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Introduction

Self-evolving persistent luminescence nanoprobes
for autofluorescence-free ratiometric imaging and
on-demand enhanced chemodynamic therapy of
pulmonary metastatic tumorst

Xu Zhao, 2 **P€ Tian-Yue Gu,*®€ You-Peng Xia,>** Xue-Mei Gao,®
Li-Jian Chen, (2 @€ Li-Xia Yan {2 @€ and Xiu-Ping Yan (2 @-cd

Precise imaging-guided therapy of a pulmonary metastasis tumor is of great significance for tumor man-
agement and prognosis. Persistent luminescence nanoparticles (PLNPs) are promising probes due to their
in situ excitation-free and low-background imaging characteristics. However, most of the PLNP-based
probes cannot intelligently distinguish between normal and tumor tissues or balance the needs of tar-
geted accumulation and rapid metabolism, resulting in false positive signals and potential side effects.
Besides, the luminescence intensity of single-emissive PLNPs is affected by external factors. Herein, we
report a self-evolving double-emissive PLNP-based nanoprobe ZGMC@ZGC-TAT for pulmonary meta-
static tumor imaging and therapy. Acid-degradable green-emitting PLNPs (ZGMC) with good afterglow
performance and therapeutic potential are synthesized by systematic optimization of dopants. Ultra-small
red-emitting PLNPs (ZGC) are then prepared as imaging and reference probes. The two PLNPs are finally
covalently coupled and further modified with a cell-penetrating peptide (TAT) to obtain ZGMC@ZGC-TAT.
Dual emission ensures a stable luminescence ratio (l790/ls37) independent of probe concentration, test
voltage and time gate. ZGMC degrades and phosphorescence disappears in a tumor microenvironment
(TME), resulting in an increase in l7g0/ls37, thus enabling tumor-specific ratiometric imaging. Cu?* and
Mn?* released by ZGMC degradation achieve GSH depletion and enhance CDT, effectively inhibiting
tumor cell proliferation. Meanwhile, the size of ZGMC@ZGC-TAT decreases sharply, and the resulting
ZGC-TAT further causes nuclear pyknosis and quickly clear metabolism. The developed ZGMC@ZGC-TAT
turns non-targeted lung aggregation of nanomaterials into a unique advantage, and integrates TME-trig-
gered phosphorescence and size self-evolution, and on-demand therapeutic functions, showing out-
standing prospects in precise imaging and efficient treatment of pulmonary metastatic tumors.

circulatory metabolic system.>® Lung cancer exhibits the

highest mortality rate nationwide, and the majority (44%) of

Metastasis is the result of the spread of tumor cells to foreign
organs and stands as a primary contributor to the high lethal-
ity of cancer."™ Lungs are one of the organs most susceptible
to colonization by cancer cells, given their integral role in the
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lung cancer patients are diagnosed with metastatic disease
with a five-year relative survival rate of only 8%.” Early diagno-
sis and specific treatment of lung cancer are the key to improv-
ing the survival rate of patients.® Therefore, it is of great sig-
nificance to develop precise theranostic strategies for accurate
imaging and efficient treatment of lung cancer.

Optical imaging emerges as a promising avenue in the field
of precise diagnosis of tumors, with attributes such as its high
sensitivity, non-toxicity, and rapid response.”'® However, con-
ventional optical probes rely on continuous excitation from an
external light source, which cannot avoid the problems of
tissue autofluorescence interference and photobleaching of
probes.'’ Persistent luminescence nanoparticles (PLNPs)
with reproducible afterglow properties present great potential
for low-background imaging in vivo.'>'® Unfortunately,
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conventional single-emissive PLNPs are prone to produce inac-
curate results because their luminescence intensity is suscep-
tible to exogenous factors such as probe concentration, instru-
mental conditions, and time gating."*'® Our previous work
has demonstrated that ratiometric phosphorescence sensors
based on dual-emissive PLNPs can achieve self-calibrated read-
ings and low background imaging, effectively circumventing
the interference of the aforementioned exogenous factors.
However, the developed sensors still have drawbacks such as a
constant phosphorescence ratio signal in diseased and normal
tissues and the inability to avoid false-positive signals caused
by untargeted aggregation of nanoparticles in reticuloendothe-
lial systems (RESs), such as the lungs."® Thus, the development
of tumor microenvironment (TME)-responsive phosphor-
escence ratiometric nanoprobes is of great value in promoting
the precise imaging of lung cancer.

