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Customized cancer therapy relies on timely therapeutic effect evaluation to provide prescription adjust-

ment for individual cases. However, currently reported therapeutic reagents are rarely integrated with

imaging probes for self-evaluation of effects. Contrast imaging agents to measure tumor size changes

must be administrated separately after therapy, complicating the therapeutic process and delaying report-

ing time. Herein, we design a customized therapy platform (LNPs-RB/Pep/cRGD) by conjugating lantha-

nide nanoparticles (LNPs) with the photosensitizer rose bengal, a caspase-3 substrate peptide (with Cy7.5

labelled at the terminal), and the tumor-targeting molecule cRGD. LNPs exhibit NIR-IIb downconversion

luminescence under 980 nm/808 nm excitations for in vivo imaging, and visible upconversion lumine-

scence under high-power 980 nm excitation for photodynamic therapy (PDT). By sequentially program-

ming NIR excitation wavelength and power, NIR-IIb-imaging guided PDT and real-time cancer cell apop-

tosis imaging are achieved as therapeutic efficiency feedback. PDT induces cell apoptosis, generating

caspase-3, which cleaves Cy7.5-containing peptide fragments from LNPs. This process corresponds to a

recovery in vivo of NIR-IIb ratiometric imaging at 808 nm versus 980 nm excitation. The cleaved Cy7.5-

containing peptide fragment is cleared into urine for NIR imaging. Both cell apoptosis imaging processes

are completed 12 h after PDT, which is 7 days earlier than tumor size measurement. Therefore, custo-

mized therapy is achieved by timely adjusting PDT dosage, enhancing therapeutic efficacy.

1. Introduction

The dynamic progression of tumor development and individ-
ual heterogeneity among cancer patients affect therapeutic
efficacy.1–3 Customized cancer treatment relies on real-time
efficiency feedback, enabling timely prescription adjustments
for individual cases and, correspondingly, enhancing thera-
peutic efficiency while reducing overtreatment or side
effects.4–6 However, current therapeutic evaluation techniques
are mainly executed post-treatment, measuring tumor volu-
metric changes through magnetic resonance imaging (MRI),

computed tomography (CT), positron emission tomography
(PET), or biopsy examinations, which are either delayed in
reporting or require invasive sampling processes.7–9

Additionally, “post-treatment” evaluations typically require
repeated dosing of contrast agents after treatment, complicat-
ing the process.10 Customized cancer therapy that integrates
treatment and in situ therapeutic efficacy evaluation method-
ologies into a single system has not been reported.

Three components must be integrated to develop a custo-
mized cancer treatment system: a drug molecule for thera-
peutic exertion, an imaging probe for real-time reporting of
cell apoptosis, and an “internal standard” probe for signal
self-calibration to eliminate changes in probe concentration
due to accumulation or metabolism during in vivo experi-
ments. Caspase-3 protease is a crucial mediator of
apoptosis11–13 and serves as a classical molecular marker for
cell apoptosis. Currently reported caspase-3 imaging principles
mainly rely on regulating intramolecular charge transfer (ICT)
processes14 or fluorescence resonance energy transfer (FRET)
processes15,16 between a fluorescent dye and its corresponding
quencher labelled to the caspase-3 substrate peptide. However,
the detection windows are typically confined to the visible
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range (Vis, 400–700 nm)17–20 and the first near-infrared (NIR-I,
700–950 nm) window.14,21 Conversely, few detection systems
extend into the second near-infrared (NIR-II, 1000–1700 nm)
window,15 especially the NIR-IIb (1500–1700 nm) window,
which provides deeper penetration, higher spatial resolution,
and lower photon scattering.22,23 Red-shifting the emission
wavelength of caspase-3 reporting probe dye is difficult
because it requires π-extension and heterocyclic modification
of the organic dye skeleton, leading to reporter dye aggregation
and fluorescence quenching in polar solvents.24,25

Furthermore, conjugating the caspase-3 reporting probe dye
with an extra “internal standard” dye or drug molecule
requires extra connector design and complicates the synthesis
process, making accurate evaluation of the therapeutic effect
difficult.

Lanthanide nanoparticles (LNPs) produce tunable multi-
color luminescences from the upconversion UV/visible region
to the downconversion NIR-II region under different NIR
excitations,26–31 making them ideal candidates for developing
a customized therapeutic platform with real-time efficiency
feedback.32,33 Activatable LNP probes in the NIR-IIb region
have been reported for oxidative and reductive small mole-
cules, such as reactive oxygen species (ROS),34,35 ClO−,36

ONOO−,37 GSH.38,39 However, LNP-based NIR-IIb imaging of
the protease caspase-3, a molecular marker directly related to
therapy efficiency, has not been reported. Here, we reported a
multiplex LNP and programmed its NIR-IIb downconversion
luminescence and visible upconversion luminescence to
achieve customized cancer therapy by using in vivo caspase-3
responsive downconversion NIR-IIb imaging as real-time
efficiency feedback to guide the duration of photodynamic
therapy (PDT). The LNPs consist of a luminescence core
(NaGdF4:Yb,Er,Ce) to generate downconversion emission at
1550 nm and upconversion emission at 542/650 nm, a NIR
absorption shell (NaYbF4:Nd) to absorb NIR excitations at 980/
808 nm, and an inert shell (NaGdF4) to minimize surface
defects for luminescence enhancement (Scheme 1a, LNPs).
The LNPs surface is functionalized with amphiphilic polymer,
DSPE-PEG/DSPE-PEG-cRGD, to target cancer cell surface recep-
tor αvβ3 integrin, and DSPE-PEG-DBCO to connect caspase-3
substrate peptide. The photosensitizer, rose bengal (RB), is
loaded on the LNP surface via hydrophobic–hydrophobic inter-
action with DSPE to perform PDT. The caspase-3 protease sub-
strate peptide, labelled with N3 and Cy7.5 (N3-Pep-Cy7.5), is co-
valently modified on the LNP surface (DSPE-PEG-DBCO) via
click chemistry to achieve real-time efficiency feedback
(Scheme 1a, LNPs-RB/Pep/cRGD). Cy7.5 serves as an efficient
photon filter for the LNPs’ 808 nm excitation energy, causing
notable quenching of the LNPs’ 1550 nm emission under
808 nm excitation, while not affecting its 1550 nm emission
under 980 nm excitation.

