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A B S T R A C T

Urine-based non-invasive diagnostics provide a promising approach for the screening and recurrence monitoring 
of urinary tumors, including bladder cancer. Among these, the analysis of urinary exosomal contents, particularly 
miRNAs, holds signi5cant diagnostic potential. However, achieving in situ multiplexed analysis of single- 
exosome miRNAs to uncover exosome heterogeneity and enhance tumor diagnostics remains a major chal-
lenge. Here, we address this challenge by engineering arti5cial vesicles based on 8at framework nucleic acid to 
enable targeted membrane fusion with bladder cancer-derived exosomes, facilitating in situ analysis of 5ve 
exosomal contents. Using this strategy, we revealed single-particle heterogeneity in urinary exosomal miRNA 
expression and achieved highly sensitive and speci5c non-invasive diagnosis of bladder cancer, with both 
sensitivity and speci5city reaching 100 %. This study establishes an optical imaging-based paradigm for mul-
tiplexed analysis of exosomal contents, single-exosome heterogeneity assessment, and non-invasive diagnostics 
using urinary exosomes.

1. Introduction

Bladder cancer is one of the most common malignancies of the uri-
nary system. The current gold standard for clinical diagnosis relies on 
cystoscopy, often combined with tissue biopsy of abnormal areas [1,2]. 
Patients with non-muscle invasive bladder cancer (NMIBC) require 
frequent cystoscopic follow-up after surgery [3,4]. However, cystoscopy 
is invasive, expensive, and associated with patient anxiety and other side 
effects, while its sensitivity for detecting early-stage bladder cancer re-
mains limited [5,6]. In contrast, urine collection is a simple, non- 
invasive, and highly accessible method that provides stable samples 
for clinical analysis. Its non-invasive nature enables continuous disease 
monitoring, and urinary content analysis has already demonstrated 
broad clinical utility [7,8]. Notably, urinary exosomes are rich in disease 
biomarkers, offering a platform for comprehensive multi-analyte 

pro5ling of tumors such as bladder cancer. Moreover, exosomes pro-
vide a protective environment for unstable biomarkers such as miRNAs, 
making them particularly valuable. As a result, urinary exosomes 
emerge as an ideal target for non-invasive diagnosis and post-surgical 
monitoring of bladder cancer.

Exosomes are secreted by almost all human cells, and heterogeneity 
analysis of exosomes from speci5c sources holds immense potential for 
the precise diagnosis of bladder cancer. miRNAs, small non-coding RNA 
molecules typically comprising ~22 nucleotides, primarily regulate 
gene expression and play crucial roles in processes such as cell prolif-
eration and differentiation [9,10]. Recent studies have shown that 
miRNAs within exosomes have greater diagnostic potential than free 
miRNAs [11,12]. Furthermore, the combined analysis of differentially 
expressed miRNAs can signi5cantly improve the speci5city and sensi-
tivity of bladder cancer diagnosis [13,14]. Current RNA quanti5cation 
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techniques, including reverse transcription-quantitative polymerase 
chain reaction (RT-qPCR) and next-generation sequencing (NGS) 
[15,16], provide high sensitivity for the detection of speci5c exosomal 
miRNAs. However, these methods are incapable of heterogeneity anal-
ysis. To address these limitations, several methods have been developed 
for the in situ detection of exosomal miRNAs using molecular beacons 
[17], nano/framework beacons [18] or membrane fusion principles 
[19]. These strategies aim to enhance signal ampli5cation, reduce 
background interference, and improve detection accuracy. However, in 
situ ampli5cation of multiple exosomal miRNAs remains a signi5cant 
challenge, and single-particle heterogeneity analysis of single particles is 
even more dif5cult to achieve.

To address the aforementioned limitations, we have developed a 
detection system based on targeted membrane fusion, enabling multi-
plexed, ampli5ed visualization of tumor-derived exosomes from bladder 
cancer (BCa) urine samples. Compared to existing exosomal miRNA 
biosensing methods, our approach offers two key advantages: 1) the 
construction of a unique 8at framework nucleic acid (fFNA) structure 
allows for the preparation of stable, engineered arti5cial vesicles (EAV), 
and 2) the modi5ed EAV facilitates targeted membrane fusion and 
multiplexed in situ imaging of exosomal miRNAs. Leveraging this 
strategy, we achieved single-particle heterogeneity analysis of exosomal 
miRNAs and enabled accurate bladder cancer diagnosis through the 
combined analysis of multiple miRNA targets. This work establishes an 
optical imaging-based paradigm for urinary disease diagnosis based on 
exosomal contents.

2. Materials and methods

2.1. Cell culture

Normal urothelial cells (SV-HUC-1) and bladder cancer cell lines 
(5637, T24) were obtained from the Cell Bank of the Chinese Academy 
of Sciences (Shanghai, China). SV-HUC-1 cells were cultured in F12K 
medium (BasalMedia) supplemented with 10 % exosome-free fetal 
bovine serum (FBS, YOBIBIO) and 1 % antibiotics. 5637 and T24 cells 
were cultured in RPMI 1640 medium (BasalMedia) containing the same 
concentration of FBS and antibiotics. All cells were maintained in a 
humidi5ed incubator at 37 ◦C with 5 % CO2.

