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ARTICLE INFO ABSTRACT

Article history:

Photodynamic therapy (PDT) has emerged as a promising approach for tumor treatment due to its non-
invasiveness and high selectivity. However, the off-target activation of phototoxicity and the limited avail-
ability of tumor-specific biomarkers pose challenges for effective PDT. Here, we present the development
of a novel ratiometric near-infrared-II (NIR-II) fluorescent organic nanoprobe, BTz-IC@IR1061, which re-
sponds specifically to hypochlorite (HCIO) within tumors. This nanoprobe allows ratiometric fluorescence
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Photodynamic therapy codoping the small molecule dye BTz-IC, which generates reactive oxygen species (ROS), with the com-

Ratiometric mercial dye IR1061. The presence of HCIO selectively activates the fluorescence and photodynamic proper-

ZIR'" ﬂul;)fesce“t ties of BTz-IC while destroying IR1061, enabling controlled release of ROS for tumor therapy. We demon-
anoprobe

strated the high selectivity of the nanoprobe for HCIO, as well as its excellent photostability, photoacous-
tic imaging capability, and photothermal effects. Furthermore, in vivo studies revealed effective tumor
targeting and remarkable tumor growth inhibition through tumor-activated PDT. Our findings highlight
the potential of BTz-IC@IR1061 as a promising tool for tumor-specific PDT, providing new opportunities

Image-guided therapy

for precise and controlled cancer therapy.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Photodynamic therapy (PDT) is an approved clinical treatment
for various cancers, including cholangiocarcinoma, oral cancer, and
pancreatic cancer [1-5]. PDT involves reactions between photo-
sensitizers and endogenous oxygen, resulting in the production of
highly cytotoxic reactive oxygen species (ROS) that eliminate can-
cer cells and associated tissues [6-8]. In comparison to traditional
treatments like chemotherapy and radiation therapy, PDT offers ad-
vantages such as non-invasiveness, minimal side effects, and excel-
lent spatiotemporal selectivity [8-10]. Consequently, PDT has gar-
nered significant attention as a promising approach to tumor treat-
ment [11]. By focusing light on specific tumor areas, PDT can limit
induced damage to selectively target tissues. However, patients
must remain in darkness for an extended period after undergoing
PDT to expel photosensitizers from their bodies and prevent un-
necessary damage to the skin or normal tissues [12,13]. Therefore,
achieving specific therapy in tumor PDT remains a key research fo-
cus.
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Several tumor-targeting ligands, such as peptides, adaptors, and
biotins, have been developed to enhance the specific enrichment
of photosensitizers in tumors [14-16]. Although this strategy pro-
motes the uptake of cancer cells, the continuous presence of these
ligands may lead to phototoxicity at non-target locations. To ad-
dress this issue, activatable photosensitizers have been developed
in recent years. These photosensitizers are activated by highly ex-
pressed stimuli within tumors [17-20]. In the absence of tumor-
related stimuli, even in the presence of a light source, the pho-
tosensitizer remains in a passive state. However, when stimuli are
present, the photosensitizer's photosensitivity is activated, facilitat-
ing controlled release of ROS under light conditions while mini-
mizing damage to normal tissues. Currently, several tumor-related
biomarker activated photosensitizers, such as S-galactosidase and
cathepsin, have been developed [21-23]. However, due to the min-
imal difference in expression levels between cancer cells and nor-
mal cells, off-target activation of phototoxicity often occurs, result-
ing in unpredictable side effects [24]. Consequently, there is an
urgent need to develop photosensitizers activated by alternative
tumor-related biomarkers.

1001-8417/© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Scheme 1. Schematic illustration of ratiometric NIR-II FL imaging guided activated
PDT cancer therapy.

