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a b s t r a c t 

The hypoxic nature of tumours limits the efficiency of oxygen-dependent photodynamic 

therapy (PDT). Hence, in this study, indocyanine green (ICG)-loaded lipid-coated zinc 

peroxide (ZnO 2 ) nanoparticles (ZnO 2 @Lip-ICG) was constructed to realize tumour 

microenvironment (TME)-responsive self-oxygen supply. Near infrared light irradiation 

(808 nm), the lipid outer layer of ICG acquires sufficient energy to produce heat, thereby 

elevating the localised temperature, which results in accelerated ZnO 2 release and apoptosis 

of tumour cells. The ZnO 2 rapidly generates O 2 in the TME (pH 6.5), which alleviates 

tumour hypoxia and then enhances the PDT effect of ICG. These results demonstrate that 

ZnO 2 @Lip-ICG NPs display good oxygen self-supported properties and outstanding PDT/PTT 

characteristics, and thus, achieve good tumour proliferation suppression. 

© 2022 Published by Elsevier B.V. on behalf of Shenyang Pharmaceutical University. 
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1. Introduction 

Nasopharyngeal carcinoma (NPC) is highly prevalent in South
China and seriously affects the quality of human health
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5–7] . Traditional cancer therapy has many limitations,
ncluding unsatisfactory bioavailability, drug resistance,
nd side effects such as myelosuppression, gastrointestinal 
eactions and auditory neurotoxicity. Notably, photodynamic 
herapy (PDT), as a highly efficacious alternative or 
upplement to routine cancer treatment, has several 
nique advantages, including non-invasiveness, remote 
patiotemporal control and facile application [8–10] . It 
ses light-activated photosensitisers to generate reactive 
xygen species (ROS) under infrared light irradiation at a 
pecific wavelength, thereby causing irreversible damage 
o tumour cells [11–14] . However, most of the available 
hotosensitisers are limited by target deficiency, short half- 

ife (T 1/2 ), easy aggregation and fluorescence self-quenching.
hese limitations seriously restrict the clinical application of 
hototherapy for cancer [ 11 ,15 ,16 ]. 

FDA-approved indocyanine green (ICG) is employed in 

arious biomedical applications, including cardiac output 
easurement [ 17 ,18 ], monitoring of liver and kidney function 

19–21] , and visceral surgery [22] . More importantly, ICG 

s well recognised as a photosensitiser and photothermal 
gent. It exhibits PDT and photothermal therapy (PTT) 
roperties under near infrared (NIR) laser irradiation [23–27] .

n view of this, ICG is considered to be one of the most 
fficacious drugs for cancer management. However, free 
CG strongly interacts with plasma proteins in the blood 

nd is rapidly cleared by the liver [ 28 ,29 ]. It also has several
ntrinsic shortcomings, including concentration-dependent 
ggregation, easy biodegradation, photo instability and 

 lack of tumour target specificity, limiting the further 
iomedical application of ICG [30] . To address these 

imitations, researchers have developed various methods 
o deliver ICG, including polymeric nanoparticles, liposomes,
ipid-polymer nanoparticles, inorganic particles, carbon 

anomaterials, bioconjugates and other formulations [31–36] .
mongst these, liposomes are a commonly used strategy 

or ICG delivery [ 37 ,38 ]. Thus, in this study, the intention 

as to add ICG to liposomes. Liposomes can circulate in 

he bloodstream for an extended period of time and can 

arget tumour via enhanced permeability and retention (EPR) 
ffect [39] . ICG can be physically integrated into the liposome 
embrane, preventing it from binding to plasma proteins 

nd reducing the occurrence of fluorescence self-quenching.
hus, the combination of ICG and liposomes can improve the 

umour targeting specificity of ICG, thereby greatly improving 
ts stability and PTT/PDT efficiency. 

It is worth mentioning that the therapeutic effect of 
CG is usually limited to the hypoxic feature of most 
olid tumours, due to the oxygen-dependent nature of 
hotodynamic therapy [40–42] . Many strategies that increase 
he oxygen supply, with the help of specifically designed 

xygen delivery vehicles, have been investigated to improve 
he PDT effect, including the Fenton reaction, hydrogen 

eroxide, and haemoglobin, amongst others [43–45] . Recently,
etal peroxide ( e.g., MgO 2 , CaO 2 , ZnO 2 )-based nanoplatform 

as been reported to generate O 2 and ROS in cancer 
ells for molecular dynamic therapy [ 46 ,47 ]. However, MgO 2 

nd CaO 2 are highly reactive and rapidly decomposes 
ven in the physiological environment (pH = 7.4), triggering 
he degradation of organic molecules, which limited their 
pplication as drug carrier. Compared to MgO 2 and CaO 2 , zinc 
eroxide (ZnO 2 ) is more stable at neutral pH but decomposes 
o H 2 O 2 and Zn 

2 + at a mildly acidic pH. Thus, it is quite suitable
or adoption as an O 2 generation platform combined with ICG 

o achieve high efficient PDT treatment of tumour [48] . 
In this study, a novel tumour microenvironment (TME)- 

esponsive self-oxygenated drug delivery system based on 

nO 2 nanoparticles (NPs) coated with ICG-loaded liposomes 
denoted as ZnO 2 @Lip-ICG) was constructed. As shown in 

cheme 1 , the ICG in the outer layer of the lipid gains sufficient
nergy to generate heat upon NIR light irradiation (808 nm),
hich raises the local temperature and releases ZnO 2 from 

he liposomes. The ZnO 2 NPs are stable under physiological 
onditions but highly reactive in a mildly acidic environment.
nO 2 rapidly generates O 2 in the TME (rich in H 

+ ), which 

lleviates tumour hypoxia. Meanwhile, the O 2 produced by 
nO 2 is further used by ICG, which "continuously" generates 
inglet oxygen under NIR irradiation to improve the efficacy of 
DT. In cooperation with the PTT property of ICG, ZnO 2 @Lip- 
CG could induce the apoptosis of tumour cells and thus 
chieve notable tumour suppression in vivo . 

