reveal that the photoelectrons generated
by NiCoTi-LDH nanosheets under photoexcitation accelerate the conver-

sion of Co®* to Co®*. The consumption of H,O, in the Fenton reaction
without/with laser was evaluated through the formation of yellow ti-
tanium peroxide complex (Ti022+) from titanic sulfate (Ti(SO,4),) (Fig.
S7a and S7b) [37]. Compared with a control experiment without laser
irradiation, NiCoTi-LDH consumed more H,0, at pH 7.4, 6.5 and 5.4
when the laser was applied (Fig. S7c and S7d), implying a photoelectron-
promoted Fenton reaction.

To explore the structure changes induced by different pH conditions,
the NiCoTi-LDH nanosheets were characterized by HRTEM, ESR, XPS,
Raman spectra, X-ray absorption near-edge structure (XANES) spec-
tra and UV-vis-NIR spectroscopy. HRTEM images of the (110) lattice
plane of NiCoTi-LDH were first characterized. After the nanosheets were
treated with sodium acetate buffer for 0.5 h, few OVs are seen at pH 7.4
(Fig. 2d). In contrast, many OVs are found at pH 6.5 (Fig. 2e) and 5.4
(Fig. 2f), demonstrating that the weak acid environment etched the sur-
face of NiCoTi-LDH nanosheets and caused abundant OVs. As shown
in Fig. S8, the size of the NiCoTi-LDH nanosheets etched at pH 6.5 is
slightly smaller than that at pH 6.5 (Fig. 1a), and the size becomes
more smaller after the treatment of pH 5.4. Such results reveal that the
NiCoTi-LDH nanosheets will be partially etched from the edges at the
acidic conditions in addition to the generation of OVs. ESR spectra show
a markedly stronger signal at G = 2.002 at pH 5.4 and 6.5 than at pH
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7.4 (Fig. S9), indicating that defects are generated through acid etching
[38,39]. The XPS analysis of NiCoTi-LDH nanosheets at pH 7.4, 6.5 and
5.4 is presented in Fig. 1g-i and S10. In Fig. 1g, the XPS Ni 2p spec-
tra at pH 6.5 and 5.4 show four peaks at 855.86, 873.60, 857.34 and
875.82 eV, which can be attributed to Ni2* 2p3 5, Ni%* 2p; /5, Ni3* 2p3 5,
Ni®* 2p, ,,, respectively, proving the generation of Ni** at pH 6.5 and
5.4 compared to pH 7.4 [40]. Similarly, the Co 2p spectra at pH 6.5
and 5.4 show four peaks at 782.80 eV (Co?* 2ps5), 798.36 eV (Co*
2p1,5), 781.21 eV (Co®* 2p;,,) and 796.85 eV (Co®* 2p, ,»), indicating
the generation of Co®* (Fig. 1h) [42]. In the Ti 2p spectra (Fig. 1i), at pH
6.5 and 5.4 characteristic peaks are located at 458.21 eV (Ti3* 2P3/2),
463.69 eV (Ti3* 2p; ), 458.90 eV (Ti** 2p;,,) and 464.63 eV (Ti**
2p; ), demonstrating the coexistence of Ti®* and Ti** [40]. The O 1 s
spectra indicate the existence of different oxygen species in NiCoTi-LDH
nanosheets (Fig. S10). Compared with the binding energies located at
530.84 eV (O;: lattice oxygen) and 532.35 eV (Og: adsorbed oxygen)
visible for the NiCoTi-LDH nanosheets at pH 7.4, a peak at 531.36 eV
indicates the presence of extensive OVs at pH 6.5 and 5.4. Therefore,
in an acid environment, OVs and changes in the valence states of Ni,
Co, and Ti are induced. Raman spectra further confirmed the existence
of OVs in NiCoTi-LDH nanosheets exposed to an acid environment (see
Fig. S11). The spectra exhibit a non-symmetric peak at ~510 cm™ (Ni-O
stretching) and ~496 em™ (Ti-O torsional vibrations). These peak in-
tensities are lower at pH 6.5 and 5.4 than at pH 7.4, suggesting the
formation of OVs in the NiCoTi-LDH nanosheets.