Neutrophils, as part of the body’s defense against tumors and
invasive pathogens, play a crucial role in clearing tumors and in-
fections [25-27]. They generate large amounts of ROS by promot-
ing the expression of myeloperoxidase (MPO) [27]. Notably, the in-
filtration of neutrophils during acute inflammation can increase lo-
cal ROS levels up to 20 times, leading to tumor cell death [28,29].
Hypochlorite (HCIO) production, accomplished through the cat-
alytic action mediated by MPO, serves as one of the most potent
effectors [30]. Therefore, effective recruitment of neutrophils to in-
flammatory sites is crucial for producing highly reactive HCIO for
antitumor and antibacterial purposes. Inflammation is typically ac-
companied by an upregulation of hydrogen peroxide (H,0,) lev-
els [31]. Endogenous neutrophils catalyze the conversion of excess
H,0, into locally restricted and highly active HCIO during inflam-
mation, specifically killing pathogens and reducing H,0,-related
damage [32]. However, insufficient neutrophil recruitment and low
catalytic activity hinder their biomedical applications. Thus, devel-
oping methods to increase neutrophil numbers and enhance their
catalytic activity is necessary to enhance HCIO-mediated antitumor
effects.

In this study, we developed a novel ratiometric near-infrared-
II (NIR-II) fluorescent (FL) organic nanoprobe (BTz-IC@IR1061) that
responds to HCIO within tumors (Scheme 1). This nanoprobe
achieves ratiometric FL changes and PDT activation, with the ac-
tivation of PDT being monitored through ratiometric NIR-II FL
changes. The nanoprobe consists of two main components. The
first component is the organic small molecule dye BTz-IC, which
extends the conjugated system to achieve NIR-II FL emission by
introducing two receptor groups at both ends of the traditional
donor-receptor-donor (D-A’-D) core. Under light irradiation, the
BTz-IC molecule generates hydroxyl radical (-OH) and singlet oxy-
gen (10,) through type I and type II photodynamic processes. The
second component is the commercial cyanine dye IR1061. The flu-
orescence resonance energy transfer (FRET) was observed between
the two molecules when they were co-doping. In addition, the
photodynamic properties of BTz-IC were quenched as well. Incuba-
tion with HCIO restored the fluorescence and photodynamic prop-
erty of BTz-IC molecules while destroying IR1061. After PDT, in-
flammation occurred at the tumor site, which led to infiltration of
neutrophils within the tumor, with an increase in HCIO concentra-
tion, further leading to the destruction of IR1061 and the activation
of ratio fluorescence and PDT in tumor. Finally, the ratiometric NIR-
II fluorescence probe can monitor the activated tumor PDT process.

The BTz-IC molecule was synthesized as previously reported
method (Fig. 1a). Confirmation of successful synthesis was
achieved through 'H nuclear magnetic resonance (NMR) and
matrix-assisted laser desorption ionization time-of-flight mass
spectrometry (MALDI-TOF MS) techniques (Figs. S1 and S2 in
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Fig. 1. (a) The synthetic route of BTz-IC molecule. (b) Schematic diagram of the
synthesis of BTz-IC@IR061 nanoparticles. (c) The ultraviolet absorption spectrum of
BTz-IC molecule in tetrahydrofuran (THF). (d) The fluorescence spectrum of BTz-IC
molecule in THE. (e) The UV absorption spectrum of IR1061 molecule in THF. (f)
The ultraviolet absorption spectrum of BTz-IC@IR1061 NPs (in H,0). (g) The DLS of
BTz-IC@IR1061 NPs. (h) TEM of BTz-IC@IR1061 NPs.

Supporting information). Ultraviolet and visible spectrophotome-
try (UV-vis) absorption spectra demonstrated a characteristic ab-
sorption peak at 730nm for the BTz-IC molecule (Fig. 1c). Ad-
ditionally, fluorescence spectra revealed strong emission ranging
from 850nm to 1100 nm for the BTz-IC molecule (Fig. 1d). More-
over, the absorption spectrum of IR1061 ranged from 800nm
to 1100 nm, overlapping with the fluorescence emission range of
BTz-IC (Fig. 1e). Consequently, FRET between the two molecules
could quench the fluorescence of BTz-IC. To further investi-
gate, we assembled these two small organic molecules into
nanoparticles using the surfactant 1,2-dimyristoyl-sn-glycero-3-
phospho-ethanolamine-N-[methoxy(poly(ethylene glycol)] (DSPE-
mPEG) (Fig. 1b).