The retention of nanoparticles at the lesion site affects
their imaging and therapeutic efficacy, and the size of nano-
particles is a key determinant in their retention
efficiency.”'® Due to the enhanced permeation and reten-
tion (EPR) effect, large-sized nanoparticles inevitably
accumulate at untargeted sites in the lungs and other RESs,
which poses challenges for the accurate diagnosis of a lung
tumor, but opens up the possibility of lung targeting.'® On
the other hand, small-sized nanoparticles exhibit better
penetration efficiency, but much weaker accumulation at the
target sites due to their rapid circulating metabolism, which
is not conducive to imaging and therapeutic purposes.”®?!
For fixed-size nanoprobes, it is a dilemma to strike a
balance  between targeted retention and efficient
penetration.”>** Consequently, it is imperative to design size-
switchable smart nanoprobes to achieve both deep pene-
tration and long-term retention at the lesion site.

Precise treatment guided by diagnostic information rep-
resents a more practical approach. Conventional drug delivery
systems may lead to issues such as drug leakage and over-
load.** On-demand activated therapies offer a more promising
alternative, in which the cytotoxicity of the therapeutic agent is
turned on specifically at the site of lesion. Chemodynamic
therapy (CDT) is an emerging cancer treatment with high
selectivity, minimal invasion, and few side effects. Catalyzed
by metal ions (Mn**, Cu*?*, Ni**, Co*", etc.), CDT relies on the
Fenton or Fenton-like reaction to decompose H,0, into toxic
OH, which disrupts the redox balance of the cells and inhibits
tumor cell growth and metastasis.>*>® The mild acidity and
overexpression of H,0, in the TME can be employed as
endogenous activation reagents of CDT, offering the possibility
of on-demand therapy.***° However, the TME also contains a
high concentration of reduced glutathione (GSH), which neu-
tralizes the generated 'OH and maintains cellular redox
homeostasis, thus affecting CDT efficiency.*’* Introducing a
GSH depletion mechanism can enhance "OH generation,
thereby improving the effectiveness of CDT.***> Therefore, the
integration of on-demand activation and enhanced CDT pro-
perties into a single theranostic nanoprobe holds significant
promise for efficient and minimally toxic therapy.
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Herein, we report an innovative design of a size-switchable
dual-emissive PLNP-based theranostic nanoprobe
ZGMC®@ZGC-TAT for ratiometric imaging and on-demand
enhanced CDT in response to TME stimulation. We first syn-
thesized acid-degradable green luminescent Mn/Cu co-doped
nanorods Zn,GeO,:Mn/Cu (ZGMC), which exhibited a harmo-
nious combination of robust pH-responsive afterglow perform-
ance and high CDT efficiency. Ultra-small red-emitting nano-
particles ZnGa,0,:Cr (ZGC) were prepared as the reference and
imaging probe. The dual-emissive nanoprobe
ZGMC@ZGC-TAT was then constructed by the chemical
bonding of two PLNPs, and further bioconjugated with a cell-
penetrating peptide (TAT) to improve its cellular uptake
efficiency and endow it with biogenic nucleation-fixation-
killing properties. Eventually, the prepared TME-stimulated
self-regulated ZGMC@ZGC-TAT exhibited exogenous inter-
ference-free lung cancer-specific ratiometric signals and
showed on-demand enhanced CDT effects. In the simulated
TME, its phosphorescence ratio embodied a substantial 214.70
+ 3.74-fold alteration compared to the simulated normal
tissues, and the released Cu®" efficiently scavenged GSH and
transformed into Cu”, synergizing with the released Mn®>" to
show potent ‘OH generation capacity. Precise ratiometric
imaging and imaging-guided lung tumor-targeting therapy
were achieved in vivo. Therefore, ZGMC@ZGC-TAT is regarded
as an ideal candidate for precise diagnosis and treatment of
lung cancer.

