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CsSnysPbsBr;@CS-FA Nanoparticles as a Fluorescent
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Background: Leptomeningeal carcinomatosis (LC) remains difficult to diagnose at an early stage because current diagnostic
approaches rely primarily on magnetic resonance imaging and cerebrospinal fluid (CSF) cytology, which may lack sensitivity or
require repeated testing. This study aimed to develop a water-stable, biocompatible, and tumor-targeted fluorescent nanoparticle
for the preliminary diagnosis of LC.

Methods: CsSngsPbosBr;@CS-FA nanoparticles were synthesized using a water-triggered strategy and characterized by X-
ray diffraction, Fourier-transform infrared spectroscopy, transmission electron microscopy, photoluminescence spectroscopy,
ultraviolet-visible spectroscopy, and in vivo imaging. Their water stability, in vitro targeting ability, cytocompatibility, in vivo
tumor-targeting capacity, and biosafety were evaluated using Lewis lung carcinoma (LLC) cells, C2C12 cells, C57BL/6JNifdc
mouse models, and clinical CSF samples. CSF samples from 7 patients with LC and 7 non-LC controls were incubated with the
nanoparticles, and fluorescence intensity was detected by flow cytometry.

Results: CsSngsPbysBr;@CS-FA nanoparticles showed a stable core-shell structure and maintained fluorescence in aque-
ous solution for up to 329 days. In vitro imaging demonstrated stronger fluorescence in LLC cells than in C2C12 cells, and
CsSnysPbsBr; @CS-FA produced significantly higher fluorescence than non-targeted CsSnysPbysBr;@CS nanoparticles (p <
0.001). Cell viability remained above 90% after treatment with 200 pg/mL CsSny.sPbosBr; @CS-FA. In tumor-bearing mice, flu-
orescence signals were detectable after injection, peaked at 24 h, and were no longer detectable at 216 h. Hematological, hepatic,
renal, histological, and body-weight assessments showed no obvious biosafety concerns. In clinical CSF samples, the fluorescence
intensity was markedly higher in the LC group than in the non-LC group (47.08% % 13.56% vs. 2.75% £+ 1.12%, p < 0.001).
Conclusion: CsSngsPbysBr;@CS-FA nanoparticles exhibited favorable water stability, tumor-targeting ability, fluorescence per-
formance, and preliminary biosafety. Their enhanced fluorescence signal in LC-derived CSF samples suggests potential value as
an auxiliary fluorescent tracer for LC diagnosis, although further validation in larger clinical studies is required.
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Introduction nation of clinical manifestations, magnetic resonance imag-
ing (MRI), and CSF examination. These procedures can
be time-consuming, costly, and insufficiently sensitive to
early or subtle disease, which may lead to delayed diagnosis

or misdiagnosis [3]. Therefore, more specific and practical

Cancer remains a major barrier to extending life ex-
pectancy worldwide, with increasing incidence and mortal-

ity [1,2]. Early diagnosis is essential for improving cura-
tive opportunities and survival, particularly for aggressive
tumors and malignancies with subtle or absent early symp-
toms [1,2]. Leptomeningeal carcinomatosis (LC) is a se-
vere metastatic complication involving tumor dissemina-
tion to the leptomeninges and cerebrospinal fluid (CSF). At
present, the diagnosis of LC usually depends on a combi-

strategies are needed for LC diagnosis.

Recent advances in nanomaterials have created op-
portunities for developing novel diagnostic and therapeu-
tic tools in oncology [4]. Nanoparticle-based optical imag-
ing has developed rapidly as a non-invasive strategy for tu-
mor detection [5,6]. Near-infrared fluorescent probes can
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provide deeper tissue penetration and better spatial res-
olution than visible or ultraviolet probes [7]. However,
clinical translation remains limited by toxicity, low quan-
tum yield, and high cost [8]. Inorganic halide perovskite
nanocrystals, represented by CsPbX3, have attracted con-
siderable attention for their high photoluminescence quan-
tum yield, narrow emission bandwidth, and tunable band
gap [9,10]. They have been explored in optoelectronics,
neuromorphic devices, and biomedical imaging [11]. Nev-
ertheless, their applications in bioimaging are hindered by
three major challenges: poor stability in aqueous biological
environments, the potential cytotoxicity associated with Pb
ions, and insufficient tumor-cell targeting.

To address these issues, the present study designed
CsSny 5Pbg s Br;@CS-FA nanoparticles for LC-related flu-
orescence detection. Chitosan (CS), a biocompatible and
degradable polysaccharide, was used as a protective coat-
ing to improve water stability [12]. Partial substitution of
Pb by Sn was used to reduce potential Pb-associated toxic-
ity [13]. Folic acid (FA) was conjugated to the nanoparticle
surface because FA has high affinity for folate receptors,
which are overexpressed in many tumor cells but are lim-
ited in most non-cancerous cells [14,15]. Because approx-
imately 9-25% of patients with lung cancer may develop
LC, Lewis lung carcinoma (LLC) cells were used in the ex-
perimental system. We synthesized CsSng sPbgsBr; @CS-
FA nanoparticles and assessed their structural characteris-
tics, water stability, tumor targeting, biosafety, and prelim-
inary diagnostic performance in clinical CSF samples.