2.2. Exosome isolation

Clinical samples from BCa patients and healthy donors (HD) were 
collected from the Shanghai Tenth People's Hospital, in strict accor-
dance with ethical guidelines. Cell culture supernatants and morning 
urine samples were collected. The samples were centrifuged at 4000 rpm 
for 15 min at 4 ◦C to remove cellular debris. The supernatant was then 
5ltered through a 0.45 μm 5lter, and the 5ltered urine was transferred to 
a 30 kDa ultra5ltration centrifugal tube (BIOFIL,FTT530500) for further 
centrifugation at 4000 rpm for 15 min at 4 ◦C. The concentrated urine 
was subsequently transferred to Eppendorf Tubes and resuspended in 
100 μL phosphate buffered saline (PBS). For transmission electron mi-
croscopy (TEM) imaging, exosomes were added onto a 150-mesh for-
mvar copper grid or indium tin oxide glass and incubated for 10 min. 
After washing with ultrapure water, the samples were treated with 2.5 % 
glutaraldehyde in PBS for 30 min and then rinsed for 15 min to 5x the 
particles. Next, the samples were negatively stained with 2 % uranyl 
acetate for 10 min and rinsed for 10 min with water. Samples were dried 
and visualized using TEM (JEM-1400 Plus, Japan) imaging. On this 
basis, nanoparticle tracking analysis (NTA) was further performed to 
quantitatively assess the concentration of exosomes. Following resus-
pension in PBS, exosome samples were diluted to an appropriate con-
centration (~1 × 108 particles/mL) to ensure accurate particle tracking. 
NTA measurements were conducted using a NanoSight NS300 instru-
ment (Malvern Panalytical, UK) equipped with a 488 nm laser. Exosomal 
marker proteins, including CD9, CD81, CD63, and TSG101, as well as 

the Epithelial Cell Adhesion Molecule (EpCAM), were further identi5ed 
by Western blot (WB) analysis. The concentration of isolated exosomes 
was quanti5ed using the bicinchoninic acid (BCA) assay, and proteins 
were loaded onto the gel at a concentration of 20 μg per lane for WB 
analysis.

2.3. Quantitative analysis of urinary exosomal miRNA

For exosome isolation, polyethylene glycol 6000 (PEG 6000) (40 %) 
was added to the sample at a 3:1 volume ratio, thoroughly mixed, and 
incubated at 4 ◦C overnight to facilitate precipitation. The mixture was 
then centrifuged at 15,000 ×g for 30 min at 4 ◦C to precipitate the 
exosomes. MicroRNA was subsequently isolated from the exosomes 
using the MiPure Cell/Tissue miRNA Kit (Vazyme). RT-qPCR was per-
formed using the TB Green Premix Ex Taq kit (Takara) for miRNA 
quanti5cation. Primer sequences used for RT-qPCR are provided in 
Table S1.

2.4. Preparation and characterization of 9at framework nucleic acid 
(fFNA)

All DNA strands were purchased from Sangon Biotech (Shanghai, 
China), and the sequences are provided in Table S2. S1, S2, S3, and S4 
were mixed in equal concentrations in TM buffer (10 mM Tris-HCl, 50 
mM MgCl₂⋅6H₂O, pH 8.0). The mixture was rapidly heated to 95 ◦C and 
held for 10 min, followed by cooling to 4 ◦C for 20 min. Epithelial Cell 
Adhesion Molecule (EpCAM)/FAM-labeled fFNA (fFNA-3-chol-EpCAM/ 
fFNA-3-chol-FAM), including S1-EpCAM/S1-FAM, S2-chol, S3-chol, and 
S4-chol, was prepared under the same conditions. The synthesis of fFNA, 
fFNA-3-chol, and fFNA-3-chol-EpCAM was con5rmed by 2 % agarose gel 
electrophoresis. The morphology of fFNA was characterized using 
atomic force microscopy (AFM; SPM-9700, Shimadzu, Kyoto, Japan). 
10 μL of fFNA solution was placed on freshly cleaved mica for 15 min 
and air-dried before imaging. Zeta potential measurements were per-
formed using a Malvern 3000 HS laser diffraction particle size analyzer 
(Nano ZS, Malvern, UK).