Results and discussion

Design and fabrication of the intelligent theranostic
nanoprobe ZGMC@ZGC-TAT

The design strategy and fabrication of ZGMC®@ZGC-TAT for
lung tumor-specific ratiometric imaging and on-demand
enhanced CDT are shown in Fig. 1. ZGMC and ZGC with emis-
sion peaks at 537 nm and 700 nm, respectively, were first pre-
pared. Acid-degradable ZGMC was synthesized by a hydro-
thermal method, and the type and doping amount of lumine-
scence centers were systematically regulated to ensure excellent
green phosphorescence emission and efficient CDT effects. For
further assembly, ZGMC was sulfthydryl-functionalized with
silanization reagents to obtain sulfthydryl-functionalized
ZGMC (ZGMC-SH). Simultaneously, ultra-small maleimide-
coated red-emitting ZGC-Mal was prepared by thermal
decomposition and used as a reference probe. The dual-emis-
sive probe ZGMC@ZGC was then constructed through the
coupling reaction between ZGMC-SH and ZGC-Mal.*® To
improve tumor cellular uptake and induce nuclear consolida-
tion, TAT was finally introduced to obtain ZGMC@ZGC-TAT
with high tumor specificity and strong therapy effects. The as-
prepared ZGMC®@ZGC-TAT has a constant luminescence ratio
and structural stability under normal physiological conditions,
but will automatically decompose under the mildly acidic
stimulation of the TME, resulting in a change of luminescence
ratio as well as the release of Mn** and Cu**. Cu®" consumes

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4bm00379a

Published on 07 May 2024. Downloaded by Jiangnan University on 5/27/2024 8:23:15 AM.

Biomaterials Science

s ® ® ; ¥ ¥ 3
OOO e® %9 L
—-»ZGC W @ — ——— @ =
TAT oy "
¢ o0 X E R
ZGMC ZGMC@zGC ZGMC@ZGC-TAT
b .
Normal Tissue .~ Tumor M viroment
¢ | 0 @ [
3 $ deep™ ‘
I | penetration aa |
|@ciy * . ‘4\ /i
(/2 Sl o BN M (Cud % [
9 3 <
%t release .
Tumor cell /
Lung metastasis mouse
D Ratiometric imaging 2) Enhanced CDT
( GSH GSSG
GSH depletion

» >—<
‘ ' !
cud Cu’
/\ Enhancedw
+ 700 nm ON Mn2 ¢
Normal pulmonary tissue H0, o
+700 nm ON

' Tumor site :

Apoptosis

Fig. 1 Illustration of (a) the design strategy and fabrication of
ZGMC@ZGC-TAT. (b) The self-evolving nanoprobe ZGMC@ZGC-TAT for
lung tumor-targeted ratiometric imaging and on-demand enhanced
CDT in response to TME stimulation.

the overexpressed GSH in the TME and further acts as a
Fenton-like reaction catalyst together with Mn** to produce
toxic "OH from endogenous H,0,, achieving enhanced CDT
efficacy. Besides, the degradation product ZGC-TAT can target
the nucleus and further cause nuclear pyknosis. Thus, the
developed self-evolving nanoprobe ZGMC®@ZGC-TAT enables
precise TME-stimulated ratiometric imaging along with
enhanced on-demand CDT effectiveness.

Preparation and characterization of ZGMC@ZGC-TAT

The green-emitting nanorod ZGMC was first prepared by opti-
mizing the luminescence center doping elements in terms of
type and content. In the process of optimization, the crystal
structures were consistent with that of Zn,GeO, (JCPDS 11-
0687) (Fig. S1at). However, undesirable changes were observed
in the morphological structure while the initial rod-shaped
morphology gradually became irregular as the Cu®* doping
increased (Fig. S1b-ft). Phosphorescence spectra and afterglow
results indicated a negative correlation between the doping
amount and both the persistent luminescence (PL) intensity
and lifetime (Fig. S21), and the content of Mn** was compro-
mised by the Cu®>" doping amount as well (Table S17). Finally,
the selected ZGMC with outstanding PL properties and the
highest amount of doped Mn*‘/Cu®" was synthesized by a
hydrothermal method according to the optimized doping
amount (n(Ge*") : n(Mn*") : n(Cu**) = 1:0.01:0.002). ZGMC-SH
was then prepared and confirmed by the appearance of the
stretching vibration of -CH,- at ca. 2920 cm™! and Si-O at
1150 cm™" in the Fourier transform infrared (FT-IR) spectrum
(Fig. S3at). The increase in the concomitant hydrodynamic
diameter, accompanied by the zeta potential change, also vali-
dated the effective synthesis process (Fig. 2a and b).