NIR-IIb emission of LNPs-RB/Pep/cRGD under low-power
980 nm excitation navigates its delivery in the systemic circula-
tion, clearly indicating tumor location and appropriate timing
for performing PDT (Scheme 1b, NIR-IIb navigation). PDT is
performed under high-power 980 nm excitation to produce

ROS for cancer cell apoptosis (Scheme 1b, PDT execution).
Activated caspase-3 within apoptotic cells then cleaves its sub-
strate peptide and releases the Cy7.5-containing peptide frag-
ment, which recovers the NIR-IIb emission of LNPs under
808 nm excitation. Real-time therapeutic efficiency feedback is
achieved by evaluating NIR-IIb ratiometric imaging (F1550,
Ex808/F1550, Ex980) in situ at the tumor location. Meanwhile, the
cleaved Cy7.5-containing peptide fragment is metabolized to
urine by renal clearance, which shows fluorescence over
900 nm and enables urine imaging as an extra evaluation
mode for therapeutic efficiency feedback (Scheme 1b, real-
time efficiency feedback). Both in vivo NIR-IIb fluorescence
imaging and urine NIR fluorescence report cell apoptosis 12 h
after PDT execution, serving as early evaluation of therapeutic
efficiency, which is ∼1 week earlier compared to imaging
tumor size change. Customized therapeutic plan adjustments
are timely performed according to caspase-3 real-time imaging
results (Scheme 1b, customized treatment), effectively improv-
ing in vivo therapeutic efficiency.

2. Results and discussion
2.1. Synthesis of LNPs-RB/Pep and characterization of ROS
generation and caspase-3 response

LNPs NaGdF4:Yb,Er,Ce@NaYbF4:Nd@NaGdF4 were syn-
thesized via a co-precipitation method, composed of a lumine-
scence core, NaGdF4:Yb,Er,Ce, the 980/808 nm NIR absorption
shell, NaYbF4:Nd, and inert shell, NaGdF4 (Scheme 1a, LNPs).
The luminescence core (NaGdF4:Yb,Er,Ce) has a β-NaGdF4
crystalline structure co-doped with 78% Yb3+, 2% Er3+, and 5%
Ce3+, and has a diameter of 37.1 ± 2.46 nm (Fig. S1a, b,† Core).
The NIR absorption shell contained 50% of Yb3+ for the
absorption of 980 nm excitation light and 50% of Nd3+ for the
absorption of 808 nm excitation light. The obtained NaGdF4:
Yb,Er,Ce@NaYbF4:Nd showed a core–shell structure with the
particle diameter increased to 67.1 ± 3.01 nm (Fig. S1a, b,†
CS1). The continuous growth of the inert shell NaGdF4 elimi-
nated the surface-related quenching of luminescence, result-
ing in LNPs with a particle diameter of 77.7 ± 3.43 nm (Fig. 1a
and Fig. S1a, b,† LNPs). X-ray diffraction (XRD) patterns of
LNPs showed a highly crystalline hexagonal phase consistent
with the β-NaGdF4 standard pattern (JCPDS: 27-0699)
(Fig. S1c†). The elemental mapping and electron imaging
results of the obtained LNPs further confirm the core–shell
structure with distinct compositional boundaries. The F
element shows a uniform distribution throughout the nano-
particle, while the Yb element also displays continuous distri-
bution in the luminescence core and NIR absorption shell.
The Gd element is significantly enriched in the outermost
inert shell, while the Nd element and Ce/Er elements are con-
centrated in the middle NIR absorption shell and lumine-
scence core, respectively (Fig. 1a). Multiplexed downconversion
and upconversion luminescence of LNPs were achieved via
980/808 nm excitations. The 980 nm excitation light energy
was absorbed by the sensitizer Yb3+ and migrated over the
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Yb3+ sublattice through interionic cross-relaxation, finally
being entrapped by the activator Er3+ in the luminescence core
and excited to the intermediate 4I11/2 level. The rapid non-
radiative decay from Er3+ 4I11/2 to

4I13/2, followed by subsequent
radiative relaxation to the 4I15/2 state, produced downconver-
sion luminescence at 1550 nm.24 The long-lived intermediate
4I11/2 state of Er3+ was excited further to higher energy states,
producing upconversion luminescence at 542 nm (4S3/2 →
4I15/2) and 650 nm (4F9/2 → 4I15/2) (Fig. 1b). Ce3+ was doped
into the luminescence core to promote nonradiative relaxation
of Er3+ 4I11/2 →

4I13/2, enhancing downconversion luminance at
1550 nm, while suppressing its upconversion emissions at
542 nm and 650 nm.40 The doping percentage of Ce3+ was opti-
mized as 5% to achieve maximum enhancement for downcon-
version luminescence at 1550 nm with the least concession of
upconversion luminescence at 542 nm under 980 nm exci-
tation (Fig. S2a and b†), qualifying LNPs for phototherapy with

real-time in vivo imaging for therapeutic efficiency feedback.
The 808 nm excitation light energy was absorbed by the sensi-
tizer Nd3+ in the middle NIR absorption shell, NaYbF4:Nd, to
reach the excited state of 4F5/2. Part of the energy was trans-
ferred by Yb3+ as an energy bridge to excite Er3+, emitting
NIR-IIb luminescence at 1550 nm (Fig. S2c†). The obtained
LNPs had oleic acid (OA) as a surface ligand, therefore, they
were modified with amphiphilic polymer, DSPE-PEG/
DSPE-PEG-DBCO, via hydrophobic–hydrophobic interaction
between OA and DSPE to enable them to transfer into aqueous
solutions. The as-obtained LNPs-PEG-DBCO showed good dis-
persion in aqueous solution (Fig. S3†), exhibiting intensive
upconversion luminescence at 542/650 nm and NIR-IIb
luminescence at 1550 nm under 980 nm excitation (Fig. 1c,
LNPs-PEG-DBCO) and 1550 nm luminance under 808 nm exci-
tation (Fig. 1d, LNPs-PEG-DBCO). The absolute quantum
yields of upconversion and downconversion emissions of LNPs

Scheme 1 Schematic illustration of programming LNP luminescence for customized cancer treatment. (a) Construction and synthesis of LNPs-RB/
Pep/cRGD, and (b) its application in NIR-IIb imaging-guided PDT with real-time efficiency feedback via in vivo ratiometric NIR-IIb fluorescence
imaging and urinalysis.

Paper Nanoscale

9186 | Nanoscale, 2025, 17, 9184–9196 This journal is © The Royal Society of Chemistry 2025

Pu
bl

is
he

d 
on

 1
3 

M
ar

ch
 2

02
5.

 D
ow

nl
oa

de
d 

by
 N

A
N

JI
N

G
 U

N
IV

E
R

SI
T

Y
 o

n 
4/

16
/2

02
5 

2:
34

:2
4 

A
M

. 
View Article Online

https://doi.org/10.1039/d5nr00390c


under 980 nm and 808 nm laser excitations were calculated
with a fluorescence spectrometer incorporating an integrating
sphere, which yielded 2.42% and 14.02% for NIR-II emission
(1450–1650 nm) under 980 nm and 808 nm excitations,
respectively, and 2.73% for visible emission (500–570 nm)
under 980 nm (Fig. S4†).

