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Within the milieu of immune dysfunction, reactive oxygen species (ROS) play a pivotal role in inducing
immunogenic cell death (ICD), countering the dysregulated tumor microenvironment. However, the
administration of ROS at indiscriminate dosages may provoke deleterious immune responses. Therefore,
precise regulation of ROS production is crucial to achieve efficacious therapeutic outcomes. We
engineered an innovative afterglow nanosystem which is capable of real-time monitoring of ROS levels.
Our findings reveal that Ru/CYQ@CPPO exhibits a markedly enhanced and prolonged afterglow

) luminescence, coupled with superior singlet oxygen (O,) generation, compared to the commercially
Eizzgﬁ% itghtngnzeoggm available indocyanine green (ICG). In vitro studies demonstrated that Ru/CYQ@CPPO exhibits remarkable
efficacy in photodynamic therapy (PDT) under irradiation at a wavelength of 450 nm. Furthermore,

DOI: 10.1039/d4ra03312d a significant correlation (R? = 0.987) was observed between the intensity of afterglow luminescence and
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1. Introduction

For several decades, apoptosis was predominantly viewed as
a non-immunogenic or tolerogenic phenomenon. In stark
contrast, necrotic cell death, including necroptotic apoptosis,
has been acknowledged as a critical factor in driving inflam-
matory and immune responses. Recently, the emergent concept
of ‘immunogenic cell death’ (ICD) has significantly challenged
this conventional perspective, attributing immunogenic prop-
erties to apoptotic processes.' The model was originally
conceptualized within the framework of anticancer chemo-
therapy, specifically aimed at enhancing the immunogenicity of
cancer cells in response to an immunologically impaired
microenvironment.>® ICD-associated immunogenicity is more
effectively enhanced through reactive oxygen species (ROS)-
based therapies, including photodynamic and hemodynamic
therapies. This enhancement is primarily due to the induction
of ICD by ROS, which are generated as a result of endoplasmic
reticulum (ER) stress.” In the tumor microenvironment, the
precise modulation of ROS levels is crucial for inducing ICD. An
optimal dosage of ROS facilitates this process, whereas devia-

tions, either in excess or insufficiency, prove to be
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counterproductive.®* Employing fluorescence imaging as a tech-
nique to elucidate the process of ROS generation presents
a promising strategy for quantifying ROS levels in biological
systems. This approach could significantly enhance our
understanding and monitoring of ROS-mediated therapeutic
mechanisms in cancer treatment. Nevertheless, real-time
photoexcited fluorescence imaging is compromised by tissue
autofluorescence, which adversely impacts the signal-to-
background ratio (SBR) and in vivo sensitivity. This challenge
can be effectively addressed through afterglow luminescence,
also known as persistent luminescence, which is characterized
by sustained autofluorescence following the termination of
external light excitation.®

Molecule-based sustained luminescence has become an
emerging field. The term “sustained luminescence” refers to
luminescence that includes decay, long afterglow, persistence
and long lifetime. Due to their delayed emission, materials with
sustained luminescence have historically been used in emer-
gency signs and dark luminescent paints found in watches.”® In
addition, these materials have been used for in vivo bioimaging
because their time-resolved light signals reduce background
interference. In contrast to co-crystals and/or hybrid crystals
assembled at the molecular level, doped and co-mingled hybrid
materials are aggregates of organic particles and/or micro/
nanostructures with different chemical compositions. Doping
photophores in organic compounds is a promising and easily
accessible method of hybridisation, which reduces energy
dissipation and immobilises the photophores by inhibiting
molecular motion and intermolecular collisions. Molecular
design controls the emission properties of doped materials,
making organic materials potential candidates for many