This journal is © The Royal Society of Chemistry 2024
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Ultra-small spherical red-emitting ZGC was synthesized
through the thermal decomposition method, and maleimide-
modified for chemical bonding with ZGMC-SH, resulting in
the formation of the intermediate product ZGMC®@ZGC. The
emergence of C=0 at 1730 cm™', -CONH- at 1640 cm ™, and
C-O-C at 1110 cm™" was attributed to the successful prepa-
ration of ZGMC@ZGC (Fig. S3b and S3cf). The final
ZGMC@ZGC-TAT was prepared through further bioconjuga-
tion with TAT. The FT-IR spectrum revealed absorption peaks
at 3400 cm™" originating from -NH-, verifying the preparation
of ZGMC@ZGC-TAT (Fig. S3ct). Additionally, the strong hydro-
philicity and electropositivity of TAT led to noticeable increases
in the hydrodynamic diameter and zeta potential (Fig. 2a and
b). Apart from these, a uniform core-shell configuration with
rod-shaped ZGMC as the core and attached granular ZGC was
observed, and ZGMC@ZGC-TAT was found to possess a com-
bined spinel phase of both Zn,GeO, and ZnGa,0, (Fig. 2c and
d). These results comprehensively substantiated the effective
preparation of ZGMC@ZGC-TAT, which had consistent mor-
phology and crystal phase throughout the preparation process.
Moreover, the prepared ZGMC@ZGC-TAT presented eminent
stability in water and phosphate-buffered saline (PBS) with
10% fetal bovine serum (FBS) environments, as proved by mar-
ginal variations in XRD patterns (Fig. 2d), hydrodynamic sizes,
zeta potentials (Fig. S4t) and FT-IR spectrum (Fig. S51) over 12
days.

Luminescence properties of ZGMC@ZGC-TAT

The prepared ZGMC®@ZGC-TAT featured dual rechargeable
emission peaks at both 537 nm and 700 nm, arising from the
T, (4G)-°A, (6S) transition of Mn>*" and Cu** and the *E — *A,
transition of distorted Cr®*, respectively (Fig. 2e and f). In
addition, both PL peaks can also be excited using a 650 nm
LED, ensuring the possibility of in vivo imaging (Fig. S67). To
study the self-calibration reading nature of ZGMC®@ZGC-TAT,
its luminescence performance under various simulated physio-
logical testing conditions was investigated, including concen-
tration, voltage and detection time window. The PL ratio of the
two emission peaks (I;0o/Is3;) considerably remained stable
given that the PL of both emission peaks altered synchro-
nously with the increase of the concentration of the nanoprobe
and the voltage of the testing apparatus (Fig. 2g, h and S77).
Similarly, the ratio of the afterglow intensity of the two emis-
sion peaks remained constant, independent of the detection
time (Fig. 2i). All the above results show that the developed
nanoprobe ZGMC@ZGC-TAT was capable of counteracting the
effects from exogenous factors such as nanoprobe concen-
tration, apparatus conditions, and time gating. Thus, the dual-
emissive ZGMC@ZGC-TAT with autofluorescence- and external
influence-free renewable luminescence characteristics was
expected to achieve precise imaging in a complex matrix.

The pH responsiveness of the ZGMC@ZGC-TAT nanoprobe
was subsequently studied. The PL of the emission peak at
537 nm gradually decreased under acidic conditions (pH 6.5
or pH 6.0), while that at 700 nm was unaffected (Fig. 2j and
S8af). As a result, I,4/Is3; increased over time, eventually
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Fig. 2 (a) Hydrated particle size of ZGMC, ZGMC-OH, ZGMC-SH, ZGMC@ZGC, ZGMC@ZGC-TAT, and degraded ZGMC@ZGC-TAT. (b) Zeta poten-
tial of ZGMC, ZGMC-OH, ZGMC-SH, ZGC, ZGC-Mal, ZGMC@ZGC, ZGMC@ZGC-TAT, and degraded ZGMC@ZGC-TAT. (c) TEM image of
ZGMC@ZGC-TAT. (d) XRD patterns of ZGMC, ZGC, and ZGMC@ZGC-TAT in H,O and PBS + 10% FBS, respectively. (e) PL images of ZGMC@ZGC-TAT
recorded on a Lumina Il imaging system. ZGMC@ZGC-TAT was irradiated and re-activated with 254 nm UV irradiation for 10 min before imaging. (f)
Excitation (emission at 537 and 700 nm) and emission (excitation at 254 nm) spectra of ZGMC@ZGC-TAT. (g) Effect of concentration of
ZGMC@ZGC-TAT on the PL ratio (l700//537) and the PL intensity at both 537 and 700 nm. (h) Effect of voltage on the PL ratio (l700//537) and the PL
intensity at both 537 and 700 nm of ZGMC@ZGC-TAT. (i) Effect of test time on the luminescence ratio (I;00//537) and the luminescence intensity (537
and 700 nm) of ZGMC@ZGC-TAT recorded on an IVIS Lumina Ill imaging system. (j) Time-dependent PL spectral changes of ZGMC@ZGC-TAT at pH
6.5. (k) PL ratio (l700/ls37) of ZGMC@ZGC-TAT (600 pg mL™Y) at pH 7.4 and 6.5.