2.5. Synthesis and characterization of EAV

L-alpha-Dipalmitoyl phosphatidylcholine (DPPC, MCE) was dis-
solved in methanol, and 1 mL of the DPPC solution (1 mg/mL) was 
evaporated using a rotary evaporator to remove the methanol. The 
residue was then hydrated with 1 mL PBS for 30 min, followed by 
sonication at 20 W for 1 min (6 s of sonication followed by 3 s of rest). 
The arti5cial vesicle (AV) size was measured by dynamic light scattering 
(DLS, Zetasizer Lab). DSN-contained EAV (EAV@DSN) was hydrated 
with a PBS solution containing 1 U of duplex-speci5c nuclease (DSN, 
Evrogen, Russia), 1 × DSN buffer (50 mM Tris-HCl, pH 8.0; 5 mM MgCl₂; 
1 mM DTT), 100 nM various molecular beacons (MBs), and 20 U of 
RNase inhibitors. After sonication, fFNA-3-chol (1 μM) was added and 
incubated at 37 ◦C for 30 min. The resulting EAV containing fFNA was 
subjected to ultra5ltration to remove unincorporated products. The 
fFNA functionalized EAV (EAV@DSN/fFNA) was further puri5ed by 
ultra5ltration and dissolved in 10 mM Tris-HCl buffer (pH 7.4) con-
taining 10 mM MgCl₂ for subsequent use. S1 modi5ed with FAM and 
other strands modi5ed with cholesterol were synthesized to produce 
fFNA with 1, 2, or 3 cholesterol modi5cations (fFNA-1-chol-FAM, fFNA- 
2-chol-FAM, fFNA-3-chol-FAM). The samples were then incubated with 
EAV, and labeling stability was assessed at different time points by 8ow 
cytometry. Single-stranded DNA modi5ed with FAM and cholesterol 
(ssDNA-chol-FAM) served as a control group. The labeling ef5ciency 
was veri5ed by confocal laser scanning 8uorescence imaging. The 
encapsulation ef5ciency of EAV for MBs was evaluated using 8uo-
rescently labeled single-stranded oligonucleotides as a model. The 
8uorescence intensity was measured before ultra5ltration of the EAV 
solution, and subsequently measured again after complete lysis of EAV 
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using an equal volume of ethanol following ultra5ltration.

2.6. Targeted exosome fusion

The dynamic process of targeted membrane fusion was investigated 
using a 8uorescence resonance energy transfer (FRET) decrease assay. 
First, 1 × 108 exosomes were puri5ed from urine samples and resus-
pended in 1 mL PBS containing 20 μM 1,1′-dioctadecyl-3,3,3′,3′-tetra-
methylindocarbocyanine perchlorate (DiI, MCE HY-D0083) and 20 μM 
1,1′-dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine, 4-chloroben-
zenesulfonate salt (DiIC18(5); DiD, MCE HY-D1028). The mixture was 
incubated at 37 ◦C for 30 min. Next, the exosomes were 5ltered three 
times at room temperature using a 100 kDa centrifugal 5lter (3000 ×g, 
10 min) to remove free dye, and the exosomes were concentrated to 
approximately 20 μL. The EAV, containing 3 × 108 particles, was mixed 
with DiI- and DiD-labeled exosomes. The mixture was incubated at 37 ◦C 
for 2 h to facilitate membrane fusion. Fluorescence changes during the 
reaction were recorded using an In5nite 200Pro microplate reader, with 
excitation at 480 nm. Fluorescence intensity at 580 nm and 680 nm was 
measured every 2 min for a total duration of 2 h. The 5nal 8uorescence 
spectra were obtained by exciting the samples at 480 nm, with emission 
spectra recorded from 514 to 850 nm using the microplate reader. The 
resulting mixture was dropped onto a glass slide for confocal laser 
scanning 8uorescence imaging of membrane fusion.

2.7. DSN-based 9uorescence ampliCcation assay

The sequences of all miRNA targets and their corresponding MBs are 
provided in Table S3. The standard DSN ampli5cation system uses a 10 
μL reaction mixture, which contains 1× DSN buffer, 0.033 U DSN (dis-
solved in 25 mM Tris-HCl, pH 8.0; 50 % glycerol), 20 U RNase inhibitor, 
100 nM MBs, and the miRNA target. The mixture is incubated in a 
thermal cycler at 37 ◦C for 1 h. Afterward, 10 μL of 10 mM Ethyl-
enediaminetetraacetic acid (EDTA) is added to inactivate the DSN 
enzyme, and the reaction mixture is incubated at 60 ◦C for an additional 
5 min. The mixture is then transferred to a black 384-well microtiter 
plate for 8uorescence signal measurement. Fluorescence emission 
spectra are recorded using a 8uorescence microplate reader.

For the three-dimensional spectrometric method, a 60 μL reaction 
mixture is prepared, containing 1× DSN buffer, 0.2 U DSN, 120 U RNase 
inhibitor, 100 nM MBs, and the miRNA target. The mixture is incubated 
at 37 ◦C for 1 h. After the addition of 60 μL of ddH₂O and a 5 min in-
cubation at 37 ◦C, the DSN enzyme is inactivated. The reaction mixture 
is transferred to a microcuvette, and 8uorescence spectra are recorded 
using a Shimadzu RF-6000 spectrophotometer with excitation wave-
lengths from 300 nm to 700 nm and emission wavelengths from 400 nm 
to 900 nm.

2.8. ProCling of exosomal miRNA

To validate the application of this method for analyzing tumor- 
derived urinary miRNAs, EAV@DSN/fFNA-3-chol-EpCAM was incu-
bated with exosomes derived from urine at 37 ◦C for 2 h. The reaction 
mixture was then transferred to a glass slide for imaging using a confocal 
laser scanning 8uorescence imaging microscope. Fluorescence intensity 
was quanti5ed using ImageJ software.