© 2024 The Author(s). Published by the Royal Society of Chemistry
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biomedical applications.**® Afterglow imaging holds significant
promise for ultrasensitive biomedical applications, primarily
due to its ability to detect photons subsequent to the cessation
of real-time photoexcitation. This unique capability facilitates
the effective elimination of autofluorescence, a common chal-
lenge in imaging techniques. Despite its potential, the devel-
opment of afterglow imaging remains nascent, hindered by the
scarcity of afterglow agents that possess reliable lifetimes,
biocompatibility, and high luminescence intensity. This limi-
tation is particularly pronounced in the near-infrared spectrum,
which is crucial for in vivo applications. To date, a limited
number of small-molecule organic materials capable of emit-
ting afterglow have been documented, alongside a selection of
inorganic persistent luminescent nanoparticles.”** In recent
years, much attention has been paid to the research of organic
afterglow materials. There are several types of organic afterglow
systems that have been developed, such as: phenylenevinylene
(PPV),"* thioether,” Schaap's dioxetanes,'® and porphyrins
(Fig. S1t)."” Characteristically, these organic afterglow materials
offer notable benefits, including high biosafety, effective
biodegradability, and versatile surface functionalization
options.'®* Organic afterglow materials offer great opportuni-
ties to overcome the above barriers to inorganic afterglow
materials for in vivo bioimaging due to their biocompatible
components and flexible designability.

In our research, we have developed a novel Near Infrared
(NIR) afterglow nanosystem Ru(bpy);**/CYQ@CPPO (Ru/
CYQ@CPPO) with dual-cycle amplification of the afterglow
signal for visualising ROS generation during ROS-mediated
cancer therapy. The afterglow intensity of Ru/CYQ@CPPO was
enhanced by the generated 'O, via a dual-cycle amplification
pathway, effectively inducing apoptosis in cancer cells. More-
over, a reasonable correlation between the intensity of the
afterglow signals and the inhibition of cell growth was found. In
summary, our synthesized afterglow probes offer an innovative
approach for real-time prediction of therapeutic outcomes in
10,-mediated cancer therapy.

2. Experimental section
2.1 Materials

Ru(bpy);*>" (purity = 99%) were purchased from Macklin Inc.
(Shanghai, China), 1,3-diphenylisobenzofuran (DPBF, purity
=98%), TWEEN®80 (purity: for cell culture) and bis-(3,4,6-
trichloro-2-(pentyloxycarbonyl)phenyl)oxalate (CPPO, purity
=98%) were purchased from Aladdin biological technology Co.
Ltd (Shanghai, China), Singlet Oxygen Sensor Green (SOSG)
were purchased from invitrogen by Thermo Fisher Scientific
Inc. Bis(2-ethylhexyl) sebacate (DOS, purity =97%) were
purchased from aladdin (Shanghai, China). Tetrahydrofuran
(THF, purity =99.5%) were purchased from Shanghai Lingfeng
Chemical Reagents Co., Ltd, trisbuffer were purchased from
Sigma-Aldrich (Shanghai, China). Dulbecco’s modified Eagle's
medium (DMEM) and Penicillin/Streptomycin (PS) were
purchased from HyClone (Shanghai, China). Phosphate-
buffered solution (PBS) purchased from Corning
(Shanghai, China). Trypsin-EDTA was purchased from Gibco

was
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(New York, USA). HeLa cells were provided by Research Center
for Biomedical Optics and Molecular Imaging in the Shenzhen
Institute of Advanced Technology, Chinese Academy of Science.
Cell Counting Kit-8 (CCK-8) was purchased from Dojindo
Chemical Technology Co., Ltd (Shanghai, China).

Dynamic light scattering (DLS) was measured on Zetasizer
Nano ZS (Malvern, UK). The absorbance was recorded by on UV-
2700 Spectrophotometer (SHIMADZU, Japan). The fluorescent
spectra were recorded by using an Infinite M1000 PRO fluo-
rometer (Tecan). The fluorescent and afterglow luminescence
images of centrifuge tube were obtained via an IVIS spectrum
imaging system (PerkinElmer).

2.2 Synthesis of CYQ and CYQI

Synthesis of CYQ and CYQI was reported previously (Fig. S2 and
S3T).20‘21

2.3 Characterizations of NIR dyes

CYQ, CYQI and ICG dissolved in THF. The UV-Vis absorption
spectrum was determined by UV-2700 Ultraviolet-Visible Spec-
trophotometer (SHIMADZU, Japan). Zetasizer Nano ZS (Mal-
vern, UK) was used to study the size distribution and zeta
potential of Ru/CYQ @CPPO by DLS.