Methods

Materials, Cells, and Animals

LLC cells and mouse myoblast C2C12 cells were pur-
chased from Nanjing Cobioer Biosciences Co., Ltd. (Nan-
jing, China) (Cat. No. 1101MOU-PUMC000673, Batch
No. 1101MOU-PUMCO000099). Both cell lines were cul-
tured in high-glucose Dulbecco’s modified Eagle’s medium
(DMEM,; Beijing Solarbio Science & Technology Co., Ltd.,
Beijing, China) supplemented with 10% fetal bovine serum
(FBS; ExCell Bio, Taicang, China, Cat. No. FSP500, Lot
No. 20240301) and 1% penicillin-streptomycin solution
(Beijing Solarbio Science & Technology Co., Ltd., Beijing,
China, Cat. No. P1400, Lot No. 20240516). Cells were
maintained in a humidified incubator at 37 °C with 5% CO,.
To prevent cell contamination and ensure the stability of
cell lines, routine mycoplasma testing was performed using
a polymerase chain reaction (PCR)-based mycoplasma de-
tection kit (Yeasen Biotechnology, Shanghai, China) (Cat.
No. 40601ES20) at monthly intervals, and all results were
negative throughout the study. Cell line identity was con-
firmed using short tandem repeat (STR) profiling by the
supplier, and the profiles were consistent with the reference
databases for LLC and C2C12 cells.
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Male C57BL/6JNifdc mice aged 6—8 weeks were ob-
tained from Beijing Vital River Laboratory Animal Tech-
nology Co., Ltd. (Beijing, China). All mice were housed
under specific environmental conditions, with a room tem-
perature of 22 + 1 °C and relative humidity of 40%—70%
(12-h light/12-h dark cycle). Animal experiments were
approved by the Ethics Committee of the Second Hospi-
tal of Hebei Medical University (No. 2023-AE085) and
conducted in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Ani-
mals. All procedures were performed with efforts to mini-
mize animal suffering. At the end of the experiment, mice
were euthanized by cervical dislocation under deep anes-
thesia induced by intraperitoneal injection of 1.25% tribro-
moethanol (Avertin®) at a dose of 0.2 mL per 10 g body
weight. Anesthesia depth was confirmed by the absence
of the toe-pinch reflex, and death was confirmed by the ab-
sence of spontaneous breathing, heartbeat, and pain reflexes
before tissue collection.

Cesium carbonate (Cs,CO3, 99%) (Cat. No.
C105061; CAS: 534-17-8; Lot No. A2403011), lead bro-
mide (PbBr;, 99%) (Cat. No. L407121; CAS: 10031-22-
8; Lot No. L2404152), 1-octadecene (ODE, >90%) (Cat.
No. 0109487; CAS: 112-88-9; Lot No. 02402283), cyclo-
hexane (CgHi,, 99.5%) (Cat. No. C1521198; CAS: 110-
82-7; Lot No. C2405071), oleic acid (OA, =99%) (Cat.
No. 0108485; CAS: 112-80-1; Lot No. 02403222), oley-
lamine (OAm, 80%-90%) (Cat. No. 0O106967; CAS: 112-
90-3; Lot No. 02401194), folic acid (FA, >97%) (Cat.
No. F103639; CAS: 59-30-3; Lot No. F2404091), 1-
(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochlo-
ride (EDC) (Cat. No. E106172; CAS: 25952-53-8; Lot
No. E2405132), N-hydroxysuccinimide (NHS) (Cat. No.
H109330; CAS: 6066-82-6; Lot No. H2402073), dimethyl
sulfoxide (DMSO) (Cat. No. D755902; CAS: 67-68-5;
Lot No. D2403181), glacial acetic acid (=99.8%) (Cat.
No. A116167; CAS: 64-19-7; Lot No. A2404262), xy-
lene (99%) (Cat. No. X112051; CAS: 1330-20-7; Lot No.
X2405031), neutral balsam (Cat. No. N116470; CAS:
96949-21-2; Lot No. N2401303), and ethanol (99.5%)
(Cat. No. E111963; CAS: 64-17-5; Lot No. E2402211)
were purchased from Aladdin Reagent Co., Ltd. (Shang-
hai, China). Tin (II) bromide (SnBr,, 99.99%) (Cat. No.
T913631; CAS: 10031-24-0; Lot No. M2403072), methyl
acetate (98%) (Cat. No. M821446; CAS: 79-20-9; Lot
No. M2404129), and ethyl acetate (99%) (Cat. No.
E809174; CAS: 141-78-6; Lot No. M2405094) were
purchased from Shanghai Macklin Biochemical Co., Ltd.
(Shanghai, China). Chitosan (molecular weight, 100,000—
300,000) (Cat. No. 594839; CAS: 9012-76-4; Lot No.
995947) was obtained from J&K Scientific Ltd. (Bei-
jing, China). Phosphate-buffered saline (PBS) (Cat. No.
P1000; Lot No. 1022Q021), trypsin (Cat. No. T1300;
Lot No. 3174657), and high-glucose DMEM (Cat. No.
11965; Lot No. 1967577) were obtained from Beijing So-
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larbio Science & Technology Co., Ltd. The Cell Count-
ing Kit-8 (CCK-8) assay kit (Cat. No. C0038; Lot No.
CK240615) and Lyso-Tracker Red (Cat. No. C1046; Lot
No. LT240528) were purchased from Beyotime Biotech-
nology Co., Ltd. (Shanghai, China). The Calcein-AM/PI
live/dead cell staining kit (Cat. No. 40747ES76; Lot No.
20240315) was purchased from Yeasen Biotechnology Co.,
Ltd. (Shanghai, China). The 4% paraformaldehyde so-
Iution (Cat. No. C516337; CAS: 30525-89-4; Lot No.
B5404120) was obtained from Sangon Biotech Co., Ltd.
(Shanghai, China). Antifade mounting medium containing
4',6-diamidino-2-phenylindole (DAPI) (Cat. No. S2110;
Lot No. 202406188S) was purchased from Beijing Solarbio
Science & Technology Co., Ltd. 1.25% tribromoethanol
(Cat. No. M2910; Lot No. NJ24M291007) was pur-
chased from Nanjing Aibei Biotechnology Co., Ltd. Hema-
toxylin and eosin staining reagents (Cat. No. C0105S;
Lot No. 112818190403) were purchased from Beyotime
Biotechnology Co., Ltd. The BD Cytofix/Cytoperm™ Fix-
ation/Permeabilization Kit was obtained from BD Bio-
sciences (Franklin Lakes, NJ, USA) (Cat. No. 554714; Lot
No. 7346888).