2.9. Statistical analysis

Data analysis was conducted utilizing GraphPad Prism software, 
version 9.0. Results are expressed as the mean ± standard deviation 
(SD). Statistical differences between groups were evaluated using Stu-
dent's t-test, with a p-value of less than 0.05 indicating a statistically 
signi5cant result. p > 0.05 was considered statistically not signi5cant (n. 
s.), and the following denotations were used: *p < 0.05; **p < 0.01, 
***p < 0.001, and ****p < 0.0001.

3. Results

3.1. Principle of concept

This method involves three main steps: preparation of EAV, 8uo-
rescence imaging, and statistical analysis (Fig. 1). The primary objective 
is to achieve the speci5c recognition of tumor-derived exosome subtypes 
and conduct multiplex in situ analysis of miRNAs within a single 
exosome.

A specially designed fFNA was developed to achieve more stable 
engineering of EAV. When the fFNA is modi5ed with the corresponding 
aptamer, EAV, modi5ed with the fFNA, acquire the ability to facilitate 
fusion with exosomes. The DSN enzyme exhibits unique substrate 
speci5city, hydrolyzing only the DNA strand in dsDNA or DNA/RNA 
hybrid strands, regardless of the nucleotide sequence, and does not 
cleave single-stranded DNA or RNA. Based on this speci5city, 5ve MBs 
labeled with different 8uorescent molecules were designed. Upon target 
recognition and binding, these beacons form DNA/RNA hybrid strands, 
which serve as substrates for DSN, leading to cleavage and the release of 
8uorescence signals.

The 8uorescence ampli5cation system was encapsulated inside EAV. 
When the EAV@fFNA recognizes and fuses with target exosomes, ex-
change of internal contents occurs, triggering 8uorescence ampli5cation 
inside the vesicles. This enables 8uorescence imaging of different target 
miRNAs within the vesicles, allowing for the analysis of vesicle het-
erogeneity derived from tumor cells. By integrating these multiple tar-
gets, the system can be applied for precise diagnosis of bladder cancer.

3.2. Extraction and characterization of urinary exosome

Exosomes were obtained using an ultra5ltration precipitation 
method. Compared to ultracentrifugation, the ultra5ltration method has 
been shown to yield exosomes at concentrations several hundred times 
higher, making it an effective approach for applications with low sample 
input. This method is also simpler, more cost-effective, and more likely 
to be applicable in clinical settings. First, exosomes obtained through 
ultra5ltration were extensively characterized. DLS measurements 
showed that the particle size of exosomes extracted from the urine of 
BCa patients and healthy donors was 192.22 ± 73.87 nm (Fig. 2a). TEM 
images clearly displayed a population of round and partially collapsed 
structures (diameter ≈ 110 nm), consistent with the exosome structure 
reported in the literature (Fig. 2b). Immunoblotting con5rmed the 
presence of exosome-speci5c markers CD9, CD63, CD81, and TSG101 
(Fig. 2c).

The stability of urine-derived exosomes obtained via ultra5ltration 
was then analyzed. DLS results over a 15-day period demonstrated that 
the exosomes maintained good stability during this two-week period 
(Fig. 2d). Additionally, the stability of miRNA encapsulated within 
exosomes was compared to that of free miRNA in solution. RT-qPCR 
results showed that miRNA inside exosomes exhibited superior stabil-
ity, with nearly no degradation over two weeks, whereas free miRNA in 
solution degraded by approximately 70 % (Fig. 2e). In summary, all 
these characteristics, including size, shape, and surface protein markers, 
con5rmed that the exosomes obtained via ultra5ltration are structurally 
and functionally intact. Based on previous literature and screening from 
databases such as TCGA, 5ve miRNAs closely associated with BCa were 
selected as targets for detection, including miR-21, miR-96, miR-183, 
miR-205, and miR-210. The relevant miRNAs and their functions are 
provided in Table S4. The analysis of the expression levels of these 5ve 
targets in cancerous and adjacent normal tissues in the TCGA database 
further supports this observation (Fig. 2f).

3.3. Design and functional characterization of fFNA

Engineering vesicles with cholesterol-modi5ed single-stranded DNA 
(ssDNA-chol) is a widely used technique; however, it presents several 
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signi5cant challenges, such as easy detachment and unpredictable 
endocytosis. Recent efforts have explored the use of FNA, such as DNA 
tetrahedra, for vesicle engineering. While DNA tetrahedra, as a 3D 
structural material, offer the advantage of cell and exosome entry, 
concerns remain about their direct internalization into exosomes [20]. 
In contrast to DNA tetrahedra, fFNA is more likely to adhere to the 
membrane, offering a potential solution to these challenges [21]. 
Therefore, to enhance the stability of arti5cial vesicle engineering and 
minimize the risk of unpredictable endocytosis, we designed fFNA 
(Fig. 3a).