2.4 Synthesis of various near-infrared afterglow fluorescent
probes

For screening of NIR fluorescent dyes, various NIR fluorescent
dyes (e.g., ICG, CYQ or CYQI) were prepared by dissolving them
separately in tetrahydrofuran (THF).

To synthesis of Ru/CYQ@CPPO: different amounts of CYQ,
different amounts of Ru, 10 puL of DOS and 5 pL of Tween-80
were mixed thoroughly. First, 10 pL of DOS was added to
a 1.5 mL EP tube, and after adding different microlitres of Ru
and CYQ in turn, it was mixed thoroughly, then 5 pL of Tween-
80 was added, and it was slowly blown at least 60 times. Finally,
the Ru/CYQ@CPPO NIR afterglow probe was prepared by
dropping the mixture in the EP tube into 1 mL of PBS in a vortex.
(If not mixed well in the EP tube, it will be prepared as a cloudy
liquid, and a successful preparation should be a green, trans-
lucent liquid.)

Single linear oxygen yield assay: ICG, CYQ, and CYQI were
weighed into 100 pM and diluted for UV-Vis measurement,
adjusted to OD = 10. The 165 pL of SOSG was added to the
trisbuffer and dissolved, and 10 pL of SOSG was added to 990 pL
of trisbuffer. The 200 uL of trisbuffer, 10 pL of SOSG, and 10 pL
(ICG, CYQ, or CYQI) were mixed with or without laser irradia-
tion for 5 min, and then the fluorescence intensity was
measured. Take 200 pL of trisbuffer, 10 puL of SOSG, and 10 pL of
ICG, CYQ, or CYQI, and then measure the fluorescence intensity
with or without irradiating the laser for 5 min.

2.5 Measurement of single linear state oxygen quantum
yield (®A)

The single linear state oxygen quantum yield (®A) was
measured by detecting the change in absorption of DPBF (1,3-
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diphenylisobenzofuran) at 410 nm, with ICG as the reference
photosensitizer.?*** An air-saturated DPBF (100 uM) methanol
solution containing the photosensitizer was irradiated using
a laser light source at 660 nm, and measurements were taken
every 60 seconds of irradiation. Absorption spectra were
measured using a UV-visible spectrometer. ®A values were ob-
tained by the relative value method in the following equation:
Ses X Fsu (1)

P4 = PASW) G
1

where the subscripts PS and Std denote CYQ and ICG, respec-
tively, and S denotes the slope of the curve obtained by plotting
the change in absorption value of DPBF at 410 nm relative to the
light time. F denotes the absorption correction factor, F = 1-
107°" (OD stands for absorbance at 660 nm), and the laser

power is 10 mW cm 2,

2.6 Optimal conditions for the preparation of near-infrared
afterglow fluorescent probes

To optimize the doping of CYQ, Ru/CYQ@CPPO was doped with
different concentrations of CYQ and irradiated with a laser
(450 nm, 0.75 W cm?) for 2 min before afterglow imaging (Ru:
0.2 mg mL™ ", CYQ: 0, 0.1, 0.2, 0.4 mg mL ™).

To optimize the doping of Ru, Ru/CYQ@CPPO was doped
with different concentrations of Ru (0.04, 0.1, and 0.2 mg mL ")
and irradiated with a laser (450 nm, 0.75 W cm™2) for 2 min
prior to afterglow imaging (CYQ: 0.2 mg mL™", Ru: 0, 0.04, 0.1,
0.2 mg mL ™).

2.7 Stability of near-infrared afterglow fluorescent probes

To study the duration of afterglow intensity after irradiation, the
afterglow fluorescence intensity was recorded at one-minute
intervals for 5 minutes after irradiation of Ru/CYQ@CPPO
with a laser (450 nm, 0.75 W cm ™ 2).

In order to study the afterglow intensity after cyclic irradia-
tion, the afterglow intensity was recorded as 0 before laser
irradiation. Ru/CYQ®@CPPO was irradiated with a laser (450 nm,
0.75 W ¢cm2), which was recorded once after 1 min laser irra-
diation. Then, the photons were freely released for 10 minutes
and re-recorded. Then, four cycles were repeated, and data were
recorded.