To optimize the FRET effectiveness, we systematically screened
the doping ratio of the two molecules within the nanoprobe. With
a fixed mass of surfactant DSPE-mPEG (25mg), we synthesized
nanoprobes (BTz-IC@IR1061) with various doping ratios of BTz-
IC and IR1061, namely 1:1, 1:2, 2:1, 5:3, and 3:5. We examined
the changes in ultraviolet spectra before and after the addition of
ClO~. As depicted in Fig. 1f and Fig. S3 (Supporting information),
nanoprobes with different doping ratios exhibited both of the char-
acteristic absorption peaks of BTz-IC and IR1061, indicating suc-
cessful doping. Subsequently, the absorption at 1064 nm of 5:3, 2:1,
and 1:1 nanoprobes decreased after the addition of ClO—, while
the absorption at 808 nm remained unchanged. This result signi-
fied the destruction of IR1061 while the reference molecule BTz-
IC exhibited no reactivity to ClIO~. Conversely, the doping levels of
IR1061 within the 3:5 and 1:2 groups were too high, leading to
IR1061 aggregation and significant absorption blue shift. This un-
desirable outcome impeded the ClO~ response. Consequently, the
ratio of 5:3 was selected for further exploration.

Once the doping ratio of the two organic small molecules was
determined, we synthesized the nanoprobe using the final ra-
tio and characterized its morphology. Transmission electron mi-
croscopy (TEM) images of BTz-IC@IR1061 demonstrated symmet-
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Fig. 2. (a) Schematic diagram of ClO~ response ratiometric fluorescence changes.
(b) UV spectrum changes of BTz-IC@IR1061 nanoparticles incubated with differ-
ent ROS (GSH, H,0,, '0,, 0,, -OH, ClO~. The final concentration was 50 pmol/L).
(c) Changes of fluorescence images of BTz-IC@IR1061 nanoparticles incubated with
different ROS (GSH, H,0,, '0,, 0,~, -OH, ClO~. The final concentration was 50
pmol/L). (d) Changes in fluorescence ratio of 808 nm/1064nm of BTz-IC@IR1061
nanoparticles incubated with different ROS. (e) Ultraviolet absorption spectra at
1064 nm of BTz-IC@IR1061 nanoparticles reacting with different concentrations of
ClO~ (0, 2.5, 5, 10, 15, 20 pmol/L). (f) Changes of fluorescence images in the NIR-II
in different channels after the reaction of BTz-IC@IR1061 nanoparticles with differ-
ent concentrations of ClO~ (0, 5, 7.5, 10, 12.5, 15, 20 pmol/L; Ex: 808 nm, Em >
900nm; Ex: 1064nm, Em > 1100nm). (g) Changes of fluorescence values in two
channels after the reaction of BTz-IC@IR1061 nanoparticles with different concen-
trations of ClO~. (h) Fluorescence ratios of BTz-IC@IR1061 nanoparticles reacting
with different concentrations of CIO~ (808 nm/1064 nm).

rical spherical nanoparticles with a size of 31 nm (Fig. 1h). Fur-
thermore, BTz-IC@IR1061 nanoparticles exhibited high water sol-
ubility with a dynamic light scattering (DLS) size of approximately
38 nm (Fig. 1g). The TEM and DLS sizes were in good agreement.
At the same time, the size of the BTz-IC@IR1061 did not change
significantly in different solvents (H,0, 1640 cell culture medium,
phosphate buffer saline (PBS)) at different times, indicating that
the particles had good stability (Fig. S4 in Supporting information).
Moreover, the zeta potential measured —25.1 mV (Fig. S5 in Sup-
porting information).