Using a one-pot annealing method, fFNA, fFNA-3-chol, and fFNA-3- 
chol-EpCAM (the latter modi5ed with three cholesterol modi5cations 
and the EpCAM aptamer) were directly synthesized with or without 
cholesterol modi5cation on S1/S2/S3/S4. The 2 % agarose gel electro-
phoresis image clearly shows distinct bands for different single-stranded 
and fFNA constructs, con5rming the successful synthesis of fFNA, fFNA- 
3-chol, and fFNA-3-chol-EpCAM (Fig. 3b). In Fig. 3b, the appearance of 
two bands in the S2-only lane is likely attributable to conformational 
heterogeneity or self-complementary of ssDNA under non-denaturing 
electrophoretic conditions. Similar phenomena have been reported in 
the literature when studying structured or self-complementary ssDNA 
sequences [22,23]. The Zeta potential of fFNA was −11.9 ± 1.54 mV 
(Fig. S1). Morphologically, AFM images showed that fFNA at pH 8 
presented uniform nanoparticles with a diameter ranging from 10 to 20 
nm, and a peak height of 2 nm (Fig. S2). This is consistent with the 
theoretical width of the DNA double helix structure, con5rming that 
fFNA adopts a 8at conformation. To prepare EAV, DPPC liposome so-
lution was subjected to sonication, and their morphology was observed 
using TEM (Fig. S3a). DLS measurements were conducted over 8 days to 
assess the particle size stability of the EAV, showing that the particle size 
remained stable over one week (Fig. 3c), making them suitable as reli-
able vesicle delivery carriers.

During the one-pot synthesis of fFNA-3-chol, the DNA strand S1 was 

modi5ed with a FAM 8uorescent label to produce fFNA-3-chol-FAM, 
allowing its 8uorescence signal to evaluate the labeling ef5ciency and 
stability of the fFNA. Various fFNA constructs with different numbers of 
cholesterol modi5cations were synthesized and named accordingly as 
fFNA-0-chol, fFNA-1-chol, fFNA-2-chol, and fFNA-3-chol. First, 8ow 
cytometry was used to evaluate the stability of EAV labeled with fFNA 
constructs modi5ed with different numbers of cholesterol moieties. The 
experimental results showed that only fFNA-3-chol maintained stable 
labeling ef5ciency over 4 days, with an ef5ciency of 98.6 % (Fig. 3d,e), 
highlighting the exceptional performance of fFNA-3-chol in the stable 
functionalization of vesicles. To further evaluate the modi5cation sta-
bility of EAV, we extended the observation period and compared the 
stability of ssDNA and fFNA-3-chol over a 7-day period (Fig. S4). The 
results demonstrated that fFNA-3-chol exhibited signi5cantly enhanced 
stability compared to the commonly used EAV anchoring molecule 
ssDNA. Next, DiI staining was performed on EAV, and the products were 
subjected to ultra5ltration to remove unbound substances. fFNA con-
structs with 0, 1, and 2 cholesterol modi5cations, as well as ssDNA-chol- 
FAM, were co-incubated with DiI-labeled EAV. Confocal imaging was 
used to assess the labeling ef5ciency of these constructs on EAV (Fig. 3f), 
revealing that fFNA-3-chol-FAM and ssDNA-chol-FAM exhibited the 
highest labeling ef5ciencies of 93.59 % and 93.74 %, respectively 
(Fig. 3g). In summary, a 8at framework nucleic acid was synthesized, 
which not only demonstrated a labeling ef5ciency of up to 93 %, com-
parable to that of ssDNA-chol in EAV labeling, but also maintained an 
exceptionally high labeling stability.

3.4. Targeted membrane fusion

EpCAM, a homophilic cell-cell adhesion glycoprotein, is a well- 
known tumor antigen that is overexpressed in BCa [24,25] and was 
selected as a speci5c target for exosome fusion. First, the differential 
expression of EpCAM in exosomes derived from BCa and HD was 

Fig. 1. Schematic of in situ multiplex miRNA analysis and single vesicle heterogeneity analysis. The analytical work8ow consists of three steps: (1) Collection of 
exosomes from clinical urine samples. (2) Preparation of engineered arti5cial vesicles (EAV). (3) In situ multiplex imaging of target urinary exosomal miRNAs and 
data analysis.
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validated by WB analysis (Fig. 2c). To investigate whether fFNA can 
guide the fusion of EAV and exosomes after functionalization, we 5rst 
conjugated an EpCAM aptamer (fFNA-3-chol-EpCAM) to the S1 to target 
tumor-derived exosomes. Membrane fusion was monitored using FRET 
techniques. As shown in the schematic diagram (Fig. 4a), exosomes were 
dual-labeled with DiI and DiD in a FRET dequenching assay. Following 
membrane fusion, the membrane area expanded, leading to a decrease 
in the FRET ef5ciency between DiD and DiI on the membrane surface. 
Using EAV functionalized or not with fFNA for comparison, exoso-
me+DiD/DiI incubated with EAV lacking fFNA-3-chol-EpCAM exhibited 
minimal fusion (Fig. 4b). A dynamic membrane diffusion monitoring 
experiment was also performed in the FRET assay. When non- 
8uorescent EAV was incubated with dual-labeled exosomes-DiD/DiI, 
the DiI signal increased rapidly while the DiD signal simultaneously 
decreased, reaching a plateau after approximately 2 h (Fig. 4c). TEM 
images also identi5ed vesicles in the intermediate state of fusion 
(Fig. S3b). These results con5rmed that fFNA-3-chol-EpCAM success-
fully mediated fusion between EAV and exosomes, reaching a plateau 
within 2 h.