To endow the above obtained LNPs-PEG-DBCO with
caspase-3 imaging capability, the caspase-3 substrate peptide
KADVEDAC was functionalized with azide at the lysine termi-
nus and Cy7.5 at the cysteine terminus (N3-Pep-Cy7.5) and con-
jugated to LNPs-PEG-DBCO via a click reaction to yield LNPs-
Pep. N3-Pep-Cy7.5 was produced through a maleimide reaction
between cysteine and Cy7.5-Mal, confirmed via HPLC

(Fig. S5a†) and MALDI-TOF mass (Fig. S5b†) analysis. LNPs-
PEG-DBCO showed a hydrodynamic diameter of 107.3 ±
8.6 nm with a zeta potential of −5.05 ± 0.34 mV due to the
PEG polymer coating (Fig. S6,† (1) LNPs-PEG-DBCO). The con-
jugation of N3-Pep-Cy7.5 increased the hydrodynamic diameter
to 132.09 ± 10.6 nm with a zeta potential of −9.65 ± 0.19 mV
due to the negative charge of N3-Pep-Cy7.5 (Fig. S6,† (2) LNPs-
Pep). The obtained LNPs-Pep also demonstrated a Cy7.5 absor-
bance at 790 nm (Fig. S7a,† LNPs-Pep). Due to the larger molar
extinction coefficient of Cy7.5 dye compared to the LNPs sensi-
tizer Nd3+ at ∼790 nm (Fig. S7a,† Cy7.5, Nd3+), it served as an
efficient photon-filter for 808 nm excitation energy based on
absorption competition-induced emission (ACIE) and caused

Fig. 1 Synthesis of LNPs-RB/Pep and characterization of ROS generation and caspase-3 response. (a) Element mapping and (b) energy-transfer
mechanisms of LNPs NaGdF4:Yb,Er,Ce@NaYbF4:Nd@NaGdF4. Scale bars: 50 nm. (c) Upconversion emission and downconversion luminance spectra
of LNPs-PEG-DBCO, LNPs-Pep, and LNPs-RB/Pep under 980 nm excitation, (d) downconversion luminance spectra of LNPs-PEG-DBCO and LNPs-
Pep (with N3-Pep-Cy7.5 loading concentrations of 8–128 nmol mg−1) under 808 nm excitation and (e) corresponding linear relationship for NIR-IIb
luminance ratio (F1550, Ex808/F1550, Ex980) over N3-Pep-Cy7.5 loading concentration, (f ) time-dependent relative absorption percentages of DPBF at
410 nm for LNPs-RB/Pep under different times of high power 980 nm (0.8 W cm−2), 808 nm, and low power 980 nm (0.05 W cm−2) excitation. (g)
Luminance intensity at 1550 nm for LNPs-RB/Pep in response to different concentrations of caspase-3 (0–10 U mL−1) at 37 °C for 3 h under 808 nm
and 980 nm excitations. The error bars in (e) to (g) indicated means ± S.D. (n = 3).
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notable loading-dependent suppression of LNPs NIR-IIb emis-
sion at 1550 nm under 808 nm excitation (Fig. 1d). Cy7.5
barely showed absorbance at 980 nm (Fig. S7a,† Cy7.5), thus
did not affect NIR-IIb downconversion emission of LNPs at
1550 nm or upconversion emission of LNPs at 542 nm under
980 nm laser excitation (Fig. 1c, LNPs-Pep and Fig. S7b†). With
the increasing amount of N3-Pep-Cy7.5 modified on the LNPs
surface, the ratio of 1550 nm emission under 808 nm exci-
tation over 980 nm excitation (F1550, Ex808/F1550, Ex980) displayed
exponential decay, saturating at ∼87% with an N3-Pep-Cy7.5
loading amount of 64 nmol mg−1 (Fig. 1e). The photosensitizer
rose bengal (RB) was also loaded onto the obtained LNPs-
PEG-DBCO via hydrophobic–hydrophobic interaction with
DSPE, which qualified the obtained LNPs-RB/Pep for PDT with
real-time efficiency feedback via caspase-3 imaging.
Subsequent RB loading resulted in a hydrodynamic diameter
of 143.08 ± 13.7 nm with a zeta potential of −11.3 ± 0.2 mV
(Fig. S6,† (3) LNPs-RB/Pep). RB has characteristic absorption
in the 480–600 nm region, which overlaps well with LNP
upconversion emission at 542 nm under 980 nm excitation
(Fig. S7c†). The obtained LNPs-RB/Pep showed a characteristic
absorption peak of RB at 568 nm (Fig. S7a,† LNPs-RB/Pep)
with a decrease in upconversion emission peak intensity at
542 nm under 980 nm excitation (Fig. 1c, LNPs-RB/Pep). The
loading of RBs onto LNPs-Pep did not affect its downconver-
sion emission peat at 1550 nm under 980 nm excitation
(Fig. 1c, LNPs-RB/Pep).

The capability of the as-obtained LNPs-RB/Pep to generate
ROS under high-power 980 nm irradiation (0.8 W cm−2) was
assessed using the ROS-sensitive probe, 1,3-diphenylisobenzo-
furan (DPBF).41 The characteristic absorbance peak of DPBF at
412 nm obviously decreased by 86.3% within 60 min, indicat-
ing rapid ROS consumption (Fig. S8a†). 808 nm irradiation
and low power 980 nm irradiation (0.05 W cm−2) did not gene-
rate ROS. Therefore, DPBF characteristic absorption peaks
remained at the same intensities (Fig. S8b and c†). In vitro
ROS generation was further assessed using the fluorescent
probe, DCFH-DA. The probe was first hydrolyzed to DCFH in
PBS buffer and incubated in the dark for 20 min.
Subsequently, it was incubated with LNPs-RB/Pep and exposed
to varying durations of 980 nm irradiation (0.8 W cm−2). The
fluorescence intensity of DCFH-DA increased gradually with
irradiation time, demonstrating a sensitive response to ROS
(Fig. S8d–g†). These results indicated effective manipulation of
photodynamic therapy (PDT) with different wavelengths and
powers of irradiation lights (Fig. 1f).

Caspase-3 protease cleaved its substrate peptide
KADVEDAC, detaching the Cy7.5-containing fragment (Cy7.5-
CADEVD) from the LNPs surface, which terminated the ACIE
process and recovered the 1550 nm downconversion emission
under 808 nm irradiation (Fig. S9a†), while the 1550 nm down-
conversion emission under 980 nm remained unchanged
(Fig. S9b†). The 1550 nm emission intensity ratio under
808 nm excitation and 980 nm excitation (F1550, Ex808/F1550,
Ex980) was calculated, showing a significant increase, according
to caspase 3 reaction time and saturating at 3 h (Fig. S9c†).