XANES spectra (Figs. 2g-i and S12) were also carried out to reveal the
structural information of NiCoTi-LDH nanosheets and the corresponding
change of coordination environment under acidic conditions. As shown
in Fig. 2g, the Fourier transformed (FT) k (k) Co K-edge EXAFS curves
reveal a structural change in the coordination environment of Co atoms.
Two main peaks at 1.6 and 2.8 A are observed, corresponding to the
nearest Co-OOH and next nearest Co-~Co coordination, respectively. The
peaks intensity of Co-Co coordination in NiCoTi-LDH at pH 6.5 and 5.4
is lower than that at pH 7.4, suggesting the formation of coordinatively
unsaturated CoOg_, octahedra with OVs under acidic conditions [41].
Fig. 2h illustrates the normalized Ti K-edge XANES spectra. The spectra
are defined in two portions: the pre-edge region and post-edge region,
with a white line peak at ~4987 eV [42,43]. Compared with anatase,
the disappearance of three peaks (denoted as by, by, and b;, within
4993-5006 eV) is attributed to the formation of distorted Ti-O octahe-
dra related to OVs. Three pre-peaks (labeled as a;, a,, az) were also
investigated. The a, pre-peak at pH 7.4, 6.5 and 5.4 strengthened and
shifted to lower energy, demonstrating the presence of low-coordination
number Ti species (from 6 to 5 coordination) [44]. The FT spectra pre-
sented in Fig. 2i indicates that the Ti-O coordination peak intensity at
pH 6.5 and 5.4 is lower than that at pH 7.4, proving the pH-responsive
generation of OVs.

The band structure of the NiCoTi-LDH nanosheets was determined
by UV-vis-NIR diffuse reflectance spectra (see Fig. S3). The bandgaps
(Eg) at pH 7.4, 6.5 and 5.4 are calculated to be 2.38 eV, 1.88 eV, and
1.62 eV, respectively, which means that the generation of OVs decreases
the E,. This explains why the NiCoTi-LDH nanosheets at pH 6.5 and 5.4
can be effectively excited by visible light (650 nm) to exert a PDT per-
formance. The photoluminescence properties were recorded (Fig. S13)
to elucidate the recombination of photogenerated charges, which in-
directly reveals the transfer and separation efficiency of electron-hole
pairs [45]. The peak intensity of NiCoTi-LDH nanosheets at pH 6.5 and
5.4 is obviously weaker than that at pH 7.4, indicating inhibited recom-
bination efficiency of photogenerated charges after the generation of
OVs under acidic conditions.

Inspired by the results discussed above, we explored the anticancer
effect of NiCoTi-LDH nanosheets in vitro. Prior to this, HeLa cells (human
cervical cancer cells) incubated with NiCoTi-LDH nanosheets labeled
with Cy5.5 dye were imaged using a fluorescence microscope (Fig. 3a).
Obvious fluorescence intensity inside the HeLa cells was observed af-
ter incubation for 12 h, demonstrating the cellular uptake of the LDH

[m5GeSdc;June 18, 2022;10:20]

Fundamental Research xxx (xxxx) xxx

nanosheets. The mechanism of LDH uptake could be explained as that
LDH nanosheets were internalized by HeLa cells via clathrin-mediated
endocytosis, and then delivered into cytoplasm via endosomal escape
[46]. The in vitro biocompatibility of NiCoTi-LDH nanosheets was then
tested on two kinds of cancerous cells (HeLa and HepG2: human hep-
atoma carcinoma cell) and two kinds of normal healthy cells (Cos-7:
African green monkey kidney fibroblasts and MREpiC: mouse renal ep-
ithelial cells) via the standard methyl thiazolyl tetrazolium (MTT) as-
say as well as by calcein acetoxymethyl ester and propidium iodide
(Calcein-AM/PI) staining [47]. The results indicate that the NiCoTi-LDH
nanosheets exhibit nontoxic behavior to these cells even at a high con-
centration of 100 yg mL! (Fig. S14).