The main instruments used in this study included a
Lab2000 glove box system (Etelux Inert Gas System Co.,
Ltd., Beijing, China) (Model No. Lab2000/2400/750), an
FA2104N electronic analytical balance (Shanghai Jingke
Tianmei Scientific Instrument Co., Ltd., Shanghai, China),
a C-MAG HS 7 magnetic stirrer (IKA, Staufen, Germany),
a KQ-100DE ultrasonic cleaner (Kunshan Ultrasonic In-
struments Co., Ltd., Kunshan, China), and a TG16G high-
speed benchtop centrifuge (Jintan Gaoke Instrument Fac-
tory, Changzhou, China). Cell and tissue imaging was per-
formed using an 1X71 inverted fluorescence microscope
(Olympus, Tokyo, Japan), an FV1000 confocal microscope
(Olympus, Tokyo, Japan), and an /n Vivo Imaging System
(IVIS) Lumina III in vivo imaging system (PerkinElmer,
Waltham, MA, USA). Flow cytometry was conducted us-
ing an Attune NXT flow cytometer (Thermo Fisher Scien-
tific, Waltham, MA, USA). Hematological and biochem-
ical analyses were performed using a URIT-5160Vet au-
tomated hematology analyzer (URIT Medical Electronic
Co., Ltd., Guilin, China), a Celercare M5 automatic bio-
chemical analyzer (MNCHIP Technologies Co., Ltd., Tian-
jin, China), and a VERSAmax microplate reader (Molec-
ular Devices, San Jose, CA, USA). Nanoparticle charac-
terization was performed using an FEI Talos F200S trans-
mission electron microscope (Thermo Fisher Scientific,
Waltham, MA, USA), a D8 ADVANCE X-ray diffractome-
ter (Bruker, Karlsruhe, Germany), a UV/Vis 1050 spec-
trophotometer (Lambda, USA), a DZF vacuum drying oven
(Beijing Kewei Yongxing Instrument Co., Ltd., Beijing,
China), and an FS5 fluorescence spectrometer (Edinburgh
Instruments, Livingston, UK).

Synthesis of CsSng sPbg sBrs3, CsSng sPby sBr;@CS,
and CsSng sPbg sBr; @CS-FA nanoparticles

For the synthesis of CsSngsPbgsBr; nanocrystals
(NCs), 0.5 mmol PbBr, and 0.5 mmol SnBr, were dis-
solved in 0.5 mL 1-octadecene, followed by the addition
of 1 mL oleic acid and 1.5 mL oleylamine. The mixture
was stirred at 120 °C until complete dissolution to obtain a
precursor solution. Separately, 0.16 g Cs,CO3 was added
to 1 mL oleic acid and 16 mL 1-octadecene and stirred at
120 °C until full dissolution to prepare cesium oleate. The
cesium oleate solution was injected into the precursor so-
lution. After the reaction became turbid white, the mixture
was cooled in a water bath to room temperature and cen-
trifuged at 6000 rpm for 15 min. The precipitate was col-
lected, dispersed in 20 mL cyclohexane, and sonicated for
30 min to obtain zero-dimensional Cs4Pbg sSng sBrg NCs,
which were stored at 4 °C. The solution was diluted with
cyclohexane, mixed with deionized water under vigorous
stirring, and sonicated for 1-5 min until the color stabilized.
After filtration through a 0.22-micrometer (um) membrane
filter, the filtrate was collected as the CsSng sPbg sBr; NC
solution.

For preparation of CsSngsPbysBr;@CS nanoparti-
cles, 0.1 g chitosan was dissolved in 99 mL deionized water
containing 1 mL glacial acetic acid to obtain a 0.001 g/mL
CS solution. One milliliter of CS solution was slowly added
dropwise to 5 mL Cs4Pbg 5Sng sBrg NC solution under vig-
orous stirring. After the solution color changed from white
to green and stabilized, the mixture was sonicated for 1-5
min and filtered through a 0.22-pm membrane filter. The
filtrate was precipitated with methyl acetate at a volume ra-
tio of 1:2, and the precipitate was dried under vacuum at 40
°C for 6 h to obtain CsSng sPby sBr;@CS powder.

For the synthesis of CsSngsPbysBr;@CS-FA
nanoparticles, 0.005 g FA was dissolved in 5 mL dimethyl
sulfoxide. EDC (0.066 g) and NHS (0.036 g) were then
added, and the mixture was stirred at room temperature for
2 h to obtain an activated FA solution. The FA solution was
mixed with the CS solution and reacted at room tempera-
ture for 16 h to obtain the CS-FA solution. One milliliter
of CS-FA solution was added to 5 mL Cs4Pbg 5Sng sBrg
NC solution. After the color changed from white to green
and stabilized, the mixture was sonicated for 1-5 min
and filtered through a 0.22-um membrane filter. The
filtrate was precipitated with ethyl acetate at a volume
ratio of 1:2 and vacuum-dried at 40 °C for 6 h to obtain
CsSny 5Pbg s Br;@CS-FA powder.

Characterization of Nanoparticles

Transmission electron microscopy (TEM; FEI Ta-
los F200S) was used to observe the morphology of
CsSny sPbg sBr; and CsSng sPbgsBr;@CS-FA nanoparti-
cles.  Fourier-transform infrared spectroscopy (FTIR)
spectra were recorded using a Fourier-transform infrared
spectrometer to analyze CS, FA, CsSngsPbgsBr;, and
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CsSny 5Pbg sBr; @CS-FA nanoparticles. X-ray diffraction
(XRD; D8 ADVANCE) was used to characterize the crystal
structure of CsSng sPbg sBr; and CsSng sPbg sBr;@CS-FA
nanoparticles.

Water Stability Assay

Ultraviolet-visible absorption spectra and photo-
luminescence (PL) spectra of CsSngsPbgsBr;@CS-FA
nanoparticles were measured using a UV/Vis 1050 spec-
trophotometer (PerkinElmer, Waltham, MA, USA) and
an FS5 fluorescence spectrometer (Edinburgh Instruments,
Livingston, UK), respectively. An IVIS Lumina III imag-
ing system was used to monitor changes in fluorescence in-
tensity of CsSng ;Pbg sBr;@CS-FA nanoparticles in water
from day 0 to day 329.

In Vitro Targeting and Biocompatibility Assays

For confocal imaging, cell slides were placed in 24-
well plates and LLC cells or C2C12 cells were seeded
at approximately 2 x 10% cells per well. After incuba-
tion for 24 h, the medium was replaced with medium con-
taining CsSng 5PbgsBr3@CS or CsSngsPbgsBr; @CS-FA
nanoparticles at 200 pug/mL. After 6 h of incubation, cells
were washed three times with PBS, stained with Lyso-
Tracker Red (75 nM) at 37 °C for 45 min, washed again,
fixed with 4% paraformaldehyde for 30 min, and mounted
with antifade mounting medium containing DAPI. Confo-
cal microscopy was performed using 405 nm excitation for
DAPI, 488 nm excitation for nanoparticle green fluores-
cence, and 559 nm excitation for Lyso-Tracker Red. Images
were acquired using fixed laser power and detector gain set-
tings across all samples to ensure comparability.

For Calcein-AM/PI staining, LLC cells were seeded
in 6-well plates and cultured to approximately 50-60%
confluence. Cells were treated with 0 or 200 pg/mL
CsSny 5Pbg sBr; @CS-FA nanoparticles for 24 h. After col-
lection and washing, cells were resuspended at 1 x 10° to
1 x 10° cells/mL. Two hundred pL of staining solution was
mixed with 400 pL of the cell suspension and incubated at
37 °C for 10 min. Fluorescence microscopy was used to
detect green fluorescence from viable cells (excitation 488
nm, emission 515 = 15 nm) and red fluorescence from dead
cells.

For the CCK-8 assay, LLC cells were seeded into 96-
well plates at 1 x 10* cells per well and cultured for 24 h (n
= 6 wells per concentration). Cells were then treated with
CsSny 5Pbg s Br;@CS-FA nanoparticles at 0, 100, 150, 200,
250, 300, 400, or 500 pg/mL for 24 h. After washing with
PBS, 10 pL of CCK-8 solution was added to each well, and
cells were incubated for 2 h. Absorbance was measured
at 450 nm using a VERSAmax microplate reader (Molec-
ular Devices, San Jose, CA, USA). Cell viability was cal-
culated as [(As — Ab)/(Ac — Ab)] x 100%, where As is the
absorbance of the experimental well, Ab is the absorbance
of the blank well, and Ac is the absorbance of the control
well.
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In Vivo Targeting and Biosafety Evaluation

To establish the subcutaneous tumor model, each
C57BL/6JNifdc mouse was injected subcutaneously with
1 x 10° LLC cells into the right anterior chest wall. When
the tumor volume reached approximately 100 mm?®, mice
received a tail-vein injection of CsSngsPbgsBr;@CS-FA
nanoparticles (200 puL, 4 mg/mL), and fluorescence imag-
ing was performed using IVIS Lumina III before and after
injection.

For biosafety evaluation, 10 healthy C57BL/6JNifdc
mice were randomly assigned to the control group or the
CsSny 5Pbg sBr;@CS-FA group (n = 5 per group). Mice
were allocated to groups using a computer-generated ran-
dom number sequence. The investigator performing the
in vivo imaging and outcome assessments was blinded to
group assignment. Mice received three tail-vein injections
at 5-day intervals. Body weight was monitored every 4
days. After 1 month, blood samples from three mice in
each group were randomly collected for routine blood test-
ing and liver and renal function analysis. The remaining
two mice in each group were euthanized by cervical dislo-
cation under deep anesthesia, and death was confirmed be-
fore collection of the heart, liver, spleen, lung, and kidney
for hematoxylin-eosin (H&E) staining. Fresh tissues were
fixed in 4% paraformaldehyde, dehydrated through graded
ethanol, cleared in xylene, embedded in paraffin, sectioned,
stained with hematoxylin and eosin, dehydrated, cleared,
mounted, and observed under a light microscope.

Clinical CSF Samples and Fluorescence Detection

Clinical samples were obtained from 14 patients hos-
pitalized in the Department of Neurology, the Second Hos-
pital of Hebei Medical University, between January 2023
and November 2023, including 7 patients with LC and 7
non-LC controls. The clinical study was approved by the
Ethics Committee of the Second Hospital of Hebei Medi-
cal University (No. 2023-R360). Written informed consent
was obtained from all patients or their legal representatives.
The study was conducted in accordance with the Declara-
tion of Helsinki, and all samples were anonymized before
testing and analysis.

LC was diagnosed according to the 2023 guidelines
issued by the European Association of Neuro-Oncology-
European Society for Medical Oncology (EANO-ESMO)
[16]. The inclusion criteria for LC were as follows: (1) clin-
ical manifestations involving the brain or spinal cord; (2) a
definite tumor history or discovery of tumor after neurolog-
ical manifestations; (3) typical MRI features showing linear
meningeal enhancement with or without nodular enhance-
ment; and (4) positive CSF cytology or positive meningeal
biopsy. Patients meeting criteria 1-4 or criterion 4 alone
were diagnosed as confirmed LC, whereas patients meet-
ing criteria 1-3 were diagnosed as probable LC. Patients not
meeting the diagnostic criteria were included in the non-LC

group.
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Fig. 1. Structural characterization of the nanoparticles. (a) XRD spectra of CsSng sPbg sBrs@CS-FA and CsSng sPbg sBrs. (b) FTIR
spectra of CsSng sPbo sBr;@CS-FA and CsSngsPbgsBr;. All figures in this manuscript were generated using Origin 2018 (OriginLab
Corporation, Northampton, MA, USA). XRD, X-ray diffraction; FTIR, Fourier-transform infrared spectroscopy.
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Fig.2. TEM images of CsSny.sPbsBr; and CsSnysPbsBr; @CS-FA nanoparticles. (a) TEM, (b) HRTEM, and fast Fourier transform
image of CsSngsPbsBrs. (c) Selected-area electron diffraction image of CsSngsPbg sBrs. The scale bar unit (10 nm™) corresponds to
reciprocal space; the measured radius of the diffraction ring yields a real-space interplanar spacing of d = 1/R ~ 0.59 nm, consistent with
the (101) plane identified by XRD. (d) TEM, (¢) HRTEM, and fast Fourier transform image of CsSng sPbo sBr;@CS-FA. (f) Selected-area
electron diffraction image of CsSng sPbo sBr;@CS-FA. TEM, Transmission electron microscopy; HRTEM, high-resolution transmission

electron microscopy.
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Fig. 3.

CsSng sPbg sBr;@CS-FA nanoparticle powder dispersed in deionized water. (b) Quantification of fluorescence signal intensity from

IVIS images.

For fluorescence detection, 8 mL fresh CSF from each
patient was centrifuged at 600 xg for 5 min, and the pre-
cipitate was collected. Each flow tube received 25 pL of
CsSny sPbg s Br;@CS-FA nanoparticles (4 mg/mL), result-
ing in a final concentration of 200 pg/mL. Samples were
incubated at room temperature for 4 h, washed with 2 mL
PBS, and centrifuged at 600 xg for 5 min. Washing and
centrifugation were repeated three times. The precipitated
cells were resuspended and analyzed by flow cytometry to
determine nanoparticle fluorescence intensity. Flow cyto-
metric analysis was performed using an Attune NxT flow
cytometer equipped with a 488 nm solid-state laser. For
each sample, 10,000 events were collected. The positive
threshold was defined based on untreated CSF cells (with-
out nanoparticle incubation) as the negative control group;
events with fluorescence intensity above the 99th percentile
of the negative control were classified as positive. Non-
targeted CsSng 5Pbg s Br;@CS nanoparticle-treated samples
were used as an additional control to assess non-specific
binding. The fluorescence percentage reported herein rep-
resents the proportion of positive cells (i.e., the ratio of
events exceeding the predefined fluorescence threshold to
the total number of events collected, expressed as a percent-
age). Single-color unstained controls were used for com-
pensation calibration. Flow data were analyzed using At-
tune Cytometric Software (Thermo Fisher Scientific).

Statistical Analysis

Each experiment was repeated at least three times in-
dependently (n = 3 independent biological replicates per
experimental group unless otherwise specified). Data are
presented as mean + standard deviation (SD). Normality
of data distribution was assessed using the Shapiro—Wilk
test, and homogeneity of variances was evaluated using

Long-term fluorescence stability of CsSngsPbosBr;@CS-FA nanoparticles in water.
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Levene’s test; all datasets met the assumptions for para-
metric testing. Statistical analyses were performed using
Origin 2018 (OriginLab Corporation, Northampton, MA,
USA) and GraphPad Prism 8.0 (GraphPad Software, San
Diego, CA, USA). Comparisons between two groups were
performed using Student’s z-test, and comparisons among
multiple groups were performed using two-way analysis
of variance (ANOVA) followed by Tukey’s post hoc test
for multiple comparisons. All statistical tests were two-
sided unless otherwise specified. ImageJ software (version
1.54f, National Institutes of Health, Bethesda, MD, USA)
was used for quantitative fluorescence intensity analysis. A
value of p < 0.05 was considered statistically significant.

Results

Synthesis and Characterization of
CsSny.5Pbg sBr;@CS-FA Nanoparticles

The crystal structure of CsSng sPbg sBr;@CS-FA and
CsSny sPbgsBr; was characterized by XRD (Fig. 1a).
Peaks at 12.8°,21.2°,27.3°, 28.6°, and 42.6° corresponded
to the (120), (113), (223), (214), and (314) planes of
Cs4PbBr6, respectively [17]. Peaks corresponding to the
(211) and (220) planes of CsPbBr3 were also observed at
34.2° and 38.9° [17]. Because the ionic radius of Sn** is
slightly smaller than that of Pb%*, peaks at 14.7°, 20.2°, and
30.3° were assigned to the (101), (121), and (202) planes of
CsSng sPbgsBr; [18,19,20,21,22,23,24,25,26]. Additional
peaks at 22.4°,32.7°, 40.8°, and 45.8° corresponded to the
(110), (200), (220), and (221) planes [17], highlighting suc-
cessful preparation of CsSngy sPbg sBr; NCs [19]. Residual
zero-dimensional Cs4PbBr6 NCs dispersed in cyclohexane
were partially transformed into three-dimensional CsPbBr3
NCs because Sn’>" could not completely replace Pb**
[27,28,29]. The broader context of lead-free perovskite
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development and Sn—Pb alloying strategies in halide per-
ovskites has been further investigated in recent reviews
[30,31], while the historical discovery of perovskite halides
dates back to early work on cesium lead halides [32].

FTIR spectroscopy was used to verify anchoring of
chitosan-folic acid (CS-FA) onto CsSn sPbg sBr; NCs (Fig.
1b). The amide-bond peak (N-C=0) at 1530 cm™" indicated
formation of an amide bond between the carboxyl group of
FA and the amino group of CS [33]. The C=C-C=0 group
of FA was observed at 1637 cm™' [34,35], and the -OH
group of CS was detected at 3453 cm™' [34]. A -CH; peak
at 2925 cm! was attributed to oleic acid and oleylamine
used in the synthesis process [36]. These findings confirm
successful encapsulation of CsSng sPbg sBr; with CS-FA.

TEM analysis showed that CsSng 5Pbj sBr; nanopar-
ticles had a regular and uniform rectangular morphology
(Fig. 2a). High-resolution TEM (Fig. 2b) revealed well-
resolved lattice fringes with an average interplanar spac-
ing of 0.59 nm, consistent with the (101) plane calculated
from XRD patterns. Fast Fourier transform (Fig. 2b, in-
set) and selected-area electron diffraction (Fig. 2c) fur-
ther confirmed the crystalline structure of CsSn sPbg sBr3.
Based on the selected-area electron diffraction (SAED)
pattern calibrated with the 10 nm™' scale bar, the mea-
sured diffraction-ring radius corresponds to a real-space
interplanar spacing of approximately 0.59 nm, which is
in good agreement with the (101) plane from XRD. Af-
ter CS-FA coating, CsSng 5Pbg s Br;@CS-FA nanoparticles
were spherical, with CS-FA uniformly distributed on the
CsSny sPb sBrs surface to form a core-shell structure (Fig.
2d). The interplanar spacings of the (121) and (202) planes
(Fig. 2e) were 0.44 nm and 0.29 nm, respectively, indicat-
ing successful coating of CsSng sPbg sBr; NCs with CS-FA.
Selected-area electron diffraction (Fig. 2f) validated the
crystalline nature of the coated nanoparticles, and the cor-
responding d-spacings calculated from the SAED pattern
are consistent with the high-resolution transmission elec-
tron microscopy (HRTEM) observations.

Water Stability of CsSng sPbg sBr;@CS-FA
Nanoparticles

IVIS Lumina III was used to capture fluorescence im-
ages of CsSng sPbg sBr; @CS-FA nanoparticles dispersed in
water over 329 days. The nanoparticles maintained de-
tectable fluorescence intensity in aqueous solution through-
out this period, indicating long-term fluorescence stability

(Fig. 3).
When CsSng sPbg sBr3 NCs and
CsSny sPbg sBrs@CS-FA  nanoparticle powder were

dispersed in water, the fluorescence of uncoated
CsSny 5Pbg sBr; NCs nearly disappeared within 30 days,
whereas CsSng sPbg sBr;@CS-FA nanoparticles retained
fluorescence for 306 days (Fig. 4a). PL spectra further
confirmed that fluorescence persisted after long-term
storage in water, although the PL peak showed a blue shift
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from 533 nm to 522 nm from day 0 to day 306 (Fig. 4b,c).
UV-visible spectra obtained on day 0 and day 200 showed
clear absorption peaks (Fig. 4d), and the calculated energy
band gaps were 2.32 eV and 2.33 eV, respectively (Fig.
4e). These data demonstrated excellent water stability and
supported further application of CsSngsPbgsBr;@CS-FA
nanoparticles in bioimaging.

In Vitro Targeting and Biocompatibility

Confocal microscopy was used to evaluate the feasi-
bility of CsSng sPbg sBr; @CS-FA nanoparticles for cellular
bioimaging (n = 3) [37]. After 6 h of co-incubation with
LLC cells, CsSng 5Pb sBr;@CS-FA nanoparticles showed
favorable cellular uptake and relatively uniform intracellu-
lar distribution (Fig. 5).

To further assess targeting ability, fluorescence inten-
sity was compared between LLC and C2C12 cells after 6
h of nanoparticle incubation (n = 3). LLC cells showed
significantly stronger fluorescence than C2C12 cells (p <
0.001, Fig. 6a). Quantitative analysis of fluorescence
intensity in LLC cells versus C2C12 cells is shown in
Fig. 6a, and comparison between CsSng sPbg sBr; @CS-FA
and non-targeted CsSng sPbgsBr;@CS nanoparticle treat-
ment in LLC cells is shown in Fig. 6b. Fluorescence
intensity in LLC cells treated with CsSng sPbg sBr;@CS-
FA nanoparticles was higher than that in cells treated with
CsSny 5Pbg sBr;@CS nanoparticles (p < 0.001), which is
consistent with a possible FA-mediated targeting effect, but
this interpretation remains preliminary in the absence of
competitive inhibition or receptor-blocking experiments.

Calcein-AM/PI staining was used to evaluate in vitro
safety (n=3) [38]. After LLC cells were co-incubated with
0 or 200 pg/mL CsSng 5Pbg sBr;@CS-FA nanoparticles for
24 h, no obvious increase in cell death was observed (Fig.
7a). CCK-8 assay was then used to further examine cyto-
toxicity after treatment with 0-500 pg/mL nanoparticles (n
= 6 wells per concentration) [39]. At 200 pg/mL, LLC cell
viability remained above 90%, indicating no obvious cyto-
toxicity at the concentration used for the imaging experi-
ments (Fig. 7b). At higher concentrations (=300 pg/mL),
cell viability gradually decreased to approximately 30% at
500 pg/mL, suggesting a dose-dependent effect. This indi-
cates that, although 200 pg/mL is well tolerated, substan-
tially higher concentrations may require caution in future
applications due to the potential risk of cytotoxic effects.