. Materials and methods 

.1. Materials 

holesterol (Chol), soy lecithin, distearoyl-phosphatidyl- 
thanolamine (DSPE-PEG2000), 1, 3-diphenylisobenzofuran 

DPBF) and ICG were acquired from Sigma-Aldrich Inc. Foetal 
ovine serum (FBS), high-glucose DMEM and 0.25% Trypsin 

DTA were acquired from Gibco Life Technologies (AG,
SA). Penicillin-streptomycin was obtained from Hyclone 

USA). DAPI, Calcein-AM/PI double staining kit, RIPA lysis 
uffer and Cell counting kit-8 were acquired from Beyotime 
iotechnology (China). Lysotracker Green was purchased 

rom KeyGEN BioTech (China).Singlet Oxygen Sensor Green 

SOSG) was obtained from Invitrogen (NY, USA). The ROS 
etection kit (DCFH-DA) was purchased from Solarbio Life 
cience (China). Caspase-3 antibody, Caspase-9 antibody,
aspase-12 antibody and Bax antibody were purchased from 

roteintech. Various antibodies, including β-Actin, HSP 90,
IF-1 α and TUNEL were acquired from Servicebio. All animal 
rotocols were performed at the Huazhong University of 
cience and Technology. Four-week-old female nude mice 
nd Sprague Dawley (SD) rats (250 g) were purchased from 

uhan SHULAIBAO Biological Technology Co., Ltd. (China).
hey were maintained at the Laboratory Animal Centre of 

he Huazhong University of Science and Technology with 

tandard access to water and food. Animal experiments were 
pproved by the Experimental Animal Ethics Committee of 
ongji Medical College of Huazhong University of Science 
nd Technology (IACUC Number: 2510). The nude mice were 
reated with CNE-2 cells to construct CNE-2 tumour-bearing 

ice. Animals were sacrificed for further analysis once a 
umour maximum diameter of 20 mm was reached. 
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Scheme 1 – Synthesis process of ZnO 2 @Lip-ICG 

nanoparticles and the schematic illustration of TME 
responsive self-oxygenated drug delivery system 

(ZnO 2 @Lip-ICG NPs) for enhanced PDT of nasopharyngeal 
carcinoma. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2. Preparation of ZnO 2 @Lip-ICG NPs 

ZnO 2 @Lip-ICG NPs were synthesised by the thin film-
rehydration method. The detailed synthesis steps are
presented in Scheme 1 . First, the ZnO 2 NPs were prepared
using the one-pot precipitation process [49] . Briefly, 5 mmol
Zn(NO 3 ) 2 • 6H 2 O and 10 mmol NaOH were separately dissolved
in 10 ml methanol. Then, under vigorous agitation, 1.5 ml
H 2 O 2 and 10 ml NaOH in methanol solution were introduced
into 10 ml Zn(NO 3 ) 2 • 6H 2 O in methanol solution. After
continuously stirring for 4 h, a white precipitate was gained
through centrifugation, and this was washed several times.
The product was dried in an oven at 60 °C for 12 h and
reserved for further use. The morphology of ZnO 2 NPs
was observed by transmission electron microscopy (TEM;
JEM-1230, JEOL, Japan). The crystal structure was verified
by X-ray diffraction (XRD; X’ Pert PRO). Second, 20 mg soy-
Lecithin, 5 mg cholesterol, 5 mg DSPE-PEG 2000, 0.5 mg ICG
and 5 mg ZnO 2 NPs were dissolved in 10 ml methanol and
then evaporated at 37 °C with the help of a rotary evaporator
to generate a thin film. After 30 min, phosphate buffered
saline (PBS) (pH 7.4) was introduced. Then, sonication was
performed for 15 min in an ice bath in the dark to hydrate
the lipid film, and the lipid-coated structure was formed.
The solution was centrifuged at low speed to remove large
particles and the supernatant was collected as ZnO 2 @Lip-ICG
NPs. The conditions and procedures for ICG loaded liposome
(ICG@Lip) and lipid coated ZnO 2 NPs (ZnO 2 @Lip) were the
same as those for ZnO 2 @Lip-ICG. 
2.3. Characterisation of ZnO 2 @Lip-ICG NPs 

The particle size and zeta potential of ZnO 2 @Lip-ICG NPs were
detected through dynamic light scattering (DLS; Zeta Plus,
Brookhaven Instruments, USA). Morphology was visualised
by TEM. The absorption spectrum and ICG concentration
were documented with a UV-vis spectrophotometer
(Agilent Cary 60 UV-vis, Santa Clara, CA). The elemental
analysis was verified by scanning transmission electron
microscopy (STEM; Talos F200X, Netherlands). Fourier
transform infrared spectroscopy (FTIR; Bruker VERTEX 70
FTIR spectrophotometer) was employed to characterise the
NPs. An 808 nm NIR laser light source induced by a Fibre
Coupled Laser System (Laserver, China) was employed to
induce the phototherapeutic effect. The loading content of
ICG in the liposomes was determined through measuring
the unbound concentration of ICG in the supernatant by
UV-vis spectroscopy. The loading efficiency was calculated
by the following equation: Loading efficiency (%) = (total
ICG-unbound ICG)/total ICG. The stability of ZnO 2 @Lip-ICG
NPs in PBS, FBS and DMEM was monitored by measuring
size changes. The stability of ZnO 2 @Lip-ICG (with/without
laser irradiated) at different pH values was monitored by the
release profiles of Zn 

2 + in phosphate buffer under varying pH
levels (5.4, 6.5 and 7.4). The Zn 

2 + concentration and release
behaviour was evaluated by inductively coupled plasma -
optical emission spectrometry (ICP-OES, thermo-fisher iCAP
6300). 

2.4. In vitro photothermal properties and stability 

The photothermal conversion (PTC) performances of each
formulation (saline, free ICG, ZnO 2 @Lip, ICG@Lip and
ZnO 2 @Lip-ICG) was detected under 808 nm laser (1.0 W/cm 

2 )
irradiation for 5 min using a fluke thermal imager (Ti29,
Fluke, USA). Further, ZnO 2 @Lip-ICG NPs containing varing
ICG concentrations (initial ICG concentration: 0.625 μg/ml)
were treated with an 808 nm laser (1.0 W/cm 

2 , 5 min). Then, to
future investigate the photothermal effect of ZnO 2 @Lip-ICG
NPs, ZnO 2 @Lip-ICG solution (ICG concentration: 2.5 μg/ml)
was irradiated under an 808 nm laser with varying power
intensities (0.5, 1.0, 1.5 and 2.0 W/cm 

2 ) for 5 min. For the
photothermal stability test, the ZnO 2 @Lip-ICG aqueous
solution was irradiated with an 808 nm laser and then cooled
naturally. And the procedure was repeated four times. The
PTC efficiency ( η) of ZnO 2 @Lip-ICG was calculated based on
the previously reported method [ 50 ,51 ]. 

2.5. In vitro photodynamic property 

DPBF was used to assess the in vitro singlet oxygen production
ability of ZnO 2 @Lip-ICG NPs under continuous 808 nm laser
(1.0 W/cm 

2 ) irradiation for 5 min. DPBF can be oxidised by
ROS, which changes its structure, decreasing in its absorption
at 410 nm. Free ICG, ICG@Lip and ZnO 2 @Lip-ICG solutions
were mixed rapidly with DPBF (6 × 10 −5 M) and stored in the
dark. Next, the solutions were irradiated with an 808 nm
laser. Subsequently, the absorbance of each solution at 410 nm
was recorded at each time point. In addition, the SOSG
fluorescence probe was used to verify the ROS generations of
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ree ICG, ICG@Lip and ZnO 2 @Lip-ICG. In brief, 100 μg of SOSG 

as dissolved in 330 μl of methanol (0.5 mM). Then 10 μl SOSG 

as added to 1990 μl different solutions.The generated 

1 O 2 

as determined by measuring recovered SOSG fluorescence 
f SOSG (excitation = 494 nm). 