In vitro cytotoxicity induced by NiCoTi-LDH nanosheets was inves-
tigated in normoxia (21% O,) and hypoxia (1% O,). The viability of
HelLa cells after different treatments under hypoxia (Fig. 3b and 3c) is
similar to that under normoxia (Fig. S15). However, in hypoxia condi-
tions with the addition of H,O, (100 uM), HeLa cells incubated with
NiCoTi-LDH nanosheets (30 ug mL71) exhibit much lower viability at
PH 6.5 (69.0 + 3.7%) than at pH 7.4 (92.1 + 2.6%), demonstrating the
pH-responsive CDT performance. The viability of HeLa cells treated with
NiCoTi-LDH nanosheets and exposed to laser irradiation (100 mW cm2,
10 min) is found to be 43.1 + 4.1% (pH 6.5) vs 84.8 + 3.6% (pH 7.4),
suggesting the LDH to provide pH-responsive PDT performance. Subse-
quently, the synergetic PDT/CDT efficiency of NiCoTi-LDH nanosheets
was investigated. HeLa cells treated with NiCoTi-LDH nanosheets are
very efficiently killed under irradiation in the presence of H,O,. The
viabilities are found to be 72.4 + 2.1% and 8.1 + 1.7% at pH 7.4 and
PH 6.5, respectively, demonstrating a synergistic PDT/CDT performance
of NiCoTi-LDH under hypoxic acid conditions with irradiation. Calcein-
AM/PI staining was applied to visualize the distribution of living and
dead cells under hypoxia. As shown in Fig. 3d, at pH 6.5 in the presence
of Hy,O, the LDH nanosheets cause the maximum cell death, consistent
with the MTT assay results.

In vitro ROS generation under hypoxia was further evaluated by in-
troducing 2’, 7’-dichlorodihydrofluorescein diacetate (DCFH-DA) as a
ROS fluorescent probe [48]. As illustrated in Fig. 3e, almost no fluores-
cence is observed in confocal laser scanning microscopy (CLSM) images
of NiCoTi-LDH-treated HeLa cells at pH 7.4 and pH 6.5. The fluores-
cence signal with H,0, at pH 6.5 is stronger than that at pH 7.4. Under
irradiation (100 mW cm, 10 min), stronger green fluorescence is ob-
servable at pH 6.5 than at pH 7.4. For H,0, and NiCoTi-LDH nanosheets
co-treated HeLa also exposed to laser irradiation, the green fluorescence
is the strongest at pH 6.5, confirming of pH-responsive PDT/CDT. Corre-
sponding intracellular fluorescence-intensity profiles were collected and
quantified in Fig. S16a, b.

As cell death is often accompanied by intracellular organelle dis-
ruption, the damage caused by PDT, CDT and PDT/CDT on lyso-
somes and mitochondria was investigated under hypoxia. Acridine or-
ange (AO) was adopted as a lysosomal integrity indicator to mon-
itor the lysosomal membrane permeabilization (LMP) of HeLa cells
[26] (Fig. 3f). The orange fluorescence signal in the cytoplasm in-
creases gradually after the treatment with CDT (NiCoTi-LDH plus
H,0,), PDT (NiCoTi-LDH plus laser), and synergistic PDT/CDT (NiCoTi-
LDH plus H,0, and laser) respectively, indicating LMP-triggered re-
lease of lysosomal content into the cytoplasm. In the PDT/CDT
group, the fluorescence signal is the strongest and the nuclear mor-
phology is significantly diminished and atrophied, indicating ROS-
mediated lysosome destruction. Subsequently, we assessed the mi-
tochondrial dysfunction by using the 5,5%,6,6’-tetrachloro-1,1"-3,3’-
tetraethyl-benzimidazolylcarbocyanine iodide (JC-1) probe to reflect
the changes of mitochondrial membrane potential (MMP) [49] (Fig. 3g).
A gradual decrease in MMP is observed in CDT-, PDT-, and PDT/CDT-
treated cells, as indicated by the decreased red/green fluorescence ra-
tio of JC-1. The collapse of MMP is most pronounced in PDT/CDT
group, demonstrating ROS-mediated mitochondrial membrane depolar-
ization. The synergistic PDT/CDT anticancer efficacy of the NiCoTi-LDH



JID: FMRE

T. Hu, Z. Zhou, J. Zha et al.

Q
I
<]
53
-
@
@
2

[m5GeSdc;June 18, 2022;10:20]