This result indicated a fast response of LNPs-RB/Pep to
caspase-3, confirming its applicability for real-time therapeutic
efficiency feedback. Different concentrations of caspase-3 from
0 to 10 U mL−1 were also used to treat LNPs-RB/Pep, resulting
in a concentration-dependent increase of 1550 nm emission
under 808 nm irradiation, with the 1550 nm emission inten-
sity under 980 nm irradiation remaining unchanged (Fig. 1g
and S10a, b†). The plot of F1550, Ex808/F1550, Ex980 versus
caspase-3 concentration exhibited a detectable range with a
linear correlation up to 8 U mL−1, providing a detection limit
of 0.111 U mL−1 (Fig. S10c†). The supernatant was also col-
lected after enzymatic cleavage to measure Cy7.5 characteristic
emission peak at 820 nm, which showed a gradual increase
corresponding to caspase-3 concentration (Fig. S11†). The
strong emission intensity of Cy7.5 in the NIR region indicated
the capability of urinalysis-cleaved Cy7.5-CADEVD for caspase-
3 qualification. LNPs-RB/Pep also demonstrated high selecti-
vity for caspase-3 (Casp-3) protease over other proteases and
ions under physiological conditions, showing a high ratio
value of F1550, Ex808/F1550, Ex980 for caspase-3 (Fig. S12†).

2.2. Synthesis of LNPs-RB/Pep/cRGD and verification of its
therapeutic efficiency feedback capability at the cellular level

LNPs were also functionalized with a cyclic peptide amphiphi-
lic polymer (DSPE-PEG-cRGD) that targets the αvβ3 integrin
receptor to facilitate active delivery.42 Modification of
DSPE-PEG-cRGD barely affected the properties of LNPs-RB/
Pep, and the as-obtained LNPs-RB/Pep/cRGD showed a similar
morphology to LNPs-PEG-DBCO (Fig. S13a†) with DLS of
156.37 ± 16.9 nm and zeta potential of −12.5 ± 0.31 mV
(Fig. S6,† (4) LNPs-RB/Pep/cRGD). LNPs-RB/Pep/cRGD demon-
strated stable downconversion NIR-IIb emission and upconver-
sion emission intensities under 980 nm excitation (Fig. S14a†)
and downconversion NIR-IIb emission under 808 nm exci-
tation (Fig. S14b†) in saline and serum. Both downconversion
and upconversion luminescence demonstrated stable intensi-
ties upon 10 min of 808 nm and 980 nm low power (0.05 W
cm−2) irradiations (Fig. S14c†), indicating good photostability
of LNPs-RB/Pep/cRGD. LNPs-RB/Pep/cRGD did not aggregate
in saline or DMEM with FBS, showing little increase in DLS
during 7 days of incubation (Fig. S14d†).

Human hepatocellular carcinoma HCCLM3 cells (pur-
chased from Keygen Biotech (Nanjing, China)) which overex-
press the αvβ3 integrin receptor on their cell membrane, were
chosen as the sample cells to incubate with LNPs-RB/Pep/
cRGD, resulting in obvious intracellular RB luminescence.
Conversely, HCCLM3 cells incubated with LNPs-RB/Pep
demonstrated little intracellular RB luminescence (Fig. S13b†).
This result indicates the effective and specific endocytosis of
LNPs-RB/Pep/cRGD by cancer cells. Intracellular ROS gene-
ration was measured with 2′,7′-dichlorodihy-drofluorescein
diacetate (DCFH-DA), which emits at 517 nm under 492 nm
excitation due to ROS oxidation.43 Treatment of HCCLM3 cells
with LNPs-RB/Pep/cRGD followed by 980 nm (0.8 W cm−2)
irradiation resulted in a remarkable intracellular DCFH-DA
fluorescence, indicating high efficiency of ROS generation
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(Fig. 2a, 980 nm, 0.8 W cm−2). Conversely, DCFH-DA fluo-
rescence was barely observed in control groups of LNPs-RB/Pep/
cRGD-treated HCCLM3 cells under 808 nm irradiation and low
power 980 nm (0.05 W cm−2) irradiation (Fig. 2a, 808 nm,
980 nm, 0.05 W cm−2). These results indicate good precision in
executing PDT by manipulating NIR irradiation. LNPs-RB/Pep/
cRGD-treated HCCLM3 cells showed over 99% viability in the
absence of NIR irradiation, and under both 808 nm and low
power 980 nm irradiation (0.05 W cm−2), indicating good bio-
compatibility of LNPs-RB/Pep/cRGD (Fig. S15a,† No NIR,
808 nm, 980 nm (0.05 W cm−2)). Under high power 980 nm
irradiation (0.8 W cm−2), LNPs-RB/Pep/cRGD demonstrated con-
centration-dependent anticancer activities against HCCLM3
cells, with cell viability decreasing to 13.7% for HCCLM3 cells
treated with 200 μg mL−1 LNPs-RB/Pep/c-RGD (Fig. S15a,†
980 nm (0.8 W cm−2)). Flow cytometry assays using Annexin
V-fluorescein isothiocyanate FITC/PI apoptotic kit also demon-
strated increased apoptotic effects, corresponding to LNPs-RB/
Pep/cRGD concentration under high power 980 nm irradiation
(0.8 W cm−2), with the apoptosis rate reaching 75.2% for 200 μg
mL−1 LNPs-RB/Pep/cRGD-treated HCCLM3 cells under high
power 980 nm irradiation (0.8 W cm−2) (Fig. S15b and c†).

Cell apoptosis is featured by intracellular caspase-3 gene-
ration, which cleaved the Cy7.5-containing substrate peptide
(Cy7.5-CADEVDAK) modified on the LNPs-RB/Pep/cRGD
surface. The release of the Cy7.5-containing fragment (Cy7.5-
CADEVD) resulted in an apparent recovery of 1550 nm NIR-IIb
fluorescence under 808 nm excitation (Fig. S16a, b,† Ex:
808 nm). As Cy7.5 has little absorption at 980 nm, the cleavage
of Cy7.5-containing peptide did not affect the 1550 nm NIR-IIb
luminescence of LNPs-RB/Pep/c-RGD under 980 nm excitation
(Fig. S16a, b,† Ex: 980 nm). Intracellular caspase-3 generation
in HCCLM3 cells was monitored in real-time after high-power
980 nm irradiation (0.8 W cm−2), and the ratio of fluorescence
intensity in the 1450–1700 nm region at 808 nm irradiation
over low power 980 nm irradiation (0.05 W cm−2) was taken. A
distinguishable ratio image was observed as early as 4 h after
PDT, demonstrating a time-dependent intensity increase that
reached its maximum value at 12 h after PDT (Fig. S16a,†
Ratio, c).

To verify the capability of LNPs-RB/Pep/cRGD as a multiplex
platform for PDT with self-evaluation of therapeutic efficiency,
the cells were exposed to 980 nm irradiation (0.8 W cm−2) for
different time periods (0, 10, 20, 30, 40 min, with 5 min break

Fig. 2 Verification of LNPs-RB/Pep/cRGD PDT efficiency and capability of therapeutic effect self-evaluation. (a) Confocal microscopic images of
untreated HCCLM3 cells (control), LNPs-RB/Pep/cRGD-incubated HCCLM3 cells (No NIR) for 4 h, and LNPs-RB/Pep/cRGD-incubated HCCLM3 cells
under 980 nm (0.8 W cm−2 and 0.05 W cm−2, respectively), 808 nm irradiation. All cells were stained with DCFH-DA. Scale bar: 25 μm. (b)
Representative NIR-IIb fluorescence and ratio images of LNPs-RB/Pep/cRGD pretreated HCCLM3 cells for 4 h and then exposed to different PDT
duration periods (0–40 min), and HCCLM3 cells pretreated with LNPs-RB/Pep/cRGD and extra peptide CADEVDAK before 40 min PDT (+DEVD).
Images were taken at 12 h after PDT, scale bar: 100 μm. (c) Corresponding ratiometric NIR-IIb fluorescence intensity at 808 nm excitation over
980 nm excitation (F1550, Ex808/F1550, Ex980), intracellular caspase-3 expression (anti-Caspase), cell apoptosis, and cell viability. The error bars indicate
mean ± S.D. (n = 3).
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between each 10 min exposure). NIR-IIb images under 808 nm
irradiation over 980 nm irradiation were collected at 12 h post-
PDT to monitor caspase-3 generation. The NIR-IIb imaging under
808 nm irradiation showed a continued increase with PDT dur-
ation time, while NIR-IIb imaging under 980 nm irradiation
maintained a similar intensity (Fig. 2b, Ex: 808 nm, Ex: 980 nm
and Fig. S17a,† 0–40 min). The NIR-IIb fluorescence ratio (F1550,
Ex808/F1550, Ex980) increased according to the irradiation period,
indicating enhanced caspase-3 generation with longer PDT dur-
ation time (Fig. 2b, Ratio and Fig. 2c, F1550, Ex808/F1550, Ex980,
0–40 min). To confirm that the ratio image intensity increase was
due to caspase-3 activation, control experiments were set by incu-
bating LNPs-RB/Pep/cRGD-treated HCCLM3 cells with free exter-
nal substrate peptide (CADEVDAK), which acted as a competitive
reactant for Cy7.5-CADVED that was modified on LNPs-RB/Pep/
cRGD. Free CADEVDAK showed reaction superiority to caspase-3,
which impaired the reaction efficiency of caspase-3 with LNPs-
RB/Pep/cRGD. This resulted in significant suppression of both
LNPs-RB/Pep/cRGD NIR-IIb fluorescence recovery under 808 nm
excitation and NIR-IIb fluorescence ratio value (F1550, Ex808/F1550,
Ex980) (Fig. S17a† and Fig. 2b, Ratio, +DEVD, and Fig. 2c, F1550,
Ex808/F1550, Ex980, +DEVD). This reaction ensured that NIR-IIb fluo-
rescence recovery observed for PDT was due to a specific caspase-
3 reaction, instead of nonspecific Cy7.5-CADVED falling from the
LNPs’ surface. The intracellular expression of activated caspase-3
followed PDT was also confirmed by immunofluorescence, which
demonstrated a similar tendency of increased intracellular Cy3
fluorescence from a Cy3-labelled caspase-3 antibody (anti-
Caspase), corresponding to PDT irradiation periods (Fig. S17b†
and 2c, anti-Caspase, 0–40 min). Active caspase-3 translocates
from the cytoplasm into the nucleus of apoptotic cells, either
with some substrate proteins44 or simply diffusing into nuclei
after the disruption of the nuclear-cytoplasmic barrier.45

Therefore, anti-Caspase staining was also observed in the
nucleus. The control group treated with the extra substrate
peptide, CADEVDAK, showed a significant decrease in the inten-
sity of intracellular Cy3 fluorescence, attributed to the depletion
of active caspase-3 in apoptotic cells by CADEVDAK (Fig. S17b†
and 2c, anti-Caspase, +DEVD). These results confirm the accuracy
of the LNPs-RB/Pep/cRGD ratio image for reporting intracellular
caspase-3 expression levels. Cell apoptosis also demonstrated a
similar trend, increasing with PDT duration (Fig. S17c† and 2c,
cell apoptosis). Cell viability was also evaluated for LNPs-RB/Pep/
cRGD-incubated HCCLM3 cells, which decreased according to
PDT duration (Fig. 2c, cell viability). A strong correlation was
observed for the NIR-IIb ratio image (F1550, Ex 808/F1550, Ex980) of
LNPs-RB/Pep/cRGD, intracellular caspase-3 expression, cell apop-
tosis percentage, and cell viability percentage, confirming the
capability of LNPs-RB/Pep/cRGD as a multiplex PDT platform
with self-evaluation of therapeutic efficiency.

2.3. Programming NIR irradiation for NIR-IIb imaging-
guided PDT and real-time efficiency feedback

Balb/c nude mice (4–5 weeks, female) were chosen for estab-
lishing the tumor model due to their high success rate in
tumour formation and reproducibility. All animal procedures

were performed in accordance with the Guidelines for Care
and Use of Laboratory Animals at Nanjing University and
approved by the Animal Ethics Committee of Nanjing
University with an approval number of IACUC-2303006. Each
mouse was subcutaneously injected with 1 × 107 HCCLM3
cells in the right leg to generate a subcutaneous tumor animal
modal. The HCCLM3 tumor-bearing mice were chosen as the
in vivo model to verify the capability of LNPs-RB/Pep/cRGD as
a multiplex platform for NIR-IIb imaging-guided PDT with
real-time efficiency feedback. After intravenous injection of
LNPs-RB/Pep/cRGD, its systematic circulation was monitored
by NIR-IIb imaging under low power 980 nm irradiation (0.05
W cm−2), indicating the optimal time point for LNPs-RB/Pep/
cRGD accumulation at the tumor site to perform phototherapy
(Fig. 3a, NIR-IIb imaging navigation). The mice’s whole-body
vessels were clearly visualized within 4 h post-injection, indi-
cating good systematic circulation of LNPs-RB/Pep/cRGD
(Fig. S18,† Ex: 980 nm). The tumor position began to show
NIR-IIb fluorescence at 1 h post-injection, which increased
with time, reaching maximum intensity at 9 h post-injection,
indicating efficient accumulation of LNPs-RB/Pep/cRGD at the
tumor position Therefore, 9 h post-injection was chosen as the
time point to perform PDT. Due to metabolic clearance of
LNPs-RB/Pep/cRGD, NIR-IIb fluorescence under low power
980 nm irradiation decreased after 9 h post-injection (Fig. 3b,
F1550, Ex980). In comparison, LNPs-RB/Pep/cRGD showed little
NIR-IIb fluorescence under 808 nm irradiation (Fig. S18,† Ex:
808 nm and Fig. 3b, F1550, Ex808), indicating little nonspecific
activation of NIR-IIb fluorescence and few false positive
imaging signals from caspase-3 during the systematic circula-
tion process.

PDT was performed using high-power 980 nm laser
irradiation (0.8 W cm−2) for 40 min (with 5 min breaks
between each 10 min exposure) at tumor lesions (Fig. 3a,
PDT). The thermal images of tumor-bearing mice showed that
the local temperature at the tumor position remained at
36.9 °C during the test period of 10 min under 980 nm
irradiation (0.8 W cm−2). Following 10 min of 980 nm (0.8 W
cm−2) NIR irradiation, there was a 5 min break, during which
the local temperature rapidly decreased to normal levels
(Fig. S19†). These results indicate that there was no thermal
damage to tissue with the above irradiation conditions. PDT
generated caspase-3 to cleave Cy7.5-containing peptide frag-
ment (Cy7.5-CADVED) off from LNPs-RB/Pep/cRGD, conse-
quently recovering LNPs-RB/Pep/cRGD NIR-IIb fluorescence
under 808 nm irradiation. Therefore, the intensity of F1550,
Ex808 continued to increase and reached a peak value at 12 h
post-PDT, followed by a corresponding decrease in intensity
due to the metabolism of LNPs-RB/Pep/cRGD (Fig. 3c, Ex:
808 nm and Fig. 3d, F1550, Ex808). The production of caspase-3
did not affect LNPs-RB/Pep/cRGD NIR-IIb fluorescence under
lower power 980 nm irradiation (0.05 W cm−2), and F1550, Ex980
demonstrated a time-corresponding intensity decrease due to
the metabolism of LNPs-RB/Pep/cRGD (Fig. 3c, Ex: 980 nm
and Fig. 3d, F1550, Ex980). The NIR-IIb ratiometric imaging
under 808 nm compared to 980 nm was collected as feedback
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for PDT efficiency (Fig. 3a, in vivo NIR-IIb ratiometric
imaging). Meanwhile, Cy7.5-CADVED was rapidly cleared by
the kidneys, enabling the urinalysis of Cy7.5 fluorescence as
an extra evaluation approach for PDT efficiency (Fig. 3a,
Urinalysis). NIR-IIb ratiometric imaging F1550, Ex808/F1550, Ex980

in the tumor was conducted to eliminate the interference of
nanoprobe metabolism on imaging accuracy, which gradually
increased over time and saturated during the period of
12–18 h post-PDT. During the later measurement period, after
18 h post-PDT, both F1550, Ex808 and F1550, Ex980 substantially
decreased, resulting in very low signal intensity at the tumor
position, especially for F1550, Ex808 (Fig. 3d, F1550, Ex808), which

correspondingly caused a decrease in the ratio value F1550,
Ex808/F1550, Ex980 (Fig. 3c, Ratio and Fig. 3e, PDT (+) Tumor).
Therefore, 12 h post-PDT was chosen as the time point for
NIR-IIb in vivo imaging to report the therapeutic effect. A no-
treatment control was set by intravenously injecting LNPs-RB/
Pep/cRGD into HCCLM3 tumor-bearing mice in the absence of
high-power 980 nm laser irradiation (0.8 W cm−2), which did
not show a distinguishable NIR-IIb ratio image due to the
absence of caspase-3 generation (Fig. S20† and Fig. 3e, PDT
(−) Tumor). As most of the administrated nanoprobes accumu-
lated in the liver, background NIR-IIb fluorescence was also
observed in the liver for both the PDT execution group and the

Fig. 3 Application of LNPs-RB/Pep/cRGD in NIR-IIb imaging-guided PDT and real-time efficiency feedback. (a) Schematic illustration of the thera-
peutic process, including NIR-IIb imaging-guided PDT and real-time efficiency feedback via in vivo ratiometric NIR-IIb fluorescence imaging and
in vitro urinalysis. (b) NIR-IIb fluorescence intensity in tumor lesions after intravenous injection of LNPs-RB/Pep/cRGD under 980 and 808 nm exci-
tation with LP1500 long-pass filter. (c) In vivo NIR-IIb fluorescence under low power 980 nm irradiation (0.05 W cm−2)/808 nm irradiation and ratio
images at different times post-PDT and (d) time corresponding F1550, Ex808 and F1550, Ex980 intensities. (e) Ratiometric NIR-IIb fluorescence value
(F1550, Ex808/F1550, Ex980) in tumor and liver for the presence (PDT (+)) and absence of PDT (PDT (−)). (f ) Fluorescence images of mice urine collection
over 12 h post-PDT under 980 nm and 808 nm excitation with LP900 and LP1500 long-pass filter. (g) Bright-field and the NIR-IIb fluorescence
images of main organs (heart, liver, lung, spleen, and kidney) 12 h post-PDT under 808 nm excitation with LP1500 long-pass filter in the presence
(PDT (+)) and absence of PDT (PDT (−)). The error bars in (c) and (d) indicate means ± S.D. (n = 3). PDT was performed with 5 min breaks between
each 10 min exposure.
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no-treatment control group (Fig. 3c, Ratio and Fig. S20,† Ratio)
from “unactivated” LNPs-RB/Pep/cRGD due to its fluorescence
being incompletely quenched under 808 nm excitation
(Fig. 1d, 64 nmol mg−1). The ratio image F1550, Ex808/F1550, Ex980
from the tumor position for the PDT execution group was sig-
nificantly higher than that of background ratio image F1550,
Ex808/F1550, Ex980 from the liver position, confirming the suc-
cessful generation of PDT and corresponding cell apoptosis
(Fig. 3e, PDT(+) Tumor, PDT(+) Liver).