reaching 273.92 + 8.05 after 24 hours, far exceeding that in
alkaline solutions (0.83 + 0.02, pH 7.4), which aligned with the
unique acid-sensitive nature of green-emitting ZGMC (Fig. 2k
and Fig. S8 and S97). Afterglow image results also demon-
strated both the decrease of PL at 537 nm and the constant
nature of PL at 700 nm after cessation of excitation light
(Fig. S10 and S11%). The PL ratio was significantly enhanced
under acidic conditions compared to that under alkaline con-
ditions, making the nanoprobe promising for subsequent
in vivo specific imaging. In addition, the nanoprobe gradually
decomposed from its rod-like core-shell structure to monodis-
persed ultra-small hyper-spherical particles, leading to a con-
siderable size decrease (Fig. S127). The sudden reductions in
hydrodynamic size and zeta potential further indicated the
acid-stimulated size shrinkage (Fig. 2a and b), facilitating the
deep penetration and rapid clearance of the nanoprobe into

Biomater. Sci.

tumor cells. Therefore, ZGMC@ZGC-TAT showed rewarding
acid-degradable properties, of which the PL ratio I;o/ls37
varied significantly under different pH conditions. The simul-
taneous size variation under acidic conditions guaranteed the
deep penetration capability of ZGMC@ZGC-TAT, which also
bolstered the feasibility of TME-specific ratiometric imaging.

In vitro CDT performance of ZGMC@ZGC-TAT

To verify the acid-activated CDT  properties of
ZGMC@ZGC-TAT, the release of Mn*" and Cu®' under acidic
conditions was analyzed by inductively coupled plasma-mass
spectrometry (ICP-MS). The content of Mn** and Cu®" maxi-
mized to 80% at 8 h, and the ion release rate reached 80-90%
at 6 h (Fig. 3a and b). The release efficiency of both Mn** and
Cu® was consistent with the trend and rate of acid degra-
dation of ZGMC@ZGC-TAT. In contrast, no significant release

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) Time-dependent Mn?* release curves of ZGMC and ZGMC@ZGC-TAT at different pH values. (b) Time-dependent Cu?* release curves of
ZGMC and ZGMC@ZGC-TAT at different pH values. (c) UV-vis spectra of different DTNB solutions. (d) UV-vis spectra of different TMB solutions. (e)
UV-vis—NIR absorption spectra of different MB solutions. (f) ESR images of different DMPO with or without ZGMC@ZGC-TAT under different

conditions.

of metal ions was observed at pH 7.4. It was proved that CDT
catalysts can only be released specifically in acid environ-
ments, which provided the possibility for subsequent on-
demand therapy. Besides, 6 h was selected as a point time for
the follow-up studies since the acid degradation of
ZGMC®@ZGC-TAT peaked at 6 h.

GSH maintains the redox homeostasis in the TME and has
a certain inhibitory effect on CDT. The consumption of GSH
by ZGMC@ZGC-TAT was then evaluated using the Ellman
assay, where the clear 5,5-dithiobis-2-nitrobenzoic acid
(DTNB) was reduced by GSH into yellow 2-nitro-5-mercapto-
benzoic acid with an absorbance peak at 410 nm.*” After 6 h
co-incubation of GSH with ZGMC or ZGMC®@ZGC-TAT at
different pH values, considerable absorbance changes at
410 nm only occurred at pH 6.0, indicating successful
depletion of GSH caused by released Cu®" under acidic con-
ditions (Fig. 3c). The absorbance of the above solution gradu-
ally decreased with the incubation time (Fig. S137), implying a
satisfactory acid-activated GSH depletion and an effective
mechanism to improve antitumor efficiency.