.6. Cell culture 

he human NPC cell line CNE-2 was kindly provided by 
rofessor Hongling Jin (HUST, Wuhan, China). Cells were 
ultured in DMEM high-glucose medium (Hyclone) containing 
0% FBS, 100 U/ml penicillin G sodium and 100 μg/ml 
treptomycin sulphate. Cells were maintained at 37 °C in 

umidity and 5% CO 2 incubator. 

.7. Intracellular uptake and distribution 

o explore the cellular uptake of ZnO 2 @Lip-ICG NPs, the 
NE-2 cells were seeded into six-well plates at a density 
f 5.0 × 10 5 cells per well. The cells were incubated with 

edium containing ZnO 2 @Lip-ICG for 0.5 h, 1 h, 2 h or 4 h
fter overnight attachment. Next, the cells were washed 

ith chilled PBS and stained with DAPI. The cellular uptake 
fficiency was investigated by fluorescence microscopy and 

ow cytometry. For the subcellular distribution of ZnO 2 @Lip- 
CG NPs, the cells were incubated with medium containing 
nO 2 @Lip-ICG for 1 h, 2 h or 4 h after overnight attachment.
hen, the cells were exposed to 200 nM LysoTracker Green 

or 30 min, rinsed with PBS, fixed with 4% paraformaldehyde 
olution and stained with DAPI. The visualisation was 
erformed using confocal laser scanning microscopy (CLSM). 

.8. Intracellular ROS generation 

o discover the generation of ROS, DCFH-DA fluorescent probe 
as utilised to detect the endogenous ROS levels of ICG@Lip 

Ps ZnO 2 @Lip NPs and ZnO 2 @Lip-ICG NPs. 5.0 × 10 5 CNE-2 
ells per well were seeded into a 12-well plate and incubated 

or 24 h. Next, fresh DMEM medium with varying pH levels (7.4 
nd 6.5) containing ICG@Lip ZnO 2 @Lip or ZnO 2 @Lip-ICG was 
dded in place of the old medium. 12 h later, the cells were 
xposed to DCFH-DA probe (10 μM, 2 ml) for 30 min and then 

insed with PBS. For the groups that received irradiation, the 
ells were then irradiated with an 808 nm laser at 1.0 W/cm 

2 

or 5 min. Intracellular ROS images were detected using CLSM.
oreover, flow cytometry was used to collect the quantitative 

ata about the intracellular ROS level. 

.9. In vitro cytotoxic investigation 

o explore the in vitro cytotoxicity, CNE-2 cells were carefully 
eeded in a 96-well plate at a density of 5000 cells per well 
nd allowed to grow for 24 h. Next, fresh DMEM medium 

ith varying pH levels (7.4 and 6.5) containing various 
oncentrations of free ICG, ZnO 2 @Lip, ICG@Lip or ZnO 2 @Lip- 
CG was added in place of the old medium. After 4 h 

ncubation, the CNE-2 cells were irradiated in either the 
resence or absence of an 808 nm laser at 1.0 W/cm 

2 for 5 mins

nd further incubated for another 20 h. The viabilities of the (
ells were investigated through a CCK-8 assay. Cell apoptosis 
as further analysed by Calcein-AM and propidium iodide 

PI) staining. CNE-2 cells were seeded into a 12-well plate 
nd cultured for 24 h. Then, ICG@Lip and ZnO 2 @Lip-ICG were 
dded. After 4 h incubation, the cells in the groups receiving 
rradiation and then were incubated for another 12 h. Finally,
he cells in each group were stained using Calcein-AM and PI 
or 30 min and were observed with a fluorescence microscope 
o identify the live and dead cells. 

.10. Western blot analysis 

he CNE-2 cells were submitted to the following different 
reatments: Control pH 7.4, Control pH 6.5, ICG@Lip pH 7.4,
CG@Lip pH 6.5, ZnO 2 @Lip-ICG pH 7.4, ZnO 2 @Lip-ICG pH 6.5,
ontrol pH 7.4 with laser (808 nm, 1.0 W/cm 

2 , 5 min), Control
H 6.5 with laser (808 nm, 1.0 W/cm 

2 , 5 min), ICG@Lip pH
.4 with laser (808 nm, 1.0 W/cm 

2 , 5 min), ICG@Lip pH 6.5
ith laser (808 nm, 1.0 W/cm 

2 , 5 min), ZnO 2 @Lip-ICG pH 7.4
ith laser (808 nm, 1.0 W/cm 

2 , 5 min), ZnO 2 @Lip-ICG pH 6.5
ith laser (808 nm, 1.0 W/cm 

2 , 5 min). Then, the cells were
insed with ice-cold PBS and lysed with 300 μl extract buffer 
or 30 min on ice. Proteins in the cell lysate were separated 

n 10% SDS-PAGE before transfer to PVDF membranes. The 
embranes were then exposed to blocking buffer for 1 h 

t room temperature and stained with anti-Caspase-3, anti- 
aspase-9, anti-Caspase-12 and anti-Bax antibodies overnight 
t 4 °C, before staining with corresponding secondary 
ntibodies for 1 h at room temperature. Visualisation was 
erformed using a UVP BioSpectrum Imaging System. 

.11. Biodistribution and pharmacokinetic study 

or the biodistribution analysis, free ICG, ICG@Lip and 

nO 2 @Lip-ICG NPs were intravenously (i.v.) administered 

nto the CNE-2 tumour-bearing mice. In vivo imaging of 
he tumours at varying time points after nanoparticle 
dministration was performed with the help of an in vivo 
maging system (IVIS). The mice were then euthanised 24 h 

ost-injection, and the major organs (heart, liver, spleen,
ungs and kidney) and tumours were collected for ex vivo 
uorescence imaging. SD rats were arbitrarily separated into 
hree groups for the pharmacokinetic study to examine 
he half-lives of free ICG, ICG@Lip and ZnO 2 @Lip-ICG NPs 
n circulation. All rats were administered (i.v.) with free 
CG, ICG@Lip or ZnO 2 @Lip-ICG (5 mg ICG/kg), respectively.
ollowing NP administration, at predetermined time points 
0.5, 1, 2, 4, 8, 24 or 48 h), 300 μl blood samples were collected
nd assessed via autofluorescence using the IVIS to determine 
he serum concentrations of free ICG, ICG@Lip and ZnO 2 @Lip- 
CG NPs. 

.12. Tumour hypoxia status evaluation 

n order to monitor the tumour hypoxia status, the CNE- 
 tumour-bearing mice were arbitrarily separated into five 
roups; the groups received three intravenous injections 
f saline, ZnO 2 @Lip, free ICG, ICG@Lip or ZnO 2 @Lip-ICG 

containing 30 mg liposome/kg), respectively. The mice were 
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euthanised and the tumours were extracted 24 h after the
injection. Immunohistochemical staining of HIF-1 α was used
to evaluate the hypoxic status of the tumours. The tumour
slides were incubated with anti-HIF-1 α antibody (dilution
1:100). 