2.8 Cell culture and cellular experiments

HelLa cells were cultured in DMEM supplemented with 10% FBS
(fetal bovine serum) and antibiotics (10 U mL ™" penicillin and
10 mg mL ' streptomycin) at 37 °C containing 5% CO,.

HeLa cells were inoculated in 96-well plates and incubated
with fresh DMEM. After 24 hours of incubation, the medium in
the 96-well plates was replaced with medium containing Ru/
CYQ®@CPPO (final concentrations: 0, 3.125, 12.5, 25, 50, 100
ug mL~") and incubated for another 3 hours. These cells were
then subjected to 2 min of laser (450 nm, 0.75 W cm ™ ?) irradi-
ation or no light irradiation and further incubated for 24 hours.
Finally, relative cell viability was tested using the CCK-8 assay.
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2.9 Statistical analysis

All experimental data were expressed as mean =+ standard
deviation, and SPSS 16.0 statistical software was used for data
analysis. P value <0.05 was considered statistically significant.

3. Results

3.1 The photophysical properties of NIR dyes

Three NIR organic dyes were investigated for the potential
candidate of the afterglow nanosystem. A commercially avail-
able dye ICG was taken as reference for the characterization of
other two novel cyanine dyes. As shown in Fig. 1a, the two heavy
atoms of iodine were introduced to CYQI to increase the inter-
system crossing probability.

To verify that we successfully synthesised the NIR dyes, we
first tested the absorption peaks. The absorption spectra of
CYQ, CYQI, and ICG were a characterized as shown in Fig. 1b.
The absorption maximum of CYQ, CYQI were found to be
around 816 nm and 796 nm, which were red-shifted in
comparison to that of ICG 784 nm. In order to investigate the
triplet state of those three dyes, the 'O, generation experiments
were conducted, as shown in Fig. 1c and d. SOSG was taken as
the 'O, probe to indicate the generation of 'O, via the fluores-
cence intensity variation around 530 nm. As shown in Fig. 1c,
the SOSG fluorescence exhibits a pronounced increase in the
presence of CYQ after laser irradiation at 785 nm, registering
a fourfold enhancement compared to pre-irradiation. In
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Fig. 1 Screening of organic dyes for afterglow nanosystem. (a)
Molecular structures of NIR fluorescent dyes (ICG, CYQ, CYQI). (b)
Absorption spectra of ICG, CYQ, and CYQI. (c) The fluorescence
intensity of SOSG in the presence of different dyes with and without
laser irradiation (785 nm, 0.75 W cm™2, 5 min), data were presented as
means + SD (n = 10). (d) SOSG fluorescence enhancement (F/Fg) for
different NIR fluorescent dyes after laser irradiation.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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contrast, in the case of ICG a much lower emission intensity was
observed. It indicates a higher 'O, generation was found for
CYQ than the commercially available dye ICG. Given CYQ's
superior 'O, generation efficiency, it was selected for further
investigation. Given CYQ's superior 'O, generation efficiency, it
was selected for further investigation.

In photodynamic therapy, the generation of 'O, plays
a crucial role in eradicating tumor cells. Consequently, the
quantum yield of *O, is considered to be a critical parameter for
evaluating the efficacy of photosensitizers. It is pivotal in
determining the therapeutic potential and efficiency of photo-
dynamic treatments.”*** In our study, we quantified the relative
'0, quantum yield of CYQ by employing 1,3-diphenyliso-
benzofuran (DPBF) as a scavenger for 'O, and ICG as a reference
photosensitizer. The DPBF would be oxidized by the produced
reactive oxygen species leads to a reduction in the absorbance
around 410 nm.*® As shown in Fig. 2a-c, by irradiation at
785 nm, the absorbance band of DPBF getting lower as a func-
tion of time. The quantum yield of 'O, generation was about
®A(cyq) = 0.106, which is 0.9 times that of ICG (Fig. 2). A K-value
of CYQ, ICG, and DPBF were 0.99 x 10~2,1.03 x 102, and 0.35
x 1072, respectively (Fig. 2d).