The enhanced CDT effect of ZGMC@ZGC-TAT was further
studied in the simulated TME (the acid environment with
10 mmol L™ of H,0, and 10 mmol L™ of GSH), while ZGMC
and Zn,GeO,:Mn (ZGM) were selected as controls. The indi-
cator TMB exhibited an enhancement of the absorbance at
652 nm during the "OH-stimulated transition to oxTMB. In the
ZGMC®@ZGC-TAT and ZGMC groups, obvious spectral gaps
were observed due to the presence of GSH. This is because

This journal is © The Royal Society of Chemistry 2024

Cu®" had already been reduced to Cu" by GSH and further
reacted with H,0, to generate ‘OH, which promotes the oxi-
dation of TMB. However, GSH had no significant effect on the
ZGM-induced TMB oxidation efficiency, thus confirming the
indispensable role of Cu®*" in improving the CDT efficiency
(Fig. 3d). In addition, no significant change in the absorbance
was observed under alkaline conditions, meaning that little
'OH was produced, indicating the necessity for the coexistence
of H,0, and an acid environment (Fig. 3e and S147). In order
to further substantiate the correlation with ‘OH, electron spin
resonance (ESR) spectroscopic analysis was conducted with
DMPO as the 'OH trapping agent. The appearance of
DMPO-'OH confirmed the production of "OH (Fig. 3f). In
summary, ZGMC@ZGC-TAT can serve as an on-demand
Fenton-like reaction catalyst exclusively in acid environments,
and simultaneously scavenge endogenous antioxidant GSH
overexpressed in the TME, ultimately enhancing the CDT
efficiency. Besides, ZGMC®@ZGC-TAT has also revealed favor-
able TME-activated cytotoxicity, which can effectively reduce
side effects.

Cell ratiometric imaging and CDT effect of ZGMC@ZGC-TAT

Encouraged by the TME-responsive PL changes and excellent
‘OH generation ability of ZGMC®@ZGC-TAT, cell-targeted
imaging and CDT effects were then investigated with model
cells (SCC-7 tumor cells cultured in simulated acidic TME and
3T3 normal cells cultured in an alkaline microenvironment).
First, with the purpose of studying the TME-responsive cell
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internalization and luminescence ratiometric imaging per-
formance, 100 pg mL™' of ZGMC@ZGC-TAT was incubated
with SCC-7 cells (pH 6.0) and 3T3 cells (pH 7.4), separately. As
shown in Fig. 4a, the imaging results of the SCC-7 cell group
showed that green luminescence (I53;) slowly faded with the
incubation time due to the degradation of ZGMC, the signal
donor. At the same time, red-light-signal donors were interna-
lized and gradually accumulated in the cell, accompanied by
signal enhancement, which is related to the reduction of the
material size and the improvement of penetration. This also
resulted in a continuous increase in the signal ratio (I79/I537),
reaching a maximum at 10 h. In contrast, both green and red
luminescence signals of 3T3 cells remained stable, and the
signal ratio of the two channels was significantly different
from that of SCC-7 cells (Fig. 4c). These differences are due to
pH-stimulated acid degradation and changes in the size of the
nanoprobe, also suggesting that the microenvironment can
trigger the cell uptake and targeting of ZGMC®@ZGC-TAT
towards tumor cells.

The TME-triggered CDT effect of ZGMC@ZGC-TAT was then
evaluated towards 3T3 and SCC-7 cells via the MTT assay. For
this purpose, the cells were treated with different concen-
trations of ZGMC@ZGC-TAT, respectively. When only 50 pg
mL™' ZGMC@ZGC-TAT was added, the cell viability of SCC-7
cells at pH 6.0 decreased to 41.03%, and even dropped down
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to 20.34% at 300 pg mL™" (Fig. 4c). In contrast, the dark cyto-
toxicity toward 3T3 was negligible and the cell viability
remained over 80% even when treated with the highest con-
centration of ZGMC@ZGC-TAT. Similar results were found in
the calcein-AM/PI staining results, where red cell-death signals
were only spotted in the SCC-7 cell group cultured in an acidic
medium mixed with ZGMC@ZGC-TAT (Fig. S15%).
Furthermore, intracellular "OH was evaluated with 2,7-dichlor-
odihydrofluorescein diacetate (DCFH-DA) as a dictator.
DCFH-DA will be hydrolyzed and further oxidized to 2',7'-
dichlorofluorescein by "OH after entering the cell membrane,
leading to green fluorescence emission. Obvious green fluo-
rescence signals were observed in SCC-7 cells treated with
ZGMC@ZGC-TAT in an acidic environment (pH 6.0), verifying
the presence of endogenous H,0, and the reliable generation
of cytotoxic "OH (Fig. 4d). All these outcomes confirmed the
acid-stimulated and H,O,-triggered cellular inhibitory impact
and tumor-specific suppression potential of ZGMC@ZGC-TAT,
which had delightful prospects for in vivo applications.