By co-doping the two molecules with surfactants to synthesize
BTz-IC@IR1061 nanoparticles, a FRET occurred, quenching the flu-
orescence and photodynamic properties of BTz-IC molecules. Upon
incubation with ClO~, IR1061 was destroyed, there-by restoring
the fluorescence and photodynamic properties of BTz-IC molecules
(Fig. 2a). To validate the specific response of the nanoprobe to
ClO~, we conducted a study on the probe’s selectivity. Based on
relevant literature, we selected several common and highly ex-
pressed analytical substrates in tumors, namely glutathione (GSH),
H,0,, 10,, 0,7, -OH, and ClO~. The nanoprobes were individu-
ally incubated with these analytes, and their UV spectra were ana-
lyzed to observe any changes. As shown in Fig. 2b, the absorption
at 1064 nm exhibited negligible change upon addition of the other
substrates (GSH, H,0,, 105, 0,~, -OH). In contrast, the absorption
at 1064 nm significantly decreased with the addition of CIO~. In
addition, we tested the particle size of the nanoparticles before
and after the ClO~ response. As shown in Fig. S6 (Supporting in-
formation), the size of the nanoparticles did not change after the
ClO~ response, effectively suggesting destruction of IR1061. Fur-
thermore, we investigated selectivity through NIR-II fluorescence,
as illustrated in Fig. 2c. After sufficient reaction with GSH, H,0,,
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10,, 05, and -OH, the fluorescence at 808 nm and 1064nm re-
mained unaltered. Conversely, upon reaction with ClO~, the fluo-
rescence at 808 nm increased while the fluorescence at 1064 nm
diminished due to the cessation of FRET caused by the destruc-
tion of IR1061. Additionally, calculating the fluorescence ratio at
808 nm/1064 nm before and after the reaction to different ROS re-
vealed that the fluorescence ratio following the addition of CIO~
was 0.94, whereas the ratios for GSH, H,0,, 105, 0,~, -OH, and
water were 0.32, 0.29, 0.30 0.31, 0.32, and 0.32, respectively. In
summary, BTz-IC@IR1061 displayed high selectivity exclusively for
ClO~ (Fig. 2d).

After studying the selectivity of nanoprobes, we proceeded to
validate the reaction of BTz-IC@IR1061 nanoparticles with various
concentrations of ClIO~. The nanoprobe was subjected to different
concentrations of ClIO~ and measured for absorption and fluores-
cence. Fig. S7 (Supporting information) revealed that as the con-
centration of ClO~ increased, the absorption at 808 nm remained
constant, while the absorption at 1064 nm gradually decreased.
This trend indicated that although the internal reference molecule
BTz-IC remained unaffected, IR1061 was gradually destroyed. The
detection limit of CIO~ was determined to be 0.62 umol/L (Fig. 2e).
Additionally, as displayed in Figs. 2f and g, the fluorescence under
808 nm excitation increased while the fluorescence under 1064 nm
excitation decreased with increasing concentrations of ClO~. Cal-
culating the fluorescence ratio of 808 nm/1064 nm in response to
varying CIO~ concentrations revealed a ratio as high as 123.25 at a
ClO~ concentration of 20 pmol/L, whereas the ratio was 0.13 at a
ClO~ concentration of 0 umol/L (Fig. 2h). In conclusion, the probe
displayed excellent detection performance for CIO~ and exhibited
potential for in vivo research.