3.2 Enhanced afterglow luminescence with
chemiluminescent substrates

The widely accepted luminescence mechanism of organic
afterglow-emitting nanoparticles is that after the afterglow
material receives light irradiation, the afterglow initiator
generates ROS, which reacts with the material to form unstable
high-energy intermediates, and the continuous luminescence
can be delayed after the unstable decomposition.”” Though the
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Fig.2 The measurement of 1O, quantum yield of ICG and CYQ via the
absorption change of DPBF. The absorption spectra variation of DPBF
as a function of irradiation time in methanol in the presence of ICG (a),
CYQ (b), and DPBF (c). (d) The change of absorbance of DPBF at
410 nm as a function of irradiation time. Irradiated at 660 nm with
intensity of 10 mW cm~2,
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CYQ could generate a certain amount of 10, after irradiation at
785 nm, the quantum yield is too low in comparison to the
famous Ru (bpy);>" compound. The triplet state quantum yield
is considered to be unity.?® Therefore, we applied Ru(bpy),>* as
afterglow initiator, for which after irradiation at 450 nm, the
energy would be used to convert bis-(3,4,6-trichloro-2-
(pentyloxycarbonyl)phenyl)oxalate (CPPO) into a high-energy
dioxetanedione intermediate. This intermediate, in turn,
excites the adjacent CYQ molecules, thereby significantly
amplifying the afterglow intensity. This proposed mechanism
underscores a novel pathway for enhancing luminescent effi-
ciency in photodynamic applications. In this study, we
successfully prepared Ru/CYQ@CPPO nanosystem. A uniform
distribution of CPPO within the Ru/CYQ matrix, potentially
leads to an improved performance (Fig. 3a). To verify that the
nanosystem is a nanomaterial, we tested the DLS. The DLS of
Ru/CYQ®@CPPO showed its hydrodynamic diameter to be
around 86.61 (£6.59) nm and positively charged (Fig. 3b and
S41). To achieve the most effective afterglow luminescence, we
conducted a comprehensive study to fine-tune the concentra-
tion of each species in the Ru/CYQ@CPPO nanosystem. In order
to obtain the best afterglow nanosystem, we synthesized various
Ru/CYQ®@CPPO, while maintaining a constant CYQ/CPPO
concentration ratio. The results indicated that the nanosystem
with 2 mg mL ™" CPPO and 0.2 mg mL~* CYQ demonstrated the
highest afterglow intensity. This observation suggests an
optimal doping ratio within these parameters for enhanced
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Fig. 3 The optimization of afterglow nanosystem. (a) The schematic
shows the preparation of Ru/CYQ@CPPO nanosystem. (b) The
hydrodynamic diameter of Ru/CYQ@CPPO nanosystem. (c and d) The
afterglow intensity of Ru/CYQ@CPPO at different CYQ concentrations
after irradiation with at 450 nm, 0.75 W cm~2 (Ru: 0.2 mg mL™%, CYQ:
0,0.1,0.2,0.4 mgmL™), data were presented as means + SD (n = 3). (e
and f) The afterglow intensity of Ru/CYQ@CPPO at different
concentrations of Ru after irradiation with 450 nm, 0.75 W cm ™2 (CYQ:
0.2mg mL™% Ru: 0, 0.04, 0.1, 0.2 mg mL™Y).
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afterglow performance in these composites (Fig. 3c and d). In
addition, the afterglow intensity of Ru/CYQ@CPPO was 4 times
higher than that of Ru@CPPO when the doping of Ru is 0.04 mg
mL " (Fig. 3e and f).