In vivo pulmonary metastatic tumor imaging and therapy of
ZGMC@ZGC-TAT

Given the excellent pH responsiveness, cellular uptake, and
tumor cytotoxicity, in vivo lung tumor-specific ratiometric
imaging and therapy using ZGMC®@ZGC-TAT was then investi-
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(a) Cellular internalization and ratiometric imaging of ZGMC@ZGC-TAT toward different cells for different incubation times (scale bar,

30 pm). (b) Luminescence intensity of ZGMC@ZGC-TAT incubated with 3T3 cells at pH 7.4 and with SCC-7 cells at pH 6.0 for different times. ***P <
0.01. (c) Cell viability against 3T3 and SCC-7 cells under different concentrations of ZGMC@ZGC-TAT. Data were presented as the mean + SD (n = 5).
***P < 0.01. (d) "OH production of 3T3 and SCC-7 cells mediated by ZGMC@ZGC-TAT (300 ug mL™) as indicated by the fluorescence of DCFH-DA

(scale bar, 30 pm).

Biomater. Sci.

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4bm00379a

Published on 07 May 2024. Downloaded by Jiangnan University on 5/27/2024 8:23:15 AM.

Biomaterials Science

gated. All animal procedures were performed in accordance
with the Guidelines for Care and Use of Laboratory Animals of
Jiangnan University and approved by the Animal
Ethics Committee of Jiangnan University, People’s Republic of
China (JN. no 20230530b0300831[246]). The biosafety of
ZGMC®@ZGC-TAT was first evaluated via the hemolysis assay.
The hemolysis rate of red blood cells remained under 0.5%
after co-incubation with all testing concentrations of
ZGMC@ZGC-TAT (Fig S167), demonstrating trustable biocom-
patibility of ZGMC@ZGC-TAT for subsequent investigation.

Before  investigating  the  specific = imaging  of
ZGMC@ZGC-TAT for pulmonary metastatic tumors, the ratio
imaging effect under the trigger of a subcutaneous tumor
microenvironment was first studied. To this end, SCC-7 tumor
xenograft mouse models were established, and then an equal
amount of ZGMC®@ZGC-TAT was injected into the tumor
tissues and the corresponding normal tissues when the tumor
diameter reached 6 mm. The PL intensity of the green channel
at 537 nm declined gradually in tumor tissue exclusively, and
little remarkable change in PL intensity in the red channel was
observed. Different from normal tissue, a significant increase
in the PL ratio I40/I53; was observed at the tumor site, reach-
ing its maximum at 10 h post-injection (Fig. S17t). This result
indicated that ZGMC®@ZGC-TAT also has tumor microenvi-
ronment-responsive ratiometric imaging properties in vivo,
making it possible to effectively distinguish tumor from
normal tissue.

The effectiveness of ZGMC@ZGC-TAT in accurate imaging
and treatment of pulmonary metastatic tumors was sub-
sequently evaluated. A mouse model with pulmonary meta-
static tumors (lung metastasis (+)) was established through an
intravenous injection of mouse breast tumor 4T1 cells. The
lung CT results showed that in comparison to the left lung,
more and larger pulmonary masses were observed in the right
lung, and the irregular margins and poor definition of the
masses were also more indicative of the spread of malignant
tumors in the right lung. Ex vivo photographs and H&E stain-
ing results also corroborated the cancerous infection situations
in both lungs (Fig. 5a and b). ZGMC@ZGC-TAT was injected
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into lung metastases (+) mice via the tail vain, with mouse
models without lung metastasis (lung metastases (—)) as the
control group. As depicted in Fig. 5¢, ZGMC@ZGC-TAT tar-
geted lung tissue and emitted green and red PL signals. The
degree of the green PL signal of the cancerous right lung
decreased over time, while that of the red PL signal increased
slightly, resulting in a notable change in the PL ratio I;o/I537
((I700/T500)right 1ung)- Besides, (I700/Iso0)right lung Was significantly
different from the PL ratio of the left lung ((Ioo/Is00)iefe ung)s
which is basically constant (Fig. S18t). This phenomenon can
be attributed to the multiple synergies of EPR effects, TME-
triggered acid degradation, size modulation and the nuclear
targeting of TAT. Conversely, the PL signals of the two chan-
nels exhibited negligible alterations in the lung metastasis (—)
group, with I5o¢/Is0o remaining stable in both the right and left
lungs (Fig. S19 and S20f). All results verified that
ZGMC@ZGC-TAT was competent for precise imaging of pul-
monary metastatic tumors.