2.13. In vivo photothermal therapeutic efficacy 

Tumour model mice were administered predetermined
formulations (saline, ZnO 2 @Lip, free ICG, ICG@Lip or
ZnO 2 @Lip-ICG containing 0.5 mg ICG/kg or 30 mg Lip/kg)
every other day for 3 times. After injection for 8 h, the
tumour sites of all mice were irradiated with an 808 nm
laser (1.0 W/cm 

2 , 5 min). A fluke thermal imager (Ti29, Fluke,
USA) was used to image the tumour sites and evaluate their
temperatures. 

2.14. In vivo therapeutic efficacy and safety evaluation 

As shown in Fig. 9 A, CNE-2 cells with a density of 1 × 10 6 were
subcutaneously administered to the nude mice. Following
tumour growth to a volume of 100 mm 

3 , the mice were
arbitrarily separated into ten groups (five mice per group): (1)
saline; (2) ZnO 2 @Lip; (3) free ICG; (4) ICG@Lip; (5) ZnO 2 @Lip-
ICG; (6) saline with 808 laser; (7) ZnO 2 @Lip with 808 laser;
(8) free ICG with 808 laser; (9) ICG@Lip with 808 laser; and
(10) ZnO 2 @Lip-ICG with 808 laser. The tumour volumes of
each group were assessed every two days after injection
with the corresponding pre-determined formulation, using
the following calculation formula: V = A × B 

2 /2 (A: maximum
tumour diameter; B: minimum tumour diameter). At the
end of the prescribed time, the mice were euthanised and
the tumours, along with the major organs, were excised
for haematoxylin and eosin (H&E) staining. Approximately
0.2 ml serum was collected from each mouse for biochemistry
examination. Liver and kidney functions were assessed
via serum ALT and AST levels and BUN and Cr levels,
respectively. Apoptotic tumour cells were evaluated with
TUNEL staining. HSP 90 expression of tumours was monitored
by immunohistochemical staining. 

2.15. Statistical analysis 

All outcomes are expressed as the mean ± standard deviation
(SD). Two-group differences were assessed with Student’s t -
test and multi-group differences were assessed with two-way
ANOVA. P < 0.05 was set as significance threshold. 

3. Results and discussion 

3.1. Characterisation of ZnO 2 @Lip-ICG NPs 

ZnO 2 NPs were prepared by the one-pot precipitation process
(Fig. S1A). The resultant ZnO 2 NPs showed a white colour
(Fig. S1B) and displayed a high stability after UV irradiation
(Fig. S1C). The ZnO 2 NPs consisted of multiple spheres with
an average diameter of ∼150 nm; this was confirmed by the
TEM images (Fig. S1D). In comparison to the standard PDF
card (red), the XRD patterns (black) indicated that the ZnO 2

NPs was successfully prepared (Fig. S1E). ZnO 2 @Lip-ICG NPs
were then synthesised by the thin film-rehydration method.
The colour of the ZnO 2 @Lip solution changed from white
to green after ICG loading (Fig. S2). In Fig. 1 A, DLS results
revealed that the size of ZnO 2 @Lip-ICG was 205.2 nm and the
zeta potential of ZnO 2 @Lip-ICG was -22.22 mV. TEM showed
that ZnO 2 @Lip-ICG displayed a typical lipid-coated spherical
structure with a ZnO 2 core of about 150 nm and a lipid layer
of 15 nm. Compared with the DLS results, the particle size
was reduced, potentially due to water evaporation during
TEM sample preparation, resulting in a certain degree of
collapse [52] . The UV-vis absorption spectrum, STEM and
FTIR further validated the structure of ZnO 2 @Lip-ICG. The
UV-vis spectra results were utilised to confirm the loading
of ICG into the NPs. As shown in Fig. 1 B, the free ICG
showed a characteristic absorption peak at 780 nm; however,
no apparent absorption was seen in this region for the Lip
and ZnO 2 . Compared to the free ICG, ICG@Lip and ZnO 2 @Lip-
ICG nanoliposomes exhibited enhanced absorption peaks of
ICG at 800 nm in the UV-vis-NIR absorption spectrum, with
a little red-shift, suggesting the successful loading of ICG in
ICG@Lip and ZnO 2 @Lip-ICG. The red-shift in ICG absorption
(typical ICG absorption peak switching from 780 to 800 nm)
confirmed the insert of ICG into the lipid layer [53] , which
matched better with the 808 nm laser and contributed to
the enhanced photothermal performance of ZnO 2 @Lip-ICG.
The ICG loading efficiency of ZnO 2 @Lip-ICG was about 51.5%.
To further validate the elemental composition of ZnO 2 @Lip-
ICG, STEM and elemental mapping images were obtained
( Fig. 1 C). It was noticed that the Zn and O elements were highly
concentrated at the core, while S and P signals were observed
at the outer layer, confirming the successful integration of
three components (ZnO 2 , ICG and Liposomes). In the FTIR
spectra, the characteristic absorption peak at 667 cm 

−1 for the
indole ring of ICG ( Fig. 1 D), the vibration peak at 1385 cm 

−1 for
the peroxy bond of ZnO 2 , and the peaks located at 2852 cm 

−1

and 2933 cm 

−1 assigned to the methyl and methylene groups
on the phospholipids were all observed in ZnO 2 @Lip-ICG,
which demonstrates its hybrid structure. 

The stability test showed that the particle size of
ZnO 2 @Lip-ICG remained unchanged over seven days in
PBS, FBS and DMEM, indicating good stability of ZnO 2 @Lip-
ICG over time ( Fig. 1 D). Compared to free ICG, whose UV
characteristic absorption peak dropped nearly 70% after 48 h,
ICG in the ICG@Lip and ZnO 2 @Lip-ICG groups was maintained
at about 80% after 48 h, indicating that the lipid layer
effectively reduced the degradation of ICG ( Figs. 1 E and S3A–
S3D). Consistent with previous studies, these results confirm
that ICG can interact with phospholipids in the liposome
membrane to improve the stability of ICG. 

The stability of ZnO 2 @Lip-ICG (with/without NIR
irradiated) under different pH was further evaluated through
analysis of the release profiles of Zn 

2 + from ZnO 2 @Lip-ICG.
The malignant proliferation of cancerous cells results in
the massive accumulation of metabolic products, which,
in turn, reduces the TME pH. NIR (808 nm) irradiation
provides sufficient energy to the ICG in the lipid layer
such that it produces heat via photochemical transformation,

http://www.youdao.com/w/eng/multiple/
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Fig. 1 – Characterisation of ZnO 2 @Lip-ICG NPs. (A) DLS results and TEM image of ZnO 2 @Lip-ICG; (B) UV–vis absorption 

spectra of Lip, free ICG, ZnO 2 , ICG@Lip and ZnO 2 @Lip-ICG NPs; (C) STEM images and corresponding element mapping of 
ZnO 2 @Lip-ICG nanovehicles (Green: Phosphorus; Purple: Oxygen; Blue: Sulfur; Red: Zinc; Scale bar: 100 nm). (D) FTIR spectra 
of ZnO 2 , ICG, ICG@Lip, and ZnO 2 @Lip-ICG NPs; (E) Stability of ZnO 2 @Lip-ICG NPs in PBS, FBS and DMEM; (F) Time-dependent 
degradation of ICG. 
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hereby elevating the localised temperature and allowing the 
iposomes to release Zn 