According to the above results, CIO~ can activate the ratio-
metric fluorescence of BTz-IC@IR1061 nanoprobes. Next, we stud-
ied the properties of the photodynamic therapy of BTz-IC@IR1061
nanoparticles activated by CIO~ to verify whether the activation
of photodynamic therapy can be monitored by ratiometric flu-
orescence (Fig. 3a). The activation of PDT was validated by re-
acting different concentrations of ClIO~ with a 5:3 ratio of BTz-
IC to IR1061 (Figs. 3b and c, and Fig. S8 in Supporting informa-
tion). Upon 808 nm laser illumination for 30s, the absorption of
1,3-diphenylisobenzofuran (DPBF) at 415 nm decreases significantly
with increasing CIO~ concentration. This result was attributed to
the more severe damage to FRET between the nanoprobes as the
ClO~ concentration increased, leading to enhanced photodynamic
recovery of the BTz-IC molecule. Additionally, the ratio of absorp-
tion (A¢) at 415 nm after 30s of illumination to absorption (Ag) be-
fore illumination (A¢/Ag) was calculated (Fig. 3d). At a CIO~ concen-
tration of 20 pmol/L, the ratio was 0.591, while at 0 pmol/L ClIO—,
the ratio was 0.879, indicating full activation of PDT after the CIO~
reaction.

Based on the absorption changes of ROS detected by DPBF,
even under extremely low laser irradiation conditions (0.1 W/cm?2)
for 10s, the peak at 415nm sharply decreased. This observation
suggested that a large amount of ROS was generated during the
PDT process of the molecule, capable of generating both free rad-
icals such as -OH through type I photodynamic processes and
10, through type Il photodynamic processes. This was confirmed
through electron spin resonance (ESR) using 5,5-dimethyl-1-
pyrroline N-oxide (DMPO) and 4-oxo-2,2,6,6-tetramethylpiperidine
(TEMP) as capture agents for -OH and '0,, respectively. Under
light irradiation, characteristic resonance signal peaks of TEMP/10,
adducts and DMPO/-OH adducts appeared, indicating the ability of
the nanoprobe to generate both -OH and 10, (Figs. 3e and f). Fur-
thermore, the addition of CIO~ to water for laser illumination did
not cause characteristic peaks of the capture agents to appear, in-
dicating that the activation of PDT after the ClIO~ reaction did not
involve the reaction of ClIO~ with the captor. Thus, the nanoprobe
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Fig. 3. (a) Diagram of ClO~ activation ratiometric NIR-II fluorescence imaging moni-
toring activation PDT. (b, c) After incubation with nanoprobe at different concentra-
tions of ClO—, absorption changes of DPBF at 415 nm before and after light exposure
(concentrations of CIO~: (b) 0 pmol/L, (c) 20 pmol/L)). (d) The absorption ratio of
DPBF at 415nm wavelength after 30s irradiation and before irradiation after the
reaction of nanoparticles with different concentrations of ClO~. (e, f) The ESR spec-
tra of different groups after exposure to 808 nm using TEMP as the 10, scavenger
(e) and DMPO as the -OH catcher (f) (1#: BTz-IC@IR1061 + CIO~ + 808 nm laser, 2#:
H,0+CIO~ +808 nm laser, 3#: H,O+808 nm laser, 4#: BTz-IC@IR1061 + 808 nm
laser) (1W/cm?, 2min). (g) Stability of BTz-IC@IR1061 nanoparticles under light
conditions (808 nm, 1.0 W/cm?). (h) Temperature curves of BTz-IC@IR1061 solutions
under laser irradiation. (i) Photoacoustic spectra of BTz-IC@IR1061 nanoparticles.

exhibited excellent CIO~ activated PDT and the restoration of flu-
orescence performance, resulting from the destruction of FRET be-
tween BTz-IC and IR1061.

The photostability of the nanoprobe BTz-IC@IR1061 was exam-
ined, and even after 16 min of irradiation with an 808 nm laser, the
UV spectrum of the nanoprobe remained unchanged, indicating its
good photostability (Fig. 3g).

Additionally, the photoacoustic imaging and photothermal ca-
pabilities of the nanoprobe were investigated. The nanoprobe gen-
erated heat when exposed to 808 nm light, and its photothermal
properties remained unaffected after incubation with ClIO~. More-
over, the nanoprobe demonstrated photoacoustic imaging capabil-
ity, with characteristic peaks of BTz-IC and IR1061 in the spectrum
(Figs. 3h and i). These findings laid the foundation for further in-
vestigations into the imaging and treatment of tumors using the
nanoprobes at both cellular and in vivo levels.

To assess the anticancer effect of the BTz-IC@IR1061 nanoprobe
via PDT, cell-level experiments were conducted. First, the cyto-
toxicity of the nanoprobes was validated using the cell count-
ing kit-8 (CCK-8) reagent and 4T1 cancer cells. Even at a con-
centration of up to 100ug/mL, incubation with BTz-IC@IR1061
for 24h did not significantly affect cell growth, and cytotoxic-
ity was lower in dark environments. The killing ability of PDT
on cells was further confirmed. Cells incubated with GSH and
pre-reacted BTz-IC@IR1061 nanoprobe with CIO~ exhibited a 58%
cell lethality rate upon 808 nm laser irradiation. However, the
groups treated with BTz-IC@IR1061 + 808 nm illumination and BTz-
IC@IR1061 + GSH + 808 nm light showed lethality rates of 56% and
0%, respectively. Importantly, neither BTz-IC@IR1061+ GSH nor
BTz-IC@IR1061 + ClO~ resulted in significant cell death, indicating
that BTz-IC@IR1061, GSH, and CIO~ alone did not cause tumor
cell death. These results demonstrated the nanoprobe’s ability to
activate photodynamic killing of cancer cells (Figs. S9a and b in
Supporting information). Next, alive/dead cells staining experiment
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was employed to study the anticancer activity under irradiation
(Fig. S10 in Supporting information), in which live and dead cells
were differentiated by calcein acetoxymethyl ester (AM) (green flu-
orescence) and propidium iodide (PI) (red fluorescence), respec-
tively. Notably, nearly all cells emit red fluorescence (cell death)
after treatment of BTz-IC@IR1061 + CIO~ + 808 nm laser, thus indi-
cating the effective ablation of cancer cells under laser irradiation.

The photodynamic effect of the nanoprobe on 4T1 cells
was verified by monitoring the production of ROS using
2/, 7-dichlorofluorescein ~ diacetate  (DCFH-DA).  After BTz-
IC@IR1061 + ClIO~ + 808 nm light treatment, a large amount of
ROS was generated, resulting in strong green fluorescence emis-
sion around the nucleus. In contrast, weak green fluorescence
was observed in the BTz-IC@IR1061 + 808 nm light group, and no
green fluorescence was observed in the CIO~ + 808 nm light group
or any group without light. This indicated that the production
of ROS was primarily induced by PDT rather than CIO~ or laser
irradiation. These findings demonstrated the nanoprobe’s ability
to generate a significant amount of ROS under light through an
activated photodynamic process, effectively targeting cancer cells
(Fig. S11 in Supporting information).

Thus, the BTz-IC@IR1061 nanoprobe exhibited promising fea-
tures for CIO~ activated PDT, demonstrating excellent photostabil-
ity, photoacoustic imaging, photothermal effects, and the ability to
generate ROS for cancer cell killing. These findings supported the
potential application of the nanoprobe in the PDT of tumors.