Encouraged by the satisfactory in vivo imaging results, the
therapeutic effect of ZGMC@ZGC-TAT was then investigated.
During the 12-day period, the anatomical lungs of the
untreated group presented obvious lesions, the color changed
from light pink to dark red, and more and more pulmonary
metastatic nodules could be observed on the surface. In con-
trast, the nodule growth in the group treated with
ZGMC@ZGC-TAT was suppressed (Fig. 6a). At the end of treat-
ment, the number of pulmonary metastatic nodules in the
untreated group was significantly higher than that in the
ZGMC®@ZGC-TAT group, which confirmed that
ZGMC@ZGC-TAT had a good inhibitory effect on pulmonary
metastatic tumors. This is also demonstrated by the increase
in the lung weight caused by tumor proliferation (Fig. 6b and
¢). In addition, the weight loss of untreated mice also con-
firmed the alleviation of the degree of lung metastasis by
ZGMC®@ZGC-TAT because lung tumors cause wasting in mice
(Fig. 6d). It is worth mentioning that the body weight of mice
in the ZGMC@ZGC-TAT group did not decrease significantly.
The main organs were not significantly damaged as proved by
H&E staining (Fig. 6e) and all blood indicators were within the

Fig. 5 (a) CT image and ex vivo photograph (inset) of lung metastasis (+) mouse models. (b) H&E staining of the left and right lungs (scale bar,
200 pm). The locations of tumors are marked by the red circles. (c) In vivo luminescence images of lung metastasis (+) mouse models after being

intravenously injected with ZGMC@ZGC-TAT over time.
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Fig. 6 (a) Photographs of the lungs from lung metastasis (+) mouse models after different treatments for different times. (b) A number of pulmonary
metastatic nodules of lung metastasis (+) mouse models after different treatments. (c) The relative lung weight of lung metastasis (+) mouse models
after different treatments. (d) The relative body weight of lung metastasis (+) mouse models after different treatments over time. (e) H&E staining of
major organs and lung tissue in lung metastasis (+) mouse models (scale bar, 500 pm).

normal limits (Fig. S21%), indicating that the biological
toxicity of ZGMC®@ZGC-TAT was negligible. Therefore,
ZGMC@ZGC-TAT can effectively reduce the formation of pul-
monary metastatic nodules and thus serve to inhibit lung
metastasis with fewer side effects. All of the above results con-
firmed that ZGMC@ZGC-TAT was equipped with in vivo TME-
responsive ratiometric imaging, on-demand tumor suppressive
performance and negligible biotoxicity, which make it highly
promising for precise pulmonary metastatic tumor
theranostics.

Conclusions

In summary, motivated by the non-target retention of PLNPs
in the lungs, we here report a pH-responsive dual-emissive
self-evolving PLNP-based theranostic nanoprobe
ZGMC@ZGC-TAT for autofluorescence-free  ratiometric
imaging and on-demand enhanced CDT of pulmonary meta-
stasis. The developed nanoprobe emits two luminescence
peaks at 537 nm and 700 nm with an acid-sensitive lumine-
scence ratio signal of I0/Is00, Which endows it with in situ
excitation- and external disturbance-free and TME-responsive
PL ratiometric imaging capabilities. The corresponding pH-
triggered size self-adjustment further strengthened the tumor-
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active targeting and TME-specific imaging for xenograft tumor
and pulmonary metastasis. Simultaneously, ZGMC@ZGC-TAT
is characterized by enhanced CDT efficiency owing to TME-trig-
gered GSH depletion. The satisfactory bio-compatibility and
CDT-based antitumor capacity with negligible side effects of
ZGMC®@ZGC-TAT further indicated the great potential for accu-
rate TME-specific imaging-guided metastasis suppression. We
believe that the developed microenvironment-responsive and
size-switchable dual-emissive PLNP-based intelligent theranos-
tic nanoprobe ZGMC@ZGC-TAT provides a novel perspective
on accurate pulmonary cancer imaging with on-demand
therapy, and positively impacts the designs of in vivo respon-
sive probes.
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