2 + . Hence, three pH conditions (5.4, 6.5 
nd 7.4) were chosen to assess the Zn 

2 + release characteristics 
ith/without irradiation. As shown in Fig. S4A, Zn 

2 + released 

lowly without NIR laser irradiation and the cumulative Zn 

2 + 

elease rate was approximately 24.77% at pH 7.4, 41.18% at pH 

.5 and 53.26% at pH 5.4 at 48 h, respectively. The ZnO 2 @Lip- 
CG nanovehicle exhibited continued release with a stepwise 
ncrease from 24.77% to 53.26% with a pH adjustment from 

.4 to 5.4, which mimics the endogenous and exogenous 
hysiological states, respectively. These data suggest that the 
anovehicle release is pH-dependent. Further, the release 
f Zn 

2 + was significantly accelerated and enhanced with 

IR laser irradiation under all pH conditions, confirming 
hat NIR laser irradiation closely regulates drug release [54] .
his is likely because the local hyperthermia generated by 

CG under irradiation destroyed the lipid membrane and 

he release of ZnO 2 . In an H 

+ -rich environment, ZnO 2 is 
ighly active and rapidly releases Zn 

2 + (Fig. S4B). Hence,
hese data demonstrate that both pH and NIR can effectively 
egulate ZnO 2 release from ZnO 2 @Lip-ICG NPs, thereby 
ptimising the anti-neoplastic properties both in vitro and 
n vivo . r
.2. Photothermal and photodynamic performance of 
nO 2 @Lip-ICG 

iven the capacity to penetrate into deep tissue, 808 nm 

IR laser was employed to induce the PTT/PDT effect 
f ICG. Following the 808 nm NIR laser irradiation, the 
emperatures of the saline, ZnO 2 @Lip solution and free 
CG solution increased slightly by 5.0 °C, 5.4 °C and 12.4 °C,
espectively, whereas the temperatures of the ICG@Lip 

olution and ZnO 2 @Lip-ICG solution went up by 22.3 °C and 

6.9 °C, respectively; this is attributed to the strong NIR 

TC ( Fig. 2 A&2B). We further investigated the relationship 

etween the temperature and the concentration of the 
nO 2 @Lip-ICG solution. The temperature of ZnO 2 @Lip-ICG 

Ps (ICG: 10 μg/ml) increased over 30 °C after irradiation 

or 5 min, while a slight temperature rise was detected in 

he saline under similar conditions, implying temperature 
levation of ZnO 2 @Lip-ICG in an ICG concentration-based 

anner (Fig. S5A). In addition, the temperature of the 
nO 2 @Lip-ICG solution quickly elevated within 5 min in 

he laser power density increased from 0.5 to 2.0 W/cm 

2 

Fig. S5B), indicating that increases in temperature were 
egulated by power density. After 5 min of irradiation with 
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Fig. 2 – Photothermal and photodynamic performance of ZnO 2 @Lip-ICG . (A) Thermographic images and (B) temperature 
elevation profiles of different solutions under 808 nm laser irradiation (1.0 W/cm 

2 ) from 0 to 5 min ( n = 5); (C) Temperature 
change of the ZnO 2 @Lip-ICG under repeated procedures (4 times) with 808 nm laser-on for 5 min and then laser-off versus 
time. (D) Cooling time versus negative natural logarithm of driving force temperature obtained from the cooling stage of (Fig. 
S5C). (E) Time-dependent ROS generation of free ICG, ICG@Lip and ZnO 2 @Lip-ICG irradiated by 808 nm laser for 5 min 

presented by DPBF degradation. (F) Generation of singlet oxygen by measuring the fluorescence intensity changes of SOSG. 
The increase of SOSG fluorescence was a result of 1 O 2 generation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.0 W/cm 

2 , the temperature of the ZnO 2 @Lip-ICG solution
increased by over 30 °C relative to 0.5 W/cm 

2 irradiation,
with the latter producing an increase of 14.1 °C. Moreover,
photothermal stability of ZnO 2 @Lip-ICG was further tested
under four cycles of heating and natural cooling, indicating
the high photothermal stability( Fig. 2 C).The photostability of
ZnO 2 @Lip-ICG nanoliposomes may attribute to the protective
effect of liposomes by isolating the entrapped ICG from
surrounding environment and reducing the water-induced
transformations [ 30 ,55 ]. For the study of the photothermal
performance of the ZnO 2 @Lip-ICG NPs, their photothermal
conversion efficiency was measured by Roper’s method
[56] . According to the obtained data, we calculated the
photothermal conversion efficiency at 808 nm, and the value
was 30.24% ( Figs. 2 D & S5C). This provides evidence of the
excellent effectiveness of ZnO 2 @Lip-ICG NPs in converting
laser energy to thermal energy. 

The singlet oxygen ( 1 O 2 ) generation of ZnO 2 @Lip-ICG NPs
in vitro was measured using DPBF as a chemical probe. ROS
oxidises DPBF and decreases the absorption peak at 410 nm
[57] . Accordingly, different solutions (free ICG, ICG@Lip and
ZnO 2 @Lip-ICG) mixed with DPBF were irradiated with an
808 nm laser (1.0 W/cm 

2 , 5 min) in the dark. There was
no apparent change in DPBF absorbance at 410 nm under
laser irradiation, suggesting that the DPBF did not affect
the ROS generation ability ( Figs. 2 E & S6A). Compared with
the free ICG and ICG@Lip groups, the ZnO 2 @Lip-ICG group
exhibited a sharp decrease within 30 s, owing to the O 2

self-supplying PDT effect by the decomposition of ZnO 2

( Figs. 2 E & S6B–S6D). For ICG and ICG@Lip, it took
50 s to achieve same DPBF degradation extent. The
SOSG fluorescence probe was used to verify the ROS
generations of free ICG, ICG@Lip and ZnO 2 @Lip-ICG solutions.
The singlet oxygen production efficiency of different types of
nanoparticles, which could be determined by the recovered
SOSG fluorescence. As shown in Fig. 2 F, obvious enhancement
of fluorescence intensity generated from ZnO 2 @Lip-ICG
nanoliposomes compared to the free ICG and ICG@Lip
groups, indicating the contribution of ZnO 2 to the enhanced
photodynamic effect. These results further demonstrate that
ZnO 2 @Lip-ICG nanoplatforms can enhance ROS production
and produce an outstanding PDT effect. According to
these results, it can be inferred that the ZnO 2 @Lip-ICG
nanoplatforms can be employed as efficient NIR-mediated
PTT/PDT agents for precise tumour phototherapy. 