The kinetics of afterglow intensity of Ru@CPPO,
CYQ®@CPPO, and Ru/CYQ@CPPO after laser excitation were
investigated as shown in Fig. 4a. Notably, the NIR afterglow
intensity of Ru/CYQ@CPPO exhibited a progressive increase
post-irradiation, with reaching maximum around one minute.
Remarkably, even in its diminished state, the afterglow inten-
sity of Ru/CYQ®@CPPO remained significantly higher compared
to that of other control samples (Fig. 4a). This observation
suggests that Ru and CYQ exhibit a synergistic effect following
laser irradiation, significantly amplifying the afterglow inten-
sity. Furthermore, the afterglow recharge properties of Ru/
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Fig. 4 The kinetics of afterglow nanosystem. (a) The afterglow of Ru/
CYQ@CPPO after irradiation at 450 nm. (b and c) Afterglow intensities
and images of Ru/CYQ@CPPO as a function of irradiation cycles. The
nanosystem were in dark for 10 min after each irradiation cycle.
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CYQ®@CPPO was examined as shown in Fig. 4b and c. Surpris-
ingly, the afterglow intensity would be increased dramatically as
increasing the recharge cycle. It might be caused by the accu-
mulating of the charged CPPO during each afterglow cycle.

3.3 Invitro anticancer efficiency

The impact of ROS on immunogenic responses exhibits
considerable variability, primarily contingent upon the ROS
dosage produced during photodynamic therapy.***' Conse-
quently, the unpredictable generation of ROS by therapeutic
agents could potentially elicit detrimental effects on anti-tumor
immunity, thereby rendering the treatment process a signifi-
cant source of adverse side effects. The growing interest in
monitoring ROS production during ICD-related immuno-
therapy is noteworthy. This study was motivated by the observed
correlation between NIR afterglow luminescence and the
production of '0,. Therefore, we explored the relationship
between the NIR afterglow intensity of Ru/CYQ®@CPPO in
solution and ('0,) generation, as illustrated in Fig. 5a. In
Fig. 5b, we demonstrate a marked enhancement in the after-
glow intensity of Ru/CYQ@CPPO, which is proportional to its
concentration as laser irradiated. The photodynamic thera-
peutic efficacy of HeLa cells were investigate via incubation with
varying concentrations of Ru/CYQ®@CPPO, as shown in Fig. 5c.
The corresponding afterglow signals were quantitatively
captured using the IVIS live animal imaging system, as shown in
Fig. 5b. With increasing the incubation concentration of Ru/
CYQ@CPPO, a gradual enhancement in the afterglow inten-
sity was observed in the cells. Furthermore, a corresponding
decreasing in cell viability was also recorded via employing the
CCK-8 assay, as shown in Fig. 5c. A reasonable correlation (R*> =
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Fig. 5 Afterglow nanosystem for in vitro study. (a) The scheme of 'O,
generation and afterglow monitoring associated with photodynamic
therapy. (b) Afterglow intensity (with and without laser irradiation) of
different concentrations of Ru/CYQ@CPPO (450 nm, 0.75 W cm™2),
data were presented as means + SD (n = 3). (c) Relative viability of
Hela cells incubated with different concentrations of Ru/CYQ@CPPO
(with or without laser irradiation) 450 nm, 0.75 W cm™2, data were
presented as means + SD (n = 4). (d) Correlation between afterglow
intensity and tumor cell inhibition was calculated using the data in (b)
and (c).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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0.987) was established between the afterglow intensity and cell
inhibition, as presented in Fig. 5d. As the afterglow signal
corresponds to 'O, concentration, which is also directly corre-
lated to the degree of tumor inhibition. Therefore the Ru/
CYQ@CPPO afterglow nanosystem presents an effective
nanoprobe, which facilitates real-time assessment of thera-
peutic efficacy via NIR afterglow during photodynamic therapy.

4. Conclusions

We developed a novel near-infrared afterglow nanosystem Ru/
CYQ®@CPPO. It is composed by Ru (bpy);>" as the afterglow
initiator, CYQ as the substrate, and CPPO as the afterglow
enhancer and relay component. The nanoparticle size of Ru/
CYQ®@CPPO is consistently within the range of 80-100 nm.
The Ru/CYQ®@CPPO nanosystem has passive targeting to tumor
tissues, leveraging the enhanced permeability and retention
(EPR) effect.*> The Ru/CYQ®@CPPO exhibits a strong afterglow
and a robust recharging effect. Furthermore, a reasonable
correlation between the intensity of afterglow luminescence
and the inhibition rate of tumor cells was established, which
indicates that the Ru/CYQ@CPPO nanosystem holds promise
for facilitating non-invasive, personalized PDT, offering
a predictive measure for the efficacy of PDT treatments.
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