To further validate the effectiveness of membrane fusion, 
EAV@fFNA-3-chol-EpCAM and exosomes from urine of bladder cancer 
patients were labeled with DiI and DiO, respectively. The DiI and DiO 
8uorescence markers co-localized well. In contrast, no detectable co- 
localized 8uorescence signals were observed in the group of EAV 
without fFNA-3-chol-EpCAM modi5cation and exosomes derived from 
BCa, as well as in the group of EAV modi5ed with fFNA-3-chol-EpCAM 
and exosomes derived from normal healthy human urine (Fig. 4d). 
These results demonstrated that fFNA not only stably functionalized 
EAV but also successfully mediated targeted membrane fusion between 

EAV and exosomes, enabling the use of encapsulated miRNA detection 
probes for downstream analysis.

3.5. DSN-based orthogonal miRNA detection

In the 8uorescence ampli5cation system, the enzymatic activity of 
DSN was utilized, which speci5cally cleaves DNA sequences in DNA- 
RNA heteroduplexes without affecting RNA sequences. These unique 
enzymatic cleavage properties make DSN an excellent choice for 
detecting miRNA and constructing cDNA (24). MBs labeled with 
different 8uorescent molecules were designed for various miRNA tar-
gets. When the MBs bind to the target miRNA, they are recognized by 
DSN as part of a DNA-RNA heteroduplex, leading to cleavage of the MB 
molecules, releasing the 8uorescent molecules and the uncleaved target 
miRNA. The target miRNA then binds to the next MB molecule, gener-
ating a cyclic process that continuously ampli5es the 8uorescence signal 
(Fig. 5a). miRNA-21, a widely elevated biomarker in various types of 
cancer, was selected as the target model to validate the 8uorescence 
ampli5cation strategy. To evaluate the performance of the 8uorescence 
ampli5cation system, the feasibility of the method was 5rst assessed 
(Fig. 5b). The results indicate that ampli5cation of the 8uorescence 
signal highly depends on the combined action of miRNA, DSN, and MB. 
Stronger 8uorescence was observed under 5 mM Mg2+ conditions, 
revealing the optimal reaction conditions for the detection system. 
Subsequently, different MBs were designed for various target miRNAs, 
and the results showed that 8uorescence ampli5cation was successfully 
achieved for all 5ve target miRNAs (Fig. 5c), con5rming the versatility 
of the DSN ampli5cation strategy. Taking miRNA-21 as an example, the 
calculated detection limit was 0.6 nM (Fig. 5d). Moreover, the anti- 

Fig. 2. Preparation and characterization of urinary exosomes. (a and b) Characterization of exosomes derived from BCa and HD by DLS (a), and TEM imaging (b). (c) 
Characterization of exosomes by Western blotting. (d) Evaluation of the particle size stability of exosomes at different time points (n = 3). (e) Comparison of the 
stability of free miR-21 in solution and exosomal miR-21 in exosomes using RT-qPCR (n = 4). (f) Relative expression level analysis of 5ve miRNAs in BCa tissues and 
their adjacent normal tissues based on TCGA database.
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Fig. 3. Preparation and functional evaluation of fFNA. (a) Schematic illustration of the construction of fFNA and engineered EAV. (b) Validation of the assembly of 
fFNA, fFNA-3-chol, fFNA-3-chol-EpCAM, and single-stranded S1 - S4 based on 2 % agarose gel electrophoresis. (c) Particle size stability of EAV at different time 
points (n = 3). (d and e) Stability of EAV constructed using different components. Data were collected using 8ow cytometry (n = 3). (f and g) Evaluation of the 
engineering ef5ciency of EAV constructed using different components. EAV was stained with DiI (n = 4). *p < 0.05; **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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Fig. 4. fFNA-mediated membrane fusion. (a) Schematic illustration of fFNA-mediated membrane fusion and membrane fusion-based 8uorescence resonance energy 
transfer (FRET). The fusion event was measured by the decreased FRET ef5ciency between the donor (DiI, 580 nm) and acceptor (DiD, 680 nm). (b) Fluorescence 
spectroscopic analysis of the fusion between EAV@fFNA, EAV, and the dual-labeled exosomes. Exo + DiI/DiD and Exo + DiD were used as controls. (c) Fluorescence 
kinetic analysis of the fusion between EAV@fFNA and DiD/DiI dual-labeled exosomes, measuring the changes in 8uorescence intensity at 580 nm and 680 nm over a 
2-h period. (d) Confocal imaging and 8uorescence intensity analysis were performed to assess the fusion of exosomes derived from BCa patients with EAV, which was 
modi5ed with or without fFNA. The fusion reactions between EAV and exosomes from healthy donors (HD) were used as controls. EAV was labeled with DiI, and 
urine-derived exosomes were labeled with DiO. Fluorescence intensity was quanti5ed as gray scale values using ImageJ software.
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interference capability of the DSN system was validated. As shown in 
Fig. 5e, the inclusion of interfering miRNA in the target mixture did not 
affect the detection signal, demonstrating the system's resistance to 
interference. Further three-dimensional 8uorescence spectroscopy was 
employed to evaluate the effect of introducing multiple potentially 
interfering MBs in the presence of a single target. The aim was to 
investigate whether the selected 8uorescent probes would affect the 
detection of the single target. After normalization, the results showed no 
signi5cant decrease or aberration in 8uorescence intensity or signal 
characteristics when multiple MBs coexisted, indicating minimal or 
negligible quenching effects (Fig. S5a). The orthogonality of the detec-
tion system was assessed by measuring the 8uorescence signals of 5ve 
target miRNAs (Fig. 5f). Each miRNA was tested with its corresponding 
probe, and minimal cross-reactivity was observed, con5rming the 