3.3. Intracellular uptake and distribution 

To further verify the cellular uptake properties, CNE-2
cells were incubated with ZnO 2 @Lip-ICG NPs with the
equivalent concentration of ICG 10 μg/ml for varying durations
(0.5, 1, 2 and 4 h, respectively). As can be seen by the
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Fig. 3 – Subcellular localisation of ZnO 2 @Lip-ICG NPs. 
Confocal fluorescence images of CNE-2 cells after incubated 

with ZnO 2 @Lip-ICG, Lyso Tracker and DAPI. Blue: DAPI; 
Green: Lyso Tracker; Red: ICG; Scale bar: 50 μm. 
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uorescence microscopy and flow cytometry results, a time- 
ependent fluorescence increase in CNE-2 cells was observed 

Fig. S7A–S7C). It is widely believed that the lysosomal 
athway is strongly associated with nanosystem endocytosis.
herefore, we further examined the internalisation behaviour 
f ZnO 2 @Lip-ICG NPs via the endocytic pathway. As shown 

n Fig. 3 , yellow fluorescence due to the co-localisation of 
cidic organelles (green) and ICG (red) was observed after 
he incubation of ZnO 2 @Lip-ICG for two hours, verifying 
nvolvement of the endocytic pathway. At 4 h, more red 

uorescence was observed in the cell and was co-localised 

ith green fluorescence (lysosome); further, parts of the red 

uorescence separated from the yellow fluorescence and 

ntered the cytoplasm, reflecting ICG escape from lysosomes.
s such, ZnO 2 degrades quickly and more H 2 O 2 is generated 

nder the acid environment of the lysosomes, benefitting the 
ollowing PTT treatment triggered by NIR. 

.4. Intercellular ROS generation 

o further confirm singlet oxygen generation, a ROS probe 
DCFH-DA, green) was employed to measure endogenous 
OS levels in CNE-2 cells under different treatments. For 

CG@Lip, due to the limited oxygen and slow generation 

f ROS, weak green fluorescence was observed after NIR 

rradiation at both pH 7.4 and 6.5. For ZnO 2 @Lip group, the 
OS level only slightly increased after NIR irradiation under 
H 6.5 condition, attributing to the decomposition of ZnO 2 

nder acidic condition. For ZnO 2 @Lip-ICG group without NIR 

rradiation, weak green fluorescence was noted due to its H 2 O 2 

eneration capability. After NIR irradiation, the ZnO 2 @Lip- 
CG group with NIR irradiation displayed intense green 
uorescence, especially at pH 6.5, indicating tremendous ROS 
eneration enhanced by O 2 self-supply from ZnO 2 ( Fig. 4 ). 

Additionally, we analysed the quantitative data for the 
ntracellular ROS level through flow cytometry, as shown in 

ig. S8. The results proved that the ROS levels of ZnO 2 @Lip- 
CG with 808 nm laser irradiation under pH 6.5 condition was 

uch higher than other groups, which is consistent with 

he image data. These results suggest that the ZnO 2 @Lip- 
CG nanosystem efficiently generates ROS in CNE-2 cells 
nd exhibits a low-pH-dependent release tendency, which 

s suitable for tumour treatment owing to the weak acidic 
umour microenvironment. 

.5. In vitro cytotoxicity and apoptosis 

ytotoxicity assays of multiple nanoparticles were performed 

n CNE-2 cells using the CCK-8 method. Cytotoxicity assays 
f free ICG, ZnO 2 @Lip, ICG@Lip, ZnO 2 @Lip-ICG, free ICG 

ith irradiation, ZnO 2 @Lip with irradiation, ICG@Lip with 

rradiation, and ZnO 2 @Lip-ICG with irradiation at pH 7.4 or 6.5 
ere performed Fig. 5 A illustrated that free ICG and ICG@Lip 

roduced negligible cytotoxicity to CNE-2 cells at pH 7.4 and 

H 6.5 without NIR irradiation. After irradiation, the cell 
iabilities of free ICG and ICG@Lip were slightly decreased at 
H 7.4 and 6.5. 

For ZnO 2 @Lip group, it was exhibited a limited cell 
nhibition after irradiation even at pH 6.5 with irradiation. The 
urvival rate of CNE-2 cells exposed to ZnO 2 @Lip-ICG with 

aser irradiation showed a gradual reduction with increasing 
CG concentration, indicating a dose-dependent therapeutic 
ffect. Moreover, the cell destroying capacity of ZnO 2 @Lip- 
CG increased with a decrease in pH from 7.4 to 6.5, and 

he IC 50 values at pH 7.4 and 6.5 were 2.03 and 0.34 μg/ml,
espectively. This is consistent with the ROS generation 

esults, demonstrating a pH-dependent PDT therapeutic effect 
f ZnO 2 @Lip-ICG. It is also worth noting that the IC 50 values 
f ZnO 2 @Lip-ICG without laser irradiation at pH 7.4 and 

.5 were 10.77 and 5.23 μg/ml, respectively, exhibiting an 

bvious pH-dependent nature due to the ZnO 2 . At pH 7.4,
nO 2 decomposed slowly, and only at high concentrations 
id it produce obvious cytotoxicity against cells (IC50 ZnO2 

11.79 μg/ml for ZnO 2 @Lip-ICG). At pH 6.5, ZnO 2 degraded 

apidly to form H 2 O 2 and Zn 

2 + . Zn 

2 + inhibits the electronic 
espiratory chain and induces the production of ROS. H 2 O 2 

s a type of ROS that can also cause damage to cells 
ccompanied by the capability of oxygen generation. And 

hus, a low IC 50 value was observed (IC50 ZnO2 55.86 μg/ml),
hich was higher than reported PVP-modified ZnO 2 NPs 
ossibly due to the larger size and lipid coated surface of 
nO 2 @Lip-ICG [58] . These findings further demonstrated that 
he ZnO 2 @Lip-ICG nanoplatform was the most efficacious 
n destroying CNE-2 cells, as compared to the other groups,
ue to the self-oxygenated nature and synergistic effect.
he apoptosis of CNE-2 cells induced by ZnO 2 @Lip-ICG was 

urther assessed by fluorescence costaining of live and dead 

ells with Calcein-AM and PI, respectively. The living cells 
ere stained green and dead cells red ( Figs. 5 B & S9).
onsistent with CCK-8 results, cells exposed to ZnO 2 @Lip- 

CG NPs at pH 6.5 and 808 nm laser exhibited massive cell 
eath, evidenced by strong red fluorescence. By contrast, the 
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Fig. 4 – Intercellular ROS Generation. The intracellular ROS generation of ICG@Lip, ZnO 2 @Lip and ZnO 2 @Lip-ICG NPs detected 

by DCFH-DA probe after various treatments. Blue: DAPI; Green: DCFH-DA. Scale bar: 100 μm. 

Table 1 – Summarised pharmacokinectic parameters of free ICG, ICG@Lip and ZnO 2 @Lip-ICG NPs. 

Parameters Unit Free ICG ICG@Lip ZnO 2 @Lip-ICG 

AUC 0-t mg • l/h 1.22 ± 0.071 10.64 ± 0.17 9.76 ± 0.15 
MRT 0-t h 7.33 ± 0.77 11.63 ± 0.23 11.96 ± 0.42 
T 1/2 h 12.89 ± 0.51 11.40 ± 1.13 9.95 ± 0.46 
CL l/h/kg 3.88 ± 0.21 0.45 ± 0.013 0.50 ± 0.009 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

control group showed no detectable damage, confirming that
the ZnO 2 @Lip-ICG exhibited excellent antitumour efficiency.
We further investigated the mechanism of apoptosis induced
by ZnO 2 @Lip-ICG. The increased levels of apoptosis-related
proteins (Bax, Caspase-3, Caspase-9 and Caspase-12) evidently
showed that the coexistence of ZnO 2 @Lip-ICG, NIR and acidity
was essential for generating ROS and regulating cancer cell
death ( Fig. 5 C). 

3.6. Pharmacokinetics and biodistribution 

To select the optimal duration for cancer therapy, in vivo NIR
fluorescence imaging was conducted to identify nanomaterial
accumulation in tumour tissues of CNE-2 tumour-bearing
mice. Fluorescence imaging offers a unique approach for
visualising the pharmacokinetics (PK) and biodistribution of
ZnO 2 @Lip-ICG throughout the body. As shown in Fig. 6 A&6B,
free ICG was quickly cleared in plasma, while the lipid
bilayer of ICG@Lip and ZnO 2 @Lip-ICG enhanced the stability,
and resulted similar PK parameters of for the two systems.
Although the half-lives of ICG@Lip and ZnO 2 @Lip-ICG NPs
were a little short compared with free ICG, the area under
the curve (AUC 0-t ) and mean retention time (MRT 0-t ) were
greatly increased, by about 8.0 and 1.6 times, respectively.
The clearance (CL) of ICG@Lip and ZnO 2 @Lip-ICG NPs
was decreased 8.7 and 7.7 times, respectively ( Table 1 ).
The enhanced PK property of ZnO 2 @Lip-ICG lays a solid
foundation for satisfactory in vivo therapeutic effects. 

After intravenously injection of free ICG, ICG@Lip or
ZnO 2 @Lip-ICG, the fluorescence signals of the ZnO 2 @Lip-ICG
NPs group in the tumour areas were increased gradually,
reaching a maximum at 8 h post-injection and then slowly
decreasing. In contrast, in the free ICG group, the fluorescence
signals in the tumour regions were temporarily increased and
then decreased rapidly, without showing specific aggregation.
The above results indicated that free ICG was characterised
by quick clearance and tumour-targeting deficiency, while
ICG@Lip and ZnO 2 @Lip-ICG NPs exhibited prominent tumour
retention effects ( Fig. 6 C). The accumulation of ZnO 2 @Lip-ICG
NPs might be related to their EPR effect and good stability,
as the liposome nanocarrier can prevent ICG binding to
plasma proteins, thereby improving the circulation time of
the NPs. Moreover, it has been reported that long-circulating
NPs ranging in size from 100 to 200 nm can extravasate
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Fig. 5 – Cytotoxicity and apoptosis investigation. ( A) In vitro cytotoxicity assays of free ICG, ZnO 2 @Lip, ICG@Lip and 

ZnO 2 @Lip-ICG with or without 808 nm laser irradiation (1.0 W/cm 

2 ) at pH 7.4 or 6.5 ( n = 3); (B) The apoptosis of CNE-2 cells 
after various treatments was detected by calcein AM/PI staining (Green: live cells, Red: dead cells. Scale bar: 100 μm.); (C) The 
expression levels of Bax, Caspase-3, Caspase-9 and Caspase-12 in CNE-2 cells after different treatments (1: Control pH7.4; 2: 
Control pH6.5; 3: ICG@Lip pH7.4; 4: ICG@Lip pH6.5; 5: ZnO 2 @Lip-ICG pH 7.4; 6: ZnO 2 @Lip-ICG pH 6.5; 7: Control + Laser pH 

7.4; 8: Control + Laser pH 6.5; 9: ICG@Lip + Laser pH 7.4; 10: ICG@Lip + Laser pH 6.5; 11: ZnO 2 @Lip-ICG + Laser pH 7.4; 12: 
ZnO 2 @Lip-ICG + Laser pH 6.5). 

Fig. 6 – In vivo pharmacokinetic and biodiatribution study. ( A) Fluorescence intensity of rat’s blood at the indicated time 
points after i.v. injection of free ICG, ICG@Lip and ZnO 2 @Lip-ICG; (B) Concentration-Time profiles of free ICG, ICG@Lip and 

ZnO 2 @Lip-ICG ( n = 3); (C) Fluorescence images of CNE-2 tumour-bearing mice after i.v. injection of free ICG, ICG@Lip and 

ZnO 2 @Lip-ICG (5 mg ICG/kg) at the indicated time points; (D) Fluorescence imaging of major organs and tumours from 

CNE-2 tumour-bearing mice at 24 h post-injection; (E) The average fluorescence signal intensity of the tumours and major 
organs ( n = 3), ∗∗ P < 0.01. 



Asian Journal of Pharmaceutical Sciences 17 (2022) 253–267 263 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

from vessels [ 59 ,60 ]. Here, the diameter of the ZnO 2 @Lip-
ICG NPs was below 200 nm, allowing them to successfully
diffuse through the interstitial space to reach the tumour site.
To validate tumour accumulation, tumour-bearing mice were
euthanised 24 h after NP administration and the major organs
were harvested for ex vivo imaging. The results suggested
that ZnO 2 @Lip-ICG NPs accumulated at the tumour region,
exhibiting much higher accumulation than that observed with
free ICG ( Fig. 6 D & 6E). Further, a small amount of free ICG and
ZnO 2 @Lip-ICG accumulated in the liver and spleen, owing to
the interaction with reticuloendothelial system (RES). 

We further tested the in vivo photothermal effect of
ZnO 2 @Lip-ICG NPs. To shed more light on the PTT effect
in vivo , the tumours were irradiated 8 h post-injection and
the temperatures in the tumour regions were recorded.
As shown in Fig. 7 A and 7B, the groups that received
saline, ZnO 2 @Lip or free ICG exhibited only moderate
temperature rises (about 3 °C). In contrast, in the ICG@Lip
and ZnO 2 @Lip-ICG groups, remarkable increases in localised
temperature were observed, with the peak temperature
reaching 52.1 °C and 54.0 °C, respectively; these temperatures
are higher than the threshold value (42 °C) of PTT. In
addition, we detected the expression of heat shock protein
90 (HSP 90) by immunohistochemical staining. HSP 90 served
as a critical protein to induce thermotolerance for tumour
cells under hyperthermia [61] . As shown in Fig. S10, the
expression of HSP 90 was remarkably up-regulated both in
the ICG@Lip + laser and ZnO 2 @Lip-ICG + laser groups owing
to the local hyperthermia. In contrast, almost no HSP positive
tumour cells were detected in the groups without irradiation.
All above results showed that ICG@Lip and ZnO 2 @Lip-
ICG groups displayed similar temperature profiles after
Fig. 8 – In vivo antitumour efficacy in tumour-bearing BABL/C nud
efficacy of ZnO 2 @Lip-ICG NPs; (B) photograph of tumour tissues; 
ZnO 2 @Lip-ICG; 6: Saline + Laser; 7: ZnO 2 @Lip + Laser; 8: Free ICG +
Tumour weight, (D) tumour volume and (E) body weight of CNE-2
P < 0.01. 
irradiation. It is further verified that there is no significant
difference of photothermal efficiency between ICG@Lip and
ZnO 2 @Lip-ICG. 