In Vivo Targeting and Biosafety

IVIS Lumina III was used to determine the in
vivo tumor-targeting capacity of CsSngsPbg sBr;@CS-FA
nanoparticles in tumor-bearing mice (n = 3 mice per group)
[40,41]. Before nanoparticle injection, fluorescence signals
were not detected in subcutaneous tumors. After tail-vein
injection, fluorescence was detected in the tumor region as
early as 0.5 h, indicating tumor recognition by FA-modified
nanoparticles. Real-time IVIS monitoring showed that flu-
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Lyso-Tracker Red

Fig. 5. Confocal fluorescence imaging of LLC cells incubated with CsSno.sPb sBr;@CS-FA nanoparticles. Representative confocal

microscopy images of LLC cells co-incubated with CsSng sPbg sBr;@CS-FA nanoparticles for 6 h. LLC, Lewis lung carcinoma.

orescence signal intensity gradually increased, reached a
maximum at 24 h, and then decreased over time (Fig. 8a,b).
No detectable signal was observed after 216 h, suggest-
ing that the nanoparticles may have been progressively
cleared or redistributed. The relatively large error bars in
Fig. 8b may reflect inter-individual variability in nanopar-
ticle distribution, tumor vascularization, and clearance rates
among tumor-bearing mice. To address this, we imple-
mented computer-generated randomization and blinded as-
sessment procedures; however, the small sample size (n =
3 for in vivo imaging) remains a potential contributor to the
observed variability.

Biosafety was evaluated using histological analysis,
hematological testing, liver and renal function testing, and
body-weight monitoring. H&E staining of major organs,
including the heart, liver, spleen, lung, and kidney, did not
reveal obvious tissue injury after CsSng sPbg s Br; @CS-FA
nanoparticle administration (n = 2 mice per group) (Fig. 9)
[41,42].

Routine blood parameters showed no statistically sig-
nificant differences between the CsSngsPbgsBr;@CS-FA

group and the control group (n = 3 per group) (Fig. 10a—
e). The data for hemoglobin (HGB, Fig. 10f), liver func-
tion indicators (ALT, GGT, and AST, Fig. 10g-i), re-
nal function indicators (Urea and CREA, Fig. 10j.k), and
body weight (Fig. 101) also showed no statistically sig-
nificant differences between the two groups. These find-
ings suggest favorable short-term in vivo biocompatibility
of CsSnyg sPbg s Br; @CS-FA nanoparticles.

Preliminary Diagnostic Performance in Clinical
CSF Samples

A total of 14 patients were included, comprising 7 pa-
tients with LC and 7 non-LC controls. All 7 patients in the
LC group had positive CSF cytology and were diagnosed
as confirmed LC according to the EANO-ESMO criteria.
Patients in the non-LC group did not meet the diagnostic
criteria for LC. Flow cytometry was used to measure the flu-
orescence intensity of CsSng sPbg sBr;@CS-FA nanoparti-
cles in clinical CSF samples (n = 3 technical replicates per
sample; flow cytometry collected 10,000 events per sam-
ple). The fluorescence intensity was 47.08% + 13.56% in


https://www.discovmed.com/

2643

160

CsSn,sPb, sBry@CS-FA CsSny sPby Br,@CS CsSn, sPbysBrs@CS-FA (b)

CC121 p<0.001 |
LLC

—

-

(]
T

[

[

=
T

Lyso-Tracker Red

[

S

>
T

[~
(]
T

[=2)
=
T

'S
<
T

[
]
T

Mean Fluorescence Intensity (a.u.)

=

Fig. 6. In vitro targeting ability of CsSnysPbysBr;@CS-FA nanoparticles. (a) Confocal microscopy observations and quantification
of FA-mediated targeting in C2C12 and LLC cells. (b) Quantification of fluorescence signal intensity comparing CsSn0.5Pb0.5Br3@CS-
FA and non-targeted CsSn0.5Pb0.5Br3@CS nanoparticle treatment in LLC cells. Statistical analysis was performed using ImagelJ. Data
are presented as mean + SD (n = 3).

CsSnysPby sBr;@CS-FA

T

~_~
=3
-’

P

=

S

!
—
—

®
=]
L

Cell Viability(%)
g 3
—

201

0 T T T T T T T T
0 100 150 200 250 300 400 500

Concentration(pg/mL)

Fig. 7. In vitro biocompatibility of CsSno.sPbo.sBr;@CS-FA nanoparticles. (a) Representative Calcein-AM/PI staining images. (b)
LLC cell viability after treatment with different concentrations of CsSng sPbg s Br; @CS-FA nanoparticles. Data are presented as mean +

SD (n = 6 wells per concentration).

the LC group and 2.75% =+ 1.12% in the non-LC group, gest that CsSn s Pbg s Br; @CS-FA nanoparticles may serve
with a statistically significant difference between groups (p as a fluorescent tracer for the preliminary detection of LC-
< 0.001, Fig. 11a,b). Regarding the apparent discrepancy  associated tumor cells in CSF.