system's high speci5city and reliability for simultaneous miRNA detec-
tion. In addition, three-dimensional spectroscopy was used to charac-
terize the 8uorescence ampli5cation results in the presence of different 
target combinations, further demonstrating the superior performance of 
the DSN-based ampli5cation system (Fig. 5g). The encapsulation ef5-
ciency of MBs by EAV was further investigated, and the results 
demonstrated that EAV achieved an encapsulation ef5ciency of 
approximately 20 % (Fig. S5b). Therefore, a DSN-based ampli5cation 
system with excellent orthogonality and strong anti-interference capa-
bility has been developed.

3.6. Urinary exosomal miRNA heterogeneity analysis and BCa diagnosis

Then, the feasibility of the overall approach was validated on 

Fig. 5. Construction of orthogonal detection system. (a) Schematic illustration of the DSN-based orthogonal miRNA detection system after membrane fusion. (b) 
Feasibility assessment of the reaction system. (c) Validation of the universality of the miRNA detection system. (d) Validation of the sensitivity of the miRNA 
detection system. (e) Evaluation of the anti-interference capability of the detection system. Fluorescence intensity in the presence or absence of interfering miRNAs 
was measured. (f) Assessment of the speci5city and cross-reactivity of the detection system. (g) Responsiveness of the detection system to the miRNA targets. Three- 
dimensional spectral results were collected in the presence of different miRNA target combinations. *p < 0.05; **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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exosomes derived from cells. Two bladder cancer cell lines, 5637 and 
T24, as well as a normal urinary epithelial cell line, SV-HUV-1, were 
selected. RT-qPCR was used to compare the overall expression of 5ve 
target miRNAs in exosomes (Fig. 6a). The results showed that miRNA 
expression in exosomes from BCa cell lines was generally higher than 
that in exosomes from normal urinary epithelial cells. However, statis-
tical analysis of miRNA-21 and miRNA-96 in exosomes from the 5637 
cell line showed no signi5cant difference compared to the SV-HUC-1 
group. Next, 8uorescence imaging was performed on the fused exo-
somes (Fig. 6b), revealing distinct 8uorescence differences both between 
different cell lines and within the same cell line. Statistical analysis of 
the overall 8uorescence intensity (Fig. 6c) showed that, in contrast to 
the RT-qPCR results, exosomes from the 5637 cell line exhibited 

signi5cantly higher levels of miRNA-21 and miRNA-96 compared to the 
SV-HUC-1 cell line. This can be attributed to the targeted membrane 
fusion, which reduced the background 8uorescence in the SV-HUC-1 
group, while exosomes from the 5637 cell line, which express EpCAM, 
could be effectively detected. Additionally, the 8uorescence differences 
within individual vesicles were used to analyze the heterogeneity among 
exosomes. Thirty fused vesicles were selected from imaging results of 
different cell lines for heterogeneity analysis, as shown in Fig. 6d. The 
results revealed that exosomes from the same cell source exhibit 
different miRNA expression pro5les within individual vesicles, high-
lighting the heterogeneity of exosomes from a single cellular origin. In 
summary, the feasibility of applying this approach for in situ exosome 
imaging detection was con5rmed, and it also revealed the heterogeneity 

Fig. 6. Analysis of urinary exosomal miRNA heterogeneity and its application in BCa diagnosis. (a) Expression levels of 5ve target miRNAs in three cell lines (n = 3). 
(b) Confocal imaging images of the in situ multiplex detection results of miRNAs in exosomes derived from three cell sources. Analysis of miRNA expression het-
erogeneity (c) and single-versicle heterogeneity (d) in 3 cell lines. For each cell line, 30 vesicles were randomly selected for analysis. (e) Expression levels of 5ve 
target miRNAs in exosomes derived from 20 clinical urine samples (n = 4). (f) Confocal imaging images of the in situ multiplex detection results of miRNAs in 
exosomes derived from BCa and HD samples. Analysis of miRNA expression heterogeneity (g) and single-versicle heterogeneity (h) in clinical samples. Single-vesicle 
heterogeneity analysis was conducted on the imaging results of one BCa patient, with a total of 48 vesicles selected. *p < 0.05; **p < 0.01, ***p < 0.001, and ****p 
< 0.0001.
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of individual exosomes from the same cell source.
Next, the system was applied to the detection of actual urine samples. 