The urine of mice was also collected over 12 h after PDT for
fluorescence measurement to further verify caspase-3 gene-
ration, which demonstrated a Cy7.5 characteristic absorption
peak at 790 nm and a wide emission region of 800–1000 nm
due to the metabolism of cleaved Cy7.5-CADVED into systemic
circulation (Fig. S21†). The mice urine collection showed
strong fluorescence intensity in the presence of high power
980 nm irradiation (PDT (+)) and little fluorescence in the
absence of high power 980 nm irradiation (PDT (−)) via a
NIR-II in vivo imaging system with LP900 long-pass filter,
further confirming the successful operation of PDT and corres-
ponding generation of caspase-3 (Fig. 3f, Ex: 808 nm, LP 900).
Considering the over 100 nm size of LNPs-RB/Pep/cRGD, they
took the biliary excretion pathway46,47 and were hardly metab-
olized into the urine, thus showing little fluorescence signal
with LP1500 long-pass filter either under 980 nm or 808 nm
excitation (Fig. 3f, Ex: 808 nm, LP 1500; Ex: 980 nm, LP 1550).
The ex vivo fluorescence images of major organs and tumors
were also collected from mice at 12 h post-PDT treatment,
showing obvious NIR-IIb fluorescence signal over 1500 nm in
tumor under 808 nm irradiation (Fig. 3g, PDT(+), Tumor).
Conversely, the control group in the absence of PDT barely
showed NIR-IIb fluorescence under 808 nm irradiation from
the tumor due to the lack of caspase-3 generation (Fig. 3g, PDT
(−), Tumor). This result confirmed the efficient operation of
PDT. The continued accumulation of unactivated LNPs-RB/
Pep/cRGDs resulted in background fluorescence, so the liver
also displayed NIR-IIb fluorescence signal (Fig. 3g, PDT(+),
PDT(−) Liver). Urine fluorescence measurement and ex vivo
fluorescence imaging further confirmed the capability of
LNPs-RB/Pep/cRGD for self-evaluation of in situ PDT efficiency.

2.4. Customized PDT with real-time efficiency feedback

To evaluate the accuracy of LNPs-RB/Pep/cRGD and corres-
ponding in vivo NIR-IIb imaging/in vitro NIR urinalysis for real-
time therapeutic efficiency evaluation, tumor-bearing mice
were divided into four groups (n = 3), which were treated with
different durations (0, 10, 20, 40 min) of PDT, respectively, via
high power 980 nm NIR irradiations. The ratiometric NIR-IIb
fluorescence images under 808 nm irradiation over low power
980 nm irradiation (F1550, Ex808/F1550, Ex980) were acquired 12 h
post-PDT, and urine samples were collected over the same
time period (Fig. 4a). Both NIR-IIb ratiometric fluorescence
images (Fig. 4b) and urine NIR fluorescence (Fig. 4c) increased
according to the PDT duration. The ratiometric NIR-IIb fluo-
rescence imaging ratio value gradually increased with PDT dur-
ation, reaching 4.01-fold and 2.03-fold for the 40 min PDT

treatment group compared with the control group without
PDT and the 10 min PDT treatment group, respectively
(Fig. S22,† F1550, Ex 808/F1550, Ex980). Urine NIR fluorescence for
the 40 min PDT treatment group was 4.03-fold and 2.38-fold
compared with the control group without PDT and the 10 min
PDT treatment group, respectively (Fig. S22,† Urine intensity).
The tumor sizes of mice in different treatment groups were
measured at day 14 to confirm the therapeutic efficiency, com-
pared with the treatment control group that was treated with
saline. The LNPs-RB/Pep/cRGD injected group without PDT
showed barely any difference in the tumor size compared with
the saline-treated group, while the PDT treatment groups
(10 min, 20 min, and 40 min) showed tumor growth inhibition
(Fig. S23,† Saline, 0 min, 10 min, 20 min, 40 min PDT), with
size decreases of 37.4%, 64.1%, and 83.1%, respectively, com-
pared with the saline-treated group (Fig. 4d, saline, 10 min,
20 min, 40 min PDT). The correlation between tumor size at
14 days post-treatment and caspase-3 activation measured by
real-time fluorescence change at 12 h post-PDT was further
investigated. The NIR-IIb fluorescence ratiometric values,
urine NIR fluorescence intensity, and mice tumor volume all
demonstrated negative correlations with PDT duration. The
variations in the value of ratiometric NIR-IIb fluorescence
(Fig. 4e) and urine NIR fluorescence intensity (Fig. 4f) were
plotted against tumor volume for different treatment groups,
and their Pearson’s correlation coefficients were analyzed as
−0.9586 (Fig. 4e) and −0.9714 (Fig. 4f), respectively, confirm-
ing that therapeutic efficiency could be evaluated by in vivo
NIR-II fluorescence and urine NIR fluorescence measure-
ments. The results from hematoxylin–eosin (H&E) staining,
terminal transferase UTP nick end labeling (TUNEL) immuno-
fluorescence staining, and immunohistochemistry of active
caspase-3 (Casp-3 I&H) also demonstrated a similar tendency
of cell apoptosis corresponding to PDT duration periods
(Fig. S24,† Saline and 0–40 min). These results confirmed the
capability of caspase-3-activated ratiometric NIR-IIb fluo-
rescence imaging and in vitro urinary analysis as early evalu-
ation tools for therapeutic effects and guaranteed their appli-
cation in personalized treatment.

Traditional therapeutic effect evaluation approaches, such
as tumor size evaluation, usually require patients to complete
an entire treatment regimen before being diagnosed as ineffec-
tive, which can delay treatment adjustment and impair treat-
ment outcomes. Caspase-3 real-time imaging provided efficacy
feedback as early as 12 h after PDT, which is about one week
earlier than traditional evaluation methods, thereby contribut-
ing to timely treatment dosage adjustments for individual
cases. To demonstrate the application of LNPs-RB/Pep/cRGD
to customized therapy, HCCLM3 tumor-bearing mice were
divided into three groups (n = 3): “Caspase-3 evaluation”
group, “size evaluation” group, and “control group”. PDT treat-
ment was applied every other day and repeated seven times.
The control group was treated with 40 min of PDT irradiation
for the whole experiment, while the “caspase-3 evaluation”
and “size evaluation” groups underwent customized therapy
based on therapeutic effect evaluation. The “caspase-3 evalu-

Paper Nanoscale

9192 | Nanoscale, 2025, 17, 9184–9196 This journal is © The Royal Society of Chemistry 2025

Pu
bl

is
he

d 
on

 1
3 

M
ar

ch
 2

02
5.