Following the verification of the cytotoxicity of the nanoprobe,
its remarkable PDT properties in both solution and cells prompted
us to investigate the in vivo imaging of cancer. All animal experi-
ments were conducted in accordance with the Guidelines for the
Care and Use of Laboratory Animals of Hunan University, and ex-
periments were approved by the Animal Ethics Committee of the
College of Biology (Hunan University). We examined the tumor en-
richment effect of BTz-IC@IR1061 in a mouse model with 4T1 tu-
mors. Intravenous injection of 200 pL of BTz-IC@IR1061 nanoparti-
cles (2mg/mL) was performed in BALB/c mice with subcutaneous
4T1 tumors, and photoacoustic and NIR fluorescence images were
captured at different time points. As depicted in Fig. S12a (Sup-
porting information), the photoacoustic brightness of the tumor
site gradually increased over time, peaking at 8h after injection
(Fig. S12b in Supporting information). Moreover, NIR-induced fluo-
rescence images of mice receiving nanoparticle via intravenous in-
jections were collected using a NIR-II fluorescence imager. These
images revealed a gradual enhancement of high contrast in the tu-
mor area under 808 nm and 1064 nm excitation (Fig. 4a), accom-
panied by a time-dependent increase in NIR-II fluorescence sig-
nal. Notably, fluorescence intensities in both excitation channels
increased over time. Specifically, fluorescence in the tumor area
reached its maximum at 4h under 808 nm excitation, while un-
der 1064 nm excitation, the fluorescence intensity exhibited a pat-
tern of initial increase, followed by a decrease, and then another
increase. Additionally, after 4h of nanoparticle via intravenous in-
jections, the fluorescence in the tumor area reached its maximum
at 808 nm, whereas fluorescence at 1064 nm was the lowest (Figs.
4b and c). This observation suggests that the nanoprobe, upon
initial arrival at the tumor site, was partially activated by ClO~
present within the tumor, and as time progressed, its tumor en-
richment increased, resulting in a gradual increase in fluorescence
at 1064 nm. The discernible NIR-II fluorescence signal originating
from the tumor area indicated that BTz-IC@IR1061 nanoparticles
possess effective tumor-targeting capabilities through enhanced
permeability and retention rate (EPR) effects.

BALB/c mice with 4T1 tumors (mouse breast cancer) received
intratumoral injection of 50 pL of BTz-IC@IR1061 nanoprobe, fol-
lowed by irradiation with an 808nm laser for 7 min (0.4 W/cm?)
after 30 min. The results presented in Fig. 4d showed that, follow-
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Fig. 4. (a) NIR II fluorescence images of two channels at different time after intra-
venous injection (i.v.) BTz-IC@IR1061 NPs (Ex: 808 nm, Em > 900 nm; Ex: 1064 nm,
Em > 1100 nm). (b) The fluorescence intensity of the 808 nm excitation channel in
the tumor region of (a). (c) The fluorescence intensity of the 1064 nm excitation
channel in the tumor region of (a). (d) Mice were intratumorally injected with BTz-
IC@IR1061 NPs and with different treatment (Control: BTz-IC@IR1061; Laser: BTz-
IC@IR1061 + Laser) in different fluorescence channels (Ex: 808 nm, Em > 900 nm;
Ex: 1064nm, Em > 1100 nm). (e) Normalized fluorescence ratio (808 nm/1064 nm)
of different groups with different time. (f) Normalized fluorescence intensity curve
of different groups with time at 808 nm. (g) Normalized fluorescence intensity curve
of different groups with time at 1064 nm. (h) Neutrophil staining of tumor tissues at
different times (0, 1, 8, 24 h) after PDT (2-(4-amidinophenyl)—6-indolecarbamidine
dihydrochloride (DAPI): Agx: 405nm; Gr-1: Agc: 640 nm). Scale bar: 100 pm.

ing 1h of laser irradiation, fluorescence induced at 1064 nm grad-
ually decreased compared to pre-irradiation levels, while fluores-
cence induced at 808 nm increased. Conversely, mice that did not
undergo laser irradiation exhibited no significant changes in fluo-
rescence signals (Figs. 4f and g). Upon normalization of the fluo-
rescence ratio between 808 nm and 1064 nm, we observed an ap-
proximately sixfold increase in the fluorescence ratio after 1 hour
of tumor irradiation (Fig. 4e). To investigate the reasons behind this
change in fluorescence ratio, we employed a commercial Gr-1 flu-
orescence probe to assess neutrophil expression in tumors at dif-
ferent time points following irradiation. As illustrated in Fig. 4h,
the fluorescence of Gr-1 gradually increased and subsequently de-
creased in tissue slices at various time intervals post-illumination.
This pattern may be attributed to inflammation within the tumor
post-irradiation, leading to an increase in neutrophil count, with
peak fluorescence intensity observed at 8 h, followed by a decline.
Existing literature suggests that an increase in neutrophil count
promotes an elevated concentration of ClIO~ within tumors. Con-
sequently, the gradual degradation of IR1061 by CIO~ within the
tumor likely contributed to the change in fluorescence ratio. More-
over, changes in fluorescence can activate PDT, thereby allowing
the monitoring of tumor treatment via variations in ratiometric
fluorescence.