Immunohistochemical hypoxia-inducible factor-1 α (HIF-
1 α) staining was performed to assess the capability of
ZnO 2 to relieve tumour hypoxia. Tumour hypoxia-driven
upregulation of HIF-1 α can serve as an indirect predictor of
a hypoxic microenvironment [ 62 ,63 ]. HIF-1 α-positive tumour
cells manifested as brown spots. As expected, only scattered
HIF-1 α-positive cells were detected in the ZnO 2 @Lip- and
ZnO 2 @Lip-ICG-treated tumours, whereas the three other
groups (saline, free ICG and ICG@Lip) exhibited significant
HIF-1 α-positive cells in the tumour tissue sections (Fig. S11).
These findings indicated that ZnO 2 -loaded nanoliposomes
effectively alleviated the hypoxic state of tumours, which
could supply enough oxygen for ICG to achieve a highly
efficient PDT. 

3.7. In vivo therapeutic efficacy and biosafety evaluation 

The antitumour properties and biosafety of ZnO 2 @Lip-ICG
with irradiation were explored in CNE-2 tumour-bearing
mice. As shown in Fig. 8 B–8D, in the groups without laser
or ICG, the tumour growth was in general not different
from control group, while tumour growth was significantly
inhibited in the ZnO 2 @Lip-ICG + laser group compared with
the other groups, especially the ICG@Lip + laser group. We
have previously confirmed that ICG@Lip and ZnO 2 @Lip-
ICG had no obvious differences in photothermal efficiency.
Therefore, the difference in therapeutic efficacies of ICG@Lip
and ZnO 2 @Lip-ICG was related to the enhanced PDT effect
rather than the PTT effect. The tumour inhibition rates of the
e mice. (A) Schematic illustration of in vivo antitumour 
(1: Saline; 2: ZnO 2 @Lip; 3: Free ICG; 4: ICG@Lip; 5: 
 Laser; 9: ICG@Lip + Laser; 10: ZnO 2 @Lip-ICG + Laser); (C) 
 tumour-bearing mice in each group ( n = 5), ∗ P < 0.05, ∗∗
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Fig. 7 – In vivo photothermal effects of ZnO 2 @Lip-ICG. (A) 
Thermographic images of CNE-2 tumour-bearing mice after 
24 h injection of saline, ZnO 2 @Lip, free ICG, ICG@Lip and 

ZnO 2 @Lip-ICG under 808 nm laser (1.0 W/cm 

2 ) irradiated 

during 5 min; (B) The enhanced temperature profiles in the 
tumour sites during NIR laser irradiation ( n = 3). 

Fig 9 – Representative digital photographs of CNE-2 
tumour-bearing mice before euthanisation; H&E (Sacle bar: 
50 μm) and TUNEL staining of tumour tissues (Blue: DAPI, 
Green: TUNEL; Scale bar: 100 μm). 
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Fig. 10 – Safety evaluation in vivo . ( A) Representative H&E staining
with various nanoparticles. Scale bar: 50 μm. (B) The weights of t
mice with different treatments ( n = 5). (C-F) The blood index of A
different treatments ( n = 5). 
CG@Lip + laser and ZnO 2 @Lip-ICG + laser groups were 67.4% 

nd 84.9%, respectively, demonstrating that the oxygen self- 
upported strategy effectively enhanced PTT/PDT efficiency 
nd thus, suppressed tumour development. Moreover, no 
oticeable weight changes were observed in any of the 
roups receiving the various treatments ( Fig. 8 E), suggesting 
egligible systemic toxicity of the nanoliposomes. When 

aken together with the above-described in vivo results, these 
ndings further verify the superior therapeutic efficacy of 
nO 2 @Lip-ICG over ICG@Lip, due to the ability of ZnO 2 
 of the major organs of CNE-2 tumour-bearing mice treated 

he main organs separated from CNE-2 tumour-bearing 
LT, AST, BUN, and CRE of tumour-bearing mice with 
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to continuously produce oxygen, thus improving the O 2 -
dependent PDT effect. 

H&E and TUNEL staining were employed to explore the
underlying mechanisms of tumour growth suppression.
As demonstrated in Fig. 9 , extensive tumour necrosis and
severe karyopyknosis were detected in tumours treated
with ZnO 2 @Lip-ICG and laser irradiation. Notably, the
ZnO 2 @Lip-ICG + laser irradiation group displayed discrete
green fluorescence, evidencing severe tissue apoptosis.
These results indicated that ZnO 2 @Lip-ICG had excellent
antitumour effects. In order to verify whether this drug
delivery system has a general anti-tumour effect, we also
tested the therapeutic efficacy of ZnO 2 @Lip-ICG in H22
tumour-bearing mice. The results were consistent with the
CNE-2 tumour model (Fig. S12). 

To evaluate the biosafety of the ZnO 2 @Lip-ICG NPs, we also
conducted a thorough examination of the in vivo toxicity. H&E
staining of major organs (liver, heart, spleen, kidneys and
lungs) in all groups showed no appreciable abnormalities
( Fig. 10 A) and there were no significant differences in major
organ weights amongst the groups receiving the various
treatments ( Fig. 10 B). This demonstrated that ZnO 2 @Lip-ICG
caused minimal toxicity to the major organs. Moreover, the
liver function and kidney function indices were within the
normal reference ranges, indicating that ZnO 2 @Lip-ICG NPs
did not induce apparent hepatic or renal toxicity ( Fig. 10 C–
10F). Taken together, the above results demonstrate that
ZnO 2 @Lip-ICG nanosystems have good biocompatibility and
can serve as an excellent candidate for cancer therapy in the
future. 

4. Conclusion 

In summary, we successfully designed and synthesised a
new TME-responsive nanotherapeutic agent, ZnO 2 @Lip-
ICG, which regulates the hypoxic TME and delivers ROS to
cancer cells. Systematic in vitro and in vivo examinations
illustrated that ZnO 2 @Lip-ICG selectively accumulates
within tumour sites and the hypoxic tumour environment
is effectively eliminated via persistent O 2 production by
ZnO 2 . This approach presents a highly efficacious system
that facilitates the simultaneous relief of tumour hypoxia
along with enhanced PDT. Meanwhile, the in vivo safety
evaluation further confirms that ZnO 2 @Lip-ICG exhibits
superior biocompatibility. Thus, this new O 2 self-sufficient
nanoplatform can serve as an excellent theranostic system
for highly efficacious cancer treatment. 
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