A total of 20 urine samples were collected (10 from BCa patients and 10 
from healthy donors, HD). After isolating exosomes via ultra5ltration, 
RT-qPCR was 5rst performed to measure the levels of 5ve miRNAs 
(Fig. 6e). The results showed that the overall level of miR-96 in the HD 
group was higher than that in the BCa group. Subsequently, 8uorescence 
imaging was conducted using functionalized EAV (Fig. 6f). Overall 
8uorescence intensity analysis of the different samples (Fig. 6g) revealed 
that the 8uorescence intensity of all 5ve targets in the BCa group was 
signi5cantly higher than that in the HD group. This can be attributed to 
the targeted fusion effect of the fFNA-modi5ed engineered arti5cial 
vesicles, which eliminated interference from exosomes not expressing 
EpCAM and their internal targets. Next, the heterogeneity of exosomes 
derived from bladder cancer patients was investigated (Fig. 6h). Similar 
to the cellular level, exosomes derived from tumor cells expressing 
EpCAM exhibited different miRNA expression pro5les. To further vali-
date the feasibility of the detection platform, an additional set of 20 
clinical samples was collected and tested (Fig. S6). The results were 
consistent with the previous 5ndings, demonstrating the stability of the 
platform. Clinical information for all 40 samples is summarized in 
Table S5. Fluorescence imaging results were used to jointly diagnose 
BCa with 5ve miRNAs, and ROC analysis demonstrated excellent diag-
nostic performance (Fig. S7a). The confusion matrix showed 100 % 
speci5city and accuracy in the validation cohort for distinguishing BCa 
from HD (Fig. S7b). These comparative results further demonstrate that 
our method exhibits superior diagnostic performance for urine-derived 
exosomes and can reveal the heterogeneity of exosomes originating 
from urine.

4. Discussion

The examination of urine exosomal content is a promising approach 
for the clinical diagnosis and recurrence monitoring of bladder cancer. 
Additionally, in situ analysis of exosomal contents derived from bladder 
cancer could help eliminate interference from other exosomes, offering 
unique insights into exosome heterogeneity. However, in situ multiplex 
exosomal content analysis has remained an extremely challenging task. 
In this study, we modi5ed arti5cial vesicles using a two-dimensional 
fFNA method to construct EAV capable of targeted membrane fusion 
with bladder cancer-derived exosomes. By leveraging the unique cata-
lytic properties of DSN, we achieved orthogonal and ampli5ed detection 
of exosomal content. Using 5ve bladder cancer diagnostic miRNAs as 
examples, we not only analyzed the heterogeneity of individual exo-
somes, but also achieved 100 % sensitivity and speci5city in bladder 
cancer diagnosis. Only 5 miRNAs were chosen to be analyzed simulta-
neously in this work, as it is close to the upper limit of 8uorescence 
differentiation ability of conventional imaging devices. In scenarios 
requiring additional target diversity, this method can be further inte-
grated with DNA computing.

This engineering method, based on two-dimensional fFNA, demon-
strates greater stability compared to ssDNA-chol and overcomes poten-
tial issues related to three-dimensional frame nucleic acid passing 
through membranes. It may serve as a paradigm for the engineering 
design of various vesicle-based detection platforms. Moreover, the DSN- 
based orthogonal detection system are theoretically compatible with in 
situ detection of a range of RNA targets, including mRNA, lncRNA, 
circRNA, and sncRNA. It can be speculated that this approach could 
enable synergistic analysis of different biomarkers. However, it is 
important to note that current limitations remain in the 5eld of in situ 
multiplex detection of proteins and small molecules.

Overall, in membrane fusion-based in situ detection systems, each 
exosome can be regarded as a naturally constructed, independent 
microreactor. Owing to the highly enclosed membrane structure, this 
con5ned reaction environment effectively prevents contamination from 
external sources and eliminates signal interference between different 

exosomes during the detection process. Such isolated reaction com-
partments provide an ideal platform for high-sensitivity and high- 
speci5city single-vesicle analysis. Furthermore, assuming that the exo-
some is a perfect spherical structure containing only a single target 
molecule, a 100 nm-diameter exosome would enclose an internal vol-
ume of approximately 0.524 aL, corresponding to a local effective con-
centration of approximately 3.17 μM. In our previous validation 
experiments, the DSN-based 8uorescence detection system demon-
strated a detection limit of 0.6 nM under solution-phase conditions, 
which is suf5cient to detect a single target molecule. This effect of 
achieving “high local concentration” within an extremely small space 
not only signi5cantly enhances detection sensitivity but also lays a 
theoretical foundation for single-molecule level analysis.

The expression level of EpCAM on exosomes, which mediates 
membrane fusion in this study, may potentially in8uence the fusion 
ef5ciency between EAV and target exosomes. However, encouraging 
results were obtained, as no apparent false-negative outcomes attribut-
able to EpCAM expression levels were observed across multiple clinical 
samples. To overcome this potential limitation, future studies are 
planned to incorporate a multi-target fusion strategy, such as the com-
bined recognition of CD9, CD63, or other tumor-speci5c membrane 
proteins, in order to enhance the applicability and robustness of the 
detection system in heterogeneous samples. Therefore, despite the 
presence of potential limitations, this study demonstrates promising 
prospects in targeted detection, and heterogeneity analysis, indicating 
substantial potential for further in-depth exploration.
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