The biocompatibility and potent photodynamic effects exhibited
by BTz-IC@IR1061 nanoparticles in vitro motivated us to evaluate
their therapeutic efficacy in mice. BALB/c mice with 4T1 subcuta-
neous tumors were subjected to four treatment conditions: (i) PBS;
(ii) 808 nm laser; (iii) BTz-IC@IR1061 nanoparticles; and (iv) BTz-
IC@IR1061 nanoparticles + 808 nm laser. As depicted in the time-
line depicted in Fig. 5a, after 30 min of intratumoral injection of 50
pL of BTz-IC@IR1061 nanoprobes, the tumor was pre-irradiated for
7 min, followed by a second PDT treatment one hour later. The tu-
mor volume was measured every other day after the treatment. As
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Fig. 5. (a) Timeline of PDT in mice (intratumoral injection (i.t.)). (b) Tumor growth
curves of 4T1 tumor mice after different treatments. (c) Body weight change curve
of mice in each group. (d) Tumor H&E sections were stained for 24h in dif-
ferent groups. Scale bar: 20um. (e) After 14 days of treatment, H&E sections of
major organs were stained in different groups (1#: Control; 2#: BTz-IC@IR1061
NPs + 808 nm laser). Scale bar: 50 pm.

demonstrated by the tumor growth curve, mice treated with BTz-
IC@IR1061 + 808 nm laser exhibited a stronger inhibitory effect,
leading to complete tumor disappearance after 14 days of treat-
ment. In contrast, control mice showed progressive tumor growth
(Fig. 5b). Furthermore, there were no significant changes in the
body weight of all mice in the various treatment groups after 14
days of treatment (Fig. 5¢), indicating the effectiveness and high bi-
ological safety of PDT for subcutaneous tumors. After 24 h of treat-
ment, the mice were euthanized, and the tumors were subjected to
pathological examination. Hematoxylin and eosin (H&E) staining of
the tumor sections from group (iv) revealed significant pathologi-
cal changes compared to the other groups, providing further con-
firmation of the efficacy of PDT in treating solid tumors (Fig. 5d).
Additionally, no notable abnormalities were observed in the major
organs following 14 days of treatment, indicating the high biolog-
ical safety of this administration method (Fig. 5e and Fig. S13 in
Supporting information).

In summary, the present study describes the development of a
novel ratiometric NIR-II fluorescent organic nanoprobe, designated
as BTz-IC@IR1061. This nanoprobe comprises the organic small
molecule dye BTz-IC, possessing an A-D-A’-D-A conjugated struc-
ture, and the commercial dye IR1061. Notably, BTz-IC can gener-
ate both -OH via the type-I photodynamic process and !0, via the
type-1I photodynamic process. When assembled into hydrophilic
nanoparticles through surfactants, FRET occurs between the two
molecules, leading to quenching of the fluorescence and photo-
dynamic activities of BTz-IC. Upon destruction of IR1061 by ClO—,
the fluorescence and PDT of BTz-IC are restored, facilitating pro-
portional BTz-IC fluorescence imaging for monitoring PDT. Further-
more, the first PDT led to infiltration of neutrophils at the tumor
site, followed by an increase in HCIO concentration, which further
led to changes in the ratio of NIR-II fluorescence and the activation
of PDT. Besides, the activation of tumor PDT is monitored through
the changes of ratiometric NIR-II fluorescence.
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