Fundamental Research xxx (xxxx) xxx

Cy5.5 S pH=7.4 C 146 pH=6.5
W LDH LDH+H,0, EmLDH LDH+H,0,

° 120 [ LDH+L EEILDH+H,0,+L 1201 EELDH+L EELDH+H,0,+L
. —_— —_—
< 100 1001
5 =100 il WEL Rl L =
© Z 8o i 4 | £ so-

g g

< 604 £ 604
5 3 3
o) 40 3 40
—.j o
0 20 20
3 0
o

7.4 Q

pH=

7.4 ® pH=6.5

pH=

pH=6.5

T 04

30

30 0.1

0.5 5 10
Concentration (pug/mL)
LDH

0.5 10
Concentration (ug/mL)
LDH + L LDH+H,0,+L

LDH + H,0,

=6.5 —h

Monomers Aggregates‘-Q pH

Merge

Fig. 3. Invitro therapeutic effect of the NiCoTi-LDH nanosheets with Hela cells. (a) Fluorescence images of HeLa cells treated by NiCoTi-LDH nanosheets (30 ug
mL1). In vitro cytotoxicity profiles of cells incubated with NiCoTi-LDH nanosheets under hypoxic (b) neutral (pH 7.4) and (c) acidic (pH 6.5) conditions: (1) LDH,
(2) LDH + H,0, (100 uM), (3) LDH + 650 nm laser (100 mW cm for 10 min), (4) LDH + H,0, (100 4M) + 650 nm laser, and (d) corresponding Calcein-AM/PI
staining images. (e) ROS fluorescence probe DCFH-DA staining images of cells after incubation with NiCoTi-LDH nanosheets (30 xg mL!) in the same conditions as
MTT assays. (f) CLSM images of AO staining for lysosomal integrity after different treatments. (g) Mitochondrial membrane depolarization of cells incubated with
NiCoTi-LDH nanosheets under hypoxic acid (pH 6.5) conditions. Quantitative data shown as mean + s.d. (n = 3).

nanosheets was analyzed using a quantitative cell apoptosis assay (Fig.
$17). Cells were stained by Annexin V-FITC/PI, revealing that both PDT
and CDT led to early-stage apoptosis of HeLa cells. In the presence of
H,0,, cells incubated with NiCoTi-LDH nanosheets at pH 6.5 under ir-
radiation show almost complete apoptosis.

Encouraged by the promising in vitro results, in vivo experiments were
performed on female BALB/c nude mice. Firstly, the pharmacokinetics
of NiCoTi-LDH nanosheets was examined by measuring the Ni concen-
tration in the blood at different time points post-injection (5 mg kg™,
200 pL). As illustrated in Fig. 4a, the blood circulation of NiCoTi-LDH
follows a two-compartment model, with a half-life time of 1.16 + 0.16 h
in the distribution phase and 15.79 + 1.02 h in the elimination phase, in-
dicating an extended blood circulation time. To quantitatively measure
the biodistribution, HeLa tumor-bearing mice injected with NiCoTi-LDH
nanosheets were sacrificed at different time points, and their major or-
gans (heart, liver, spleen, lung, and kidney) and tumors were harvested.
After weighing and digestion, the content of Ni in the major organs and
tumors was determined by inductively coupled plasma-mass spectrom-
etry (ICP-AES). The results show that NiCoTi-LDH nanosheets could ac-
cumulate in the tumor. The maximum accumulation appeared at 12 h
post-injection, which is due to the enhanced permeability and retention
(EPR) effect (Fig. 4b).

PDT/CDT therapy based on NiCoTi-LDH nanosheets was investi-
gated through an in vivo tumoricidal experiment. 18 HeLa tumor-
bearing mice were randomly separated into 3 groups: (1) control group
(PBS + 650 nm laser), (2) CDT group (NiCoTi-LDH), and (3) PDT/CDT
group (NiCoTi-LDH + 650 nm laser). The mice in groups 1 and 3 were ex-

posed to a 650 nm laser (100 mW cm2, 10 min) at 12 h after intravenous
administration of PBS or NiCoTi-LDH nanosheets (5 mg kg1, 200 uL).
The tumor volume was monitored continuously over the following 16
days, and the corresponding tumor growth curves are shown in Fig. 4c.
The tumor volume of the mice in the PBS + laser group increases rapidly,
while in the NiCoTi-LDH group growth is somewhat suppressed, indicat-
ing the anti-tumor effect of CDT treatment. However, the tumor growth
in the NiCoTi-LDH + laser group is inhibited much more completely, in-
dicating a very strong PDT/CDT synergistic effect from the NiCoTi-LDH
nanosheets. These results were validated by digital photos of the mice
(Fig. 4d) and the excised tumors (Fig. 4e).