 D
ow

nl
oa

de
d 

by
 N

A
N

JI
N

G
 U

N
IV

E
R

SI
T

Y
 o

n 
4/

16
/2

02
5 

2:
34

:2
4 

A
M

. 
View Article Online

https://doi.org/10.1039/d5nr00390c


ation” group was treated with 10 min of 980 nm irradiation
PDT, demonstrating in vivo NIR-IIb ratiometric imaging and
in vitro urine fluorescence differences 12 h post-1st time PDT.
The treatment of 10 min was repeated once, then adjusted to
40 min of PDT. Therefore, they received 2 treatments of 10 min
PDT followed by 5 treatments of 40 min PDT (Fig. 4g, caspase-
3 evaluation group). For the “Size evaluation” group, tumor
size was measured using a vernier caliper one day post-PDT,

and tumor volume was calculated using the formula, V = (L ×
W2)/2. Mice were treated repeatedly with 10 min of 980 nm
irradiation PDT four times, which started to show tumor size
differences on Day 8, leading to an adjustment to 40 min of
PDT. Therefore, they received 4 treatments of 10 min PDT fol-
lowed by 3 treatments of 40 min PDT (Fig. 4g, size evaluation
group). For the caspase-3 evaluation group, the first two treat-
ments of 10 min PDT resulted in less obvious ratiometric

Fig. 4 Application of LNPs-RB/Pep/cRGD in customized PDT. (a) Schematic illustration of the therapeutic process, including NIR-IIb imaging-
guided PDT and real-time efficiency feedback via in vivo ratiometric NIR-IIb fluorescence imaging and in vitro urinalysis for LNPs-RB/Pep/cRGD
injected mice group under different PDT duration periods (0 min, 10 min, 20 min, and 40 min) and its corresponding. (b) In vivo NIR-IIb fluorescence
image under low power 980 nm (0.05 W cm−2) and 808 nm excitations with ratiometric image and (c) urine NIR fluorescence. (d) Time-dependent
tumor growth for saline-injected mice group, LNPs-RB/Pep/cRGD injected mice group under different PDT durations (0 min, 10 min, 20 min,
40 min), and customized PDT groups with imaging evaluation and tumor size evaluation. Plotting of (e) ratiometric NIR-IIb fluorescence imaging
value and (f ) urine NIR fluorescence intensity at 12 h after PDT versus relative tumor volume at day 14. (g) Schematic illustration of customized PDT
for caspase-3 evaluation group that operated with two times 10 min PDT and five times 40 min PDT, size evaluation group that operated with four
sessions of 10 min PDT and three sessions of 40 min PDT and control group that operated with seven sessions of 40 min PDT. (h) In vivo NIR-IIb flu-
orescence imaging of LNPs-RB/Pep/cRGD injected mice under low power 980 (0.05 W cm−2), 808 nm excitations, corresponding ratiometric
images and (i) NIR fluorescence images of urine collection for “caspase-3 evaluation group”. Images for “Before treatment adjustment” were taken
after 2 sessions of 10 min PDT, and images for “After treatment adjustment” were taken after five sessions of 40 min PDT. ( j) Ratiometric NIR-IIb flu-
orescence value (F1550, Ex808/F1550, Ex980) and urine NIR fluorescence intensity for before-treatment adjustment and after-treatment adjustment of
imaging evaluation groups and 40 min PDT groups. The error bars in (d) and (i) indicate means ± S.D. (n = 3). PDT was performed with 5 min break
after each 10 min exposure.
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NIR-IIb imaging (Fig. 4h, before treatment adjustment) and low
urine Cy7.5 fluorescence intensity (Fig. 4i, before treatment
adjustment). After adjusting the therapeutic plan to 40 min PDT,
both the ratiometric NIR-IIb imaging (Fig. 4h, after treatment
adjustment) and urine Cy7.5 fluorescence intensity (Fig. 4i, after
treatment adjustment) were obviously enhanced. After two ses-
sions of 10 min PDT and five sessions of 40 min PDT, the “custo-
mized therapy via caspase-3 evaluation” group demonstrated
similar extents of ratiometric NIR-IIb imaging and urine Cy7.5
fluorescence values compared with the 40 min PDT treatment
group (Fig. 4j). The caspase-3 evaluation group also showed
effective suppression (78.9%) of tumor sizes compared with the
saline-treated group after 14 days of PDT treatment (Fig. 4d,
caspase-3 evaluation group and Fig. S23,† caspase-3 evaluation
group). In comparison, the “customized therapy via tumor size
evaluation” group was initially treated with 10 min of PDT for the
first four sessions and showed very little size differences com-
pared with the 40 min PDT treatment group until Day 8 (Fig. 4d,
size evaluation group). Therefore, this group was adjusted to
40 min of PDT only for the last three therapeutic sessions. Due to
the lack of timely treatment adjustment, the tumor size evalu-
ation group exhibited similar growth trends to the 10 min PDT
treatment group, resulting in a limited tumor-size suppression of
52.7% compared with the saline-treated group after 14 days of
PDT treatment (Fig. 4d, size evaluation group and Fig. S23,† size
evaluation group). Results from H&E, TUNEL, and Casp-3 I&H
immunohistochemistry also showed more obvious tumor tissue
apoptosis and caspase-3 expression in the caspase-3 evaluation
group compared with the size evaluation group (Fig. S24†).
Throughout the whole treatment period, all mice groups did not
present body weight changes (Fig. S25†). These results indicate
the successful implementation of customized therapy with real-
time therapeutic effect evaluation, which effectively enhanced the
overall therapeutic effect.

The in vivo biosafety and metabolism of LNPs-RB/Pep/cRGD
were evaluated by injecting it into healthy mice, followed by
in vivo imaging of NIR-IIb fluorescence under low power
980 nm irradiation (0.05 W cm−2). The imaging clearly showed
blood vessels after intravenous injection, indicating good sys-
tematic circulation. LNPs-RB/Pep/cRGD started accumulating
in the liver, and one day post-injection, its levels gradually
decreased over time due to metabolism (Fig. S26a†). The In
vivo fluorescence of LNPs-RB/Pep/cRGD almost disappeared
after eight days post-injection with 83.3% excreted in feces
(Fig. S26b†), and very little amount remained in the main
organs (Fig. S26c†). These results indicate that LNPs-RB/Pep/
cRGD could be rapidly excreted via the biliary excretory
pathway.24 Major organs (heart, liver, spleen, lung, and kidney)
showed no obvious damage or abnormalities in all treated
mice, as confirmed by H&E staining (Fig. S27†).

3. Conclusions

We have developed a customized cancer treatment system by
integrating PDT with real-time efficiency feedback capabilities

to lanthanide nanoparticles. LNPs-RB/Pep/cRGD was devel-
oped and sequentially irradiated with low-power 980 nm
irradiation, high power 980 nm irradiation, and 808 nm
irradiation for NIR-IIb imaging-guided PDT, with real-time
therapeutic effect evaluation via ratiometric NIR-IIb fluo-
rescence imaging and urine NIR fluorescence measurement of
caspase-3 generation. The PDT therapeutic effect was reported
as early as 12 h post-treatment, which was one week earlier
than the traditional method of tumor size observation.
Customized treatment was performed by timely adjusting PDT
duration based on real-time imaging results, effectively
improving therapy results compared to adjusting PDT dosage
based on tumor size changes. Therefore, the reported LNPs-
RB/Pep/cRGD could provide a promising platform for efficient,
customized cancer therapy for real time therapeutic efficiency
evaluation. Additional excitation light could be incorporated
for logically programming emission lights, which would
enhance the functionality of LNPs in biomedical applications.
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