between the representative flow plots in Fig. 11a and the

quantified bar graph in Fig. 11b, Fig. 1la displays rep- Discussion

resentative single-sample flow cytometry plots for illustra-

tive purposes, whereas Fig. 11b presents the mean + SD of Perovskite materials have attracted substantial atten-
fluorescence percentages across all samples in each group  tjon because of their favorable optoelectronic properties and
(n =7 per group). The individual variability among clini-  expanding biomedical applications [11,31]. However, con-
cal samples accounts for the difference between the repre-  ventional perovskite nanomaterials are constrained by poor

sentative single-plot values and the group averages. This  ater stability, potential toxicity, and insufficient tumor tar-
is consistent with the expected heterogeneity in tumor cell geting. In this study, we synthesized CsSng sPbg sBr;@CS-
content among clinical CSF specimens. These findings sug- FA nanoparticles using a water-triggered strategy [43,44].
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Fig. 8. In vivo tumor-targeting ability of CsSngsPbysBr;@CS-FA nanoparticles. (a) IVIS images of CsSngsPbgsBr;@CS-FA
nanoparticles in tumor-bearing mice at 0 and 216 h. (b) Quantification of fluorescence signal intensity from IVIS images. Data are

presented as mean + SD (n = 3 mice per group).
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Fig. 9. Histological evaluation of major organs after nanoparticle administration. H&E staining images of major organs from
healthy C57BL/6JNifdc mice injected with CsSng sPbg sBr;@CS-FA nanoparticles. H&E, hematoxylin-eosin.

The design integrated partial Sn substitution to mitigate Pb-
associated toxicity, CS coating to improve aqueous stabil-
ity, and FA modification to enhance tumor targeting. The
resulting nanoparticles showed stable fluorescence, favor-
able cellular uptake, in vivo tumor accumulation, and pre-
liminary capacity to distinguish CSF samples from patients
with LC and non-LC controls.

The structural characterization results supported suc-
cessful fabrication of the intended nanomaterial. XRD con-
firmed that the perovskite-related crystalline structure was
maintained after CS-FA coating, while FTIR identified the
characteristic amide bond between FA and CS, indicat-
ing successful construction of the CS-FA conjugate. TEM
further showed that CsSn sPbg sBr; @CS-FA nanoparticles
formed a core-shell-like structure, suggesting uniform coat-
ing of CsSny 5Pbg sBr; by CS-FA. These findings are con-
sistent with the functional purpose of the design: CS pro-
vided a hydrophilic protective shell, while FA offered a
tumor-targeting ligand.

Water stability is critical for bioimaging applications
because biological fluids are aqueous environments. Un-
coated perovskite NCs are typically unstable in water,
which severely limits biomedical use. In the present study,
CsSng sPbg sBr; @CS-FA nanoparticles maintained fluores-
cence signals in water for several months, whereas uncoated
CsSny sPbgsBr; NCs lost fluorescence rapidly. PL and
UV-visible spectra further indicated preservation of opti-
cal characteristics during long-term aqueous storage. This
improved stability may be attributed to the CS-containing
shell, which limits direct water-induced degradation of the
perovskite core.

Both in vitro and in vivo findings supported the tumor-
targeting and biosafety profile of CsSng sPbg sBr; @CS-FA
nanoparticles. LLC cells exhibited stronger fluorescence
than C2C12 cells after nanoparticle incubation, and FA-
modified nanoparticles produced stronger cellular fluores-
cence signals than non-targeted nanoparticles. These re-
sults are consistent with the targeting role of FA. In tumor-
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bearing mice, IVIS imaging showed tumor-localized fluo-
rescence after intravenous injection, and the signal gradu-
ally decreased by 216 h. Short-term safety evaluation did
not reveal obvious cytotoxicity, organ damage, hematologi-
cal toxicity, liver or renal dysfunction, or body-weight loss.
These data suggest that CsSny sPbg sBr; @CS-FA nanopar-
ticles exhibit acceptable preliminary biocompatibility for
further preclinical evaluation.

The clinical CSF experiment provides preliminary ev-
idence for diagnostic relevance. Fluorescence intensity was
markedly higher in CSF samples from patients with LC
than in non-LC controls. Because CSF cytology has lim-
ited sensitivity and repeated lumbar puncture is often re-
quired in clinical practice, a fluorescence-based tumor-cell
labeling strategy may provide complementary information.
However, the present findings should be interpreted as ex-
ploratory rather than confirmatory.

This study has several limitations. First, the clinical
sample size was small, with only 7 patients in each group;
therefore, the findings mainly support feasibility and can-
not fully establish diagnostic performance. Second, no in-
dependent validation cohort was included, and diagnostic
indices such as the receiver operating characteristic curve,
area under the curve, sensitivity, specificity, positive pre-
dictive value, and negative predictive value were not calcu-
lated. Third, the in vivo experiments used a subcutaneous
tumor model, which can demonstrate tumor targeting and
systemic biosafety but does not fully reproduce CSF dis-
semination, meningeal involvement, the blood-brain bar-
rier, or the central nervous system microenvironment of LC.
Fourth, the observation period for in vivo safety was limited,
and long-term metabolism, tissue accumulation, clearance,
and neurotoxicity remain uncertain. Future studies should
include larger multicenter cohorts, independent validation,
orthotopic or leptomeningeal metastasis models, and ex-
tended toxicological assessments.

Conclusion

This study successfully developed
CsSny 5Pbg sBr;@CS-FA nanoparticles with favorable
water stability, fluorescence performance, tumor-targeting
ability, and preliminary biocompatibility. Ir vitro and in
vivo experiments suggest that these nanoparticles can be
used for tumor-cell fluorescence imaging, and clinical CSF
testing shows stronger fluorescence signals in patients with
LC than in non-LC controls. These results indicate that
CsSny 5Pbg 5Br; @CS-FA nanoparticles may have potential
as an auxiliary fluorescent tracer for LC diagnosis. Further
validation in larger clinical cohorts and more clinically
relevant animal models is required before translation into
clinical practice.
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