We utilized the standard droethidium (DHE) staining assay to deter-
mine the ROS production efficacy of PDT/CDT ex vivo [50] (see Fig. 4f).
No obvious red fluorescence is observed in the PBS + laser group, but
some is visible in the NiCoTi-LDH group, confirming the LDH has no-
table CDT properties. The fluorescence intensity in the tumor slices of
NiCoTi-LDH + laser group is the strongest, implying that NiCoTi-LDH
nanosheets could generate significant amounts of ROS under laser irra-
diation. Hematoxylin and eosin (H&E) and terminal deoxynucleotidyl
transferase (TdT)-mediated deoxyuridine triphosphate (dUTP) nick end
labeling (TUNEL) staining were carried out to study the morphology
of the tumor tissues (Fig. 4g). Tumor tissues from mice treated with
NiCoTi-LDH + laser exhibit the most obvious necrosis compared with
the other two groups, consistent with Fig. 4d and 4e.

Finally, to aid the translation from laboratory bench to clinical appli-
cations, the toxicity of the NiCoTi-LDH nanosheets in vivo was evaluated.
Bodyweight changes in all mice were negligible during the 16-day exper-
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Fig. 4. In vivo therapeutic effect of the NiCoTi-LDH nanosheets conducted on Hela tumor bearing mice. (a) Blood circulation time of the NiCoTi-LDH
nanosheets. (b) Quantitative biodistribution analysis of NiCoTi-LDH nanosheets in mice by measuring the Ni concentration at various time points post-injection.
Data shown as mean + s.d. (n = 3). (c¢) Tumor growth curves of mice given various treatments (*p < 0.05, **p < 0.01). Tumor sizes were normalized to their initial
sizes (n = 6 per group). Data shown as mean + s.d. (n = 6). (d) Representative photographs of mice at different time points and (e) corresponding images of tumors
taken on day 16. (f) DHE staining and (g) H&E and TUNEL staining assay of tumor tissue slices from different groups of mice after 16-d treatment: (1) PBS + 650 nm

laser, (2) NiCoTi-LDH, (3) NiCoTi-LDH + 650 nm laser. Scale bars are 100 ym.

iment (Fig. S18). After 1 and 16 d post-injection, routine blood examina-
tions were performed to measure the levels of key biomarkers and fur-
ther evaluate the in vivo biocompatibility of NiCoTi-LDH nanosheets. As
presented in Fig. S19, the blood biochemistry, liver and kidney function
markers in mice treated with NiCoTi-LDH nanosheets are all within the
normal range and similar to those in the control group, demonstrating no
evident toxicity of inflammation caused by the NiCoTi-LDH nanosheets.
The biocompatibility of the nanosheets was verified by H&E staining of
the major organs (Fig. S20); these show no changes after LDH treatment
compared to the control, confirming there to be no significant off-target
adverse effects of NiCoTi-LDH in vivo.

3. Conclusion

A novel inorganic nanoagent based on ternary NiCoTi-LDH
nanosheets has been prepared for the first time to realize pH-responsive
and highly efficient PDT/CDT synergistic therapy. The NiCoTi-LDH
nanosheets could generate electron-hole pairs under laser irradiation
to produce ‘OH, and their efficacy as PDT agents could be markedly in-
creased in an acid environment owing to OV-facilitated photoelectron-
hole pair separation. The separated photogenerated electrons could ac-
celerate the conversion between Co3+ and Co2*, enabling the NiCoTi-
LDH nanosheets to catalyze the disproportionation of H,0, into -OH at
the tumor site. The NiCoTi-LDH nanosheets can thus further act as a
CDT agent. The combination of OV-facilitated PDT and photoelectron-
promoted CDT led to a considerable amount of ROS generation and
consequently tumor-cell apoptosis and death. The in vivo therapeutic
results revealed that under laser irradiation, they led to a highly potent
tumor-suppression effect towards a HeLa tumor xenograft. This study
has proven that the NiCoTi-LDH nanosheets could trigger the production
of electron-hole pairs and accelerate the Fenton reaction in response to
the conditions in the tumor microenvironment, with exogenous laser ir-

radiation further inhibiting tumor growth. This study on pH-responsive
ternary NiCoTi-LDH nanosheets provides a promising example for tumor
treatment with enhanced effectiveness and specificity.
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