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Clinical cancer diagnosis

Tumor-derived exosomes have garnered immense interest as potential molecular markers for noninvasive
diagnosis, treatment, and prognostic evaluation of cancer. Herein, we have reported a proximity-induced
amplification cascade for achieving accurate and sensitive colorimetric detection of tumor-derived exosomes.
Specifically, the proximity hybridization effect triggered by the binding of two aptamers to the adjacent proteins
on the surface of the target exosomes will lead to the release of the trigger strand, initiating a cascade of sub-
sequent three-way catalytic hairpin assembly and rolling circle amplification reactions. Consequently, a sub-
stantial amount of single-strand DNA will be generated, which can bind to numerous DNA- Pt@AuNPs signal
probes and be efficiently captured by the multivalent capture interface, leading to dramatically intensified
colorimetric signals for sensitive detection of tumor-derived exosomes. Benefiting from the synergy of multiple
signal amplification strategies, a detection limit as low as 194 particles uL ! has been achieved. In addition, the
dual-molecular recognition enabled by proximity effect endows the sensing platform with excellent selectivity to
distinguish target exosomes from other interfering exosomes, cell fragments and proteins. Notably, the proposed
sensing platform can be successfully applied to the detection of targets in serum samples and can distinguish
between MUC1/EpCAM-positive breast cancer patients from healthy individuals, highlighting its promising
potential in clinical cancer diagnosis.

1. Introduction 150 nm. They are secreted by their parent cells and can be found in

various body fluids [10]. Studies have demonstrated that tumor-derived

Cancer is one of the leading causes of human death and has become a
major global public health issue [1,2]. Despite the unprecedented
progress in cancer treatment over the past decade, most metastatic tu-
mors remain incurable. Therefore, precise early diagnosis of cancer
continues to be one of the most crucial strategies to overcome the threat
of cancer [3-5]. In recent years, liquid biopsy biomarkers have emerged
as significant “molecular signatures” for diagnosis of cancer [6,7]. In
particular, tumor-derived exosomes, as novel biomarkers for liquid bi-
opsy, have garnered considerable attention in the diagnosis and treat-
ment of cancer [8,9]. Exosomes are a type of phospholipid bilayer
vesicles with a nanometer-sized diameter ranging from 30 nm to
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exosomes contain abundant bioinformation of primary tumors, such as
specific DNA fragments, microRNAs and proteins, and their quantity in
body fluids is closely associated with cancer progression [10-12].
Therefore, the detection and analysis of tumor-derived exosomes hold
the potential to emerge as a pivotal research frontier of cancer
diagnostics.

Traditional methods for quantifying exosomes include tunable
resistive pulse sensing [13], flow cytometry [14,15], as well as nano-
particle tracking analysis [16]. However, high operational costs and
limited selectivity hinder their application in assays of tumor-derived
exosomes. In recent years, innovative detection strategies rooted in
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the recognition of surface proteins of exosomes have emerged, including
colorimetry [17], electrochemistry [18-20], and microfluidic [21]
strategies, aiming to enhance exosome detection performance. Among
these, colorimetric technology has garnered significant attention due to
its ability to facilitate convenient, rapid, and efficient visual analysis
without specialized equipment. Notably, following the advent of nano-
zymes, the merits of colorimetric biosensors in terms of stability, ease of
operation, and cost-effectiveness have been further underscored [22].
An illustrative case of functional nanozyme design is platinum-coated
gold nanoparticles (Pt@AuNPs), which integrate the peroxidase-like
catalysis of platinum and the biocompatibility [23]. The unique
core-shell architecture ensures robust catalytic stability and supports
high-density DNA conjugation, which is indispensable for signal
amplification in low-abundance exosome detection. This core-shell
design simultaneously addresses catalytic durability and functional
versatility. However, conventional nanozyme-based platforms relying
on single-target recognition fail to address the inherent heterogeneity of
exosomes and interference from biomolecular contaminants such as cell
fragments or free proteins [24,25]. Consequently, there is a pressing
demand to integrate dual-molecular recognition strategies into colori-
metric analysis systems, thereby significantly enhancing the accuracy of
exosome identification.

The proximity effect provides new possibilities for the dual-
molecular recognition residing on the membrane structures. This phe-
nomenon inherently involves the simultaneous binding of two affinity
probes (or proximity probes—pairs of ligands engineered to bind
spatially adjacent epitopes on a target structure, such as proteins or
membrane-bound vesicles) to trigger localized hybridization or assem-
bly events. [26,27]. This orchestrated binding can facilitate
binding-induced strand displacement reactions or assembly between
affinity probes, ultimately leading to the generation of detectable sig-
nals. Notably, amidst the complexities of dual-target recognition for
exosome analysis, one of the paramount challenges lies in the attenua-
tion of signal response [28]. Essentially, the proximity effect enhances
the specificity in exosome recognition through identifying dual-target
proteins on membrane structures. However, the simultaneous recogni-
tion of dual sites paradoxically leads to signal attenuation, inevitably
compromising sensitivity. Therefore, enhancing sensitivity is crucial for
detecting ultra-low abundance exosomes.

In response, we have proposed a proximity-induced dual-target
recognition strategy coupled with cascade amplification, aiming to
achieve both high specificity and sensitivity. In our design, the prox-
imity hybridization effect initiates a three-way catalytic hairpin as-
sembly (3W-CHA)—a dynamic DNA circuit where three metastable
hairpin probes (HP1-3) undergo sequential strand displacement re-
actions to form a Y-shaped DNA structure with the recycling of trigger
strand. This process, coupled with rolling circle amplification (RCA) [29,
30], generates abundant long single-stranded DNA products. Subse-
quently, these DNA strands are hybridized with DNA-functionalized
platinum-coated gold nanoparticles (DNA-Pt@AuNPs) nanozyme and
simultaneously captured by the multivalent capture interface. Upon
incubation with Hy05 and TMB, remarkably intensified colorimetric
changes will be observed, facilitating target quantification. Our pro-
posed colorimetric biosensor showcases several notable advancements.
Firstly, the proximity effect significantly improves the specificity of
exosome recognition through simultaneous binding of two biomarkers
(MUC1 and EpCAM). This dual-target design effectively mitigates
interference from non-target entities (e.g., cell fragments, free proteins,
or single-positive exosomes) and suppresses false-positive signals,
highlighting the promise of non-invasive liquid biopsy using serum
exosomes for accurately predicting cancer origin. Secondly, by inte-
grating multiple amplification strategies of 3W-CHA, RCA reaction,
nanozyme catalysis, and multivalent capture mechanisms, significantly
enhanced colorimetric signals will be generated, which is beneficial for
quantitative analysis of low abundance exosomes. Thirdly, our colori-
metric biosensor demonstrates potential as a candidate tool for
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point-of-care testing (POCT), owing to its extremely convenient mea-
surements (e.g., equipment-free naked-eye assessment or basic spec-
trophotometric quantification, and operator-friendly procedures
without repetitive washing), and cost-effectiveness, which may support
clinical cancer diagnosis in settings with limited resources.

2. Experimental section

Chemicals and materials, pretreatment of clinical sample, western
blot assay and capture efficiency evaluation detailed in Supplementary
information.

2.1. Preparation of Au nanoparticles (AuNPs)

AuNPs were prepared in accordance with a previously reported
method, with slight modifications incorporated [23]. Briefly, 40 mL of
2.2 mM sodium citrate solution was added to a clean conical flask and
vigorously stirred for 5 min within a water bath maintained at 100 °C.
Promptly thereafter, 267 pL of 25 mM HAuCly was swiftly added to
initiate the reaction, which was allowed to proceed until the emergence
of a wine-red hue in the solution, typically observed within approxi-
mately 10 min. Subsequently, the reaction temperature was adjusted to
90 °C and maintained for 10 min. Using a syringe pump (Longer Pre-
cision Pump Co., Ltd, China) to ensure precise flow rate control, 267 pL
of 60 mM sodium citrate solution was added, followed by the addition of
267 pL of 25 mM HAuCly solution after 2 min. Stirring was continued for
another 30 min to ensure the formation of AuNPs. Upon completion and
subsequent cooling, the prepared AuNPs were carefully stored in a dark
environment at 4 °C for future use.

2.2. Preparation of platinum-coated AuNPs (Pt@AuNPs)

Pt@AuNPs were prepared based on prior research with minor
modifications [23]. Initially, 16 mL of AuNPs solution was warmed in a
90 °C water bath for 5 min. To achieve precise and gradual reagent
delivery, 694 pL of 1.0 mM NayPtCle solution was introduced via a sy-
ringe pump at a controlled flow rate of 20 pL min~ ', immediately fol-
lowed by the addition of 8 mL of 4.0 mM L-ascorbic acid at a rate of
40 pL min~! using the same pump system, ensuring a gradual yet effi-
cient mixing of the reactants. Following a 30-min reaction period, the
resulting Pt@AuNPs were cooled to 25 °C and then preserved in a dark
environment for future applications.

2.3. Preparation of DNA-Pt@AuNPs

The freezing approach was adopted to prepare DNA-Pt@AuNPs.
Freezing enhances DNA loading density on Pt@AuNPs through ice
crystal exclusion effect, which concentrate nanoparticles, DNA, and ions
into localized micro-pockets to accelerate thiolated DNA conjugation via
Pt-S/Au-S bonds. This process stabilizes thiol-metal interactions and
minimizes nonspecific binding [31,32]. Specifically, 10 pL of 100 M
HS-DNA was mixed with 200 pL of the prepared Pt@AuNPs. This
mixture was then subjected to cryopreservation at — 20 °C for 3 hours,
allowing for efficient interaction between the DNA and nanoparticles.
Following natural thawing at room temperature, the mixture underwent
centrifugation at 11,500 rpm for 10 min, effectively separating and
discarding the unbound HS-DNA in the supernatant. Subsequently, the
precipitate, enriched with DNA-Pt@AuNPs, was washed three times
with PBS buffer to eliminate impurities. Finally, the purified
DNA-Pt@AuNPs product was redispersed in PBS and stored under
refrigerated conditions (4 °C) in a dark environment, ensuring its sta-
bility and readiness for subsequent applications.

2.4. Preparation of the sensing probes

Prior to the experiment, the oligonucleotides AP1, HP1, HP2, HP3
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along with the blend of AP2 and TS, underwent an annealing process in
Tris-HCl buffer; which involved maintaining the mixture at 95 °C for
10 min, followed by a gradual cooling to room temperature.

Similarly, to prepare circular DNA1 and circular DNA2 (denoted as
c¢DNA1 and cDNAZ2), the combinations of L1 (1.2 pM) with PS1 (1 pM),
and L2 (1.2 pM) with PS2 (1 pM) were annealed using the same
annealing protocol described above. To seal the nicks in the L1/PS1 and
L2/PS2 duplexes, T4 DNA ligase (30 U) was incubated with the
respective duplexes overnight. Following this, the T4 DNA ligase was
inactivated through high-temperature treatment (70 °C for 10 min).
Subsequently, exonucleases I and exonuclease III (each at 100 U) were
introduced and incubated for 60 min to degrade linear DNA remnants.
Once the digestion was complete, both exonucleases were likewise
inactivated in a high-temperature environment (80 °C for 10 min). Ul-
timately, the prepared cDNA1 and cDNA2 were stored at 4 °C for sub-
sequent experimentation and future utilization.

2.5. Cell culture and exosomes extraction

All pertinent cell lines were propagated in DMEM medium that was
enriched with penicillin-streptomycin (1 %) and exosome-depleted FBS
(10 %), within a humid environment that maintained a stable concen-
tration of 5 % CO;, at a constant temperature of 37 °C. After 48 hours of
cell culture, the cell supernatant was collected. Initially, to eliminate
intact cells and larger biomolecules, the culture medium underwent a
two-step centrifugation process: firstly at 5000 g for 10 min, followed by
10,000 g for an additional 30 min. Subsequently, the obtained super-
natant underwent filtration through a high-precision membrane with a
pore diameter of 0.22 um. Thereafter, the filtered supernatant under-
went ultra-centrifugation at 120,000 g for 70 min, yielding exosome
pellets. These pellets were then carefully washed with sterile PBS buffer
to ensure purity and stored at — 80 °C for future applications and
analysis.

2.6. Construction of the multivalent capture interface

Firstly, the biotinylated strand (BS) and the streptavidin-coated high-
capacity plates were incubated together for 2 h at 37 °C. Subsequently,
the RCA reaction was initiated by incubating the reaction mixture,
which comprised 1 x polymerase buffer, dNTP (1 mM), phi29 DNA
polymerase (10 U) and ¢cDNA1 (1 pM) for 40 min. Lastly, the plates
underwent a thorough rinsing process three times with Tris-HCl solution
to remove any residual polymerase enzymes and excess nucleic acid
sequences.

2.7. Detection of exosomes

Initially, exosomes of diverse concentrations were subjected toa 2 h
reaction within a mixture consisting of AP1, AP2/TS, HP1, HP2, HP3,
dNTPs (1 mM), phi29 DNA polymerase (10 U), and cDNA2 (1 pM). Af-
terward, the resulting reaction solution was incubated with DNA-
Pt@AuNPs (25 pL) and the multivalent capture interface for 30 min to
ensure effective binding among the RCA products, DNA- Pt@AuNPs, and
the capture interface. Upon rinsing with PBS to remove unbound com-
ponents, the capture interface was further incubated with TMB-H,0,
(50 pL) in the dark for 30 min to initiate the peroxidation reaction. This
reaction facilitated the generation of distinct, visually discernible colors,
allowing for qualitative analysis by the naked eye. Ultimately, the per-
oxidation reaction was terminated by the addition of HySO4 (1 M,
100 pL), enabling the subsequent measurement of absorbance using UV-
spectroscopy (UV-1800, Shimadzu, Japan) for precise quantitative
analysis.

2.8. Flow cytometry

In the initial step, 30 pL of 100 uM biotinylated CD63 aptamer was
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added to 100 pL of streptavidin-coated magnetic beads, followed by a
2 h incubation to allow for binding. Subsequently, the unbound bio-
tinylated CD63 aptamer was removed using magnetic separation.
Finally, the treated magnetic beads were stored in 1 mL of PBS for
further analysis.

Next, 2 pL of aptamer-modified magnetic beads were incubated with
exosomes at 37 °C for 1 h to facilitate binding. Following rinsing with
PBS to remove unbound components, 1 uM of nucleic acid probes were
added, and incubation was continued for 1 h to allow for probe hy-
bridization. The sample was then washed three times with PBS to
remove any unbound probes and resuspended in PBS buffer. Finally, the
sample was analyzed using a flow cytometer.

3. Results and discussion
3.1. Working principle

The principle of the proposed colorimetric biosensing strategy is
illustrated in Scheme 1. Process A depicts the fabrication process of the
capture interface via streptavidin-biotin interaction. Firstly, the bio-
tinylated BS sequence is anchored onto a streptavidin-coated micro-
plate. Subsequently, cDNA1, phi29 polymerase, and dNTPs are added,
enabling the in-situ generation of long ssDNA containing numerous
repeated capture domains through RCA reaction, thereby forming a
robust and multivalent capture interface. Process B describes the dual-
molecular recognition process of exosomes. Initially, a pair of prox-
imity probes (AP1 and AP2/TS) is designed with multi-functional do-
mains, comprising aptamer domains for molecular recognition (purple
sequence in AP1 and orange sequence in AP2), spacer domains to
mitigate spatial hindrance (black sequence), complementary domains
(green sequence) for proximity hybridization, and strand displacement
domains (red sequence) for the release of TS. The complementary
domain in AP1 is locked in the stem of the hairpin structure, therefore,
inhibiting hybridization between AP1 and AP2 in the absence of the
target. Upon simultaneous binding of AP1 and AP2/TS to EpCAM and
MUCI1, respectively, which are abundantly expressed on the surface of
MCF-7-derived exosomes, AP1 initially exposes its complementary
domain. Subsequently, due to the proximity effect, AP1 and AP2 un-
dergo stable hybridization triggering a strand displacement reaction that
releases TS, ultimately initiating a cascade of downstream amplification
reactions. Process C represents the downstream amplification reaction
process, which aims at amplifying signals emanating from exosome
recognition. This process begins with three partially complementary
hairpin structures (HP1, HP2 and HP3), which are rationally designed in
metastable states. The two fragmented segments (purple sequence) of
the complete RCA trigger sequence are inserted into the 3’ and 5’
termini of these hairpins, respectively. In the absence of TS, the hy-
bridization among the hairpins is severely hindered by the kinetic trap,
effectively stalling the amplification cascade. However, upon the liber-
ation of TS by the dual-molecular recognition on the surface of exo-
somes, downstream strand displacement reaction is triggered. TS firstly
binds to the toehold domain (red sequence) of HP1, initiating the
unraveling of the stem domain of HP1. The newly exposed toehold
domain (green sequence) then promptly triggers the second strand
displacement reaction, unfolding HP2. This sequential process repeats,
with the exposed domain on HP2 initiating the third strand displace-
ment reaction to unfold HP3, ultimately culminating in the formation of
a Y-shaped structure comprising HP1, HP2, and HP3, along with the
recycling of TS. This Y-shaped configuration brings the two fragmented
RCA trigger segments into close proximity, reforming the complete RCA
trigger sequence at the termini of each arm. Consequently, upon the
addition of dNTPs, phi29 DNA polymerase, and cDNA2, the RCA reac-
tion is initiated, yielding lengthy DNA products rich in numerous
repeated units, each featuring two distinct functional domains (purple
and yellow sequences). The purple domain, which is complementary to
the DNA sequence modified on Pt@AuNPs, facilitates the attachment of
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Scheme 1. Schematic illustration of the proximity-induced amplification cascade for exosomes detection: (A) Fabrication of the multivalent capture interface via
streptavidin-biotin binding and RCA-driven ssDNA generation. (B) Dual-target recognition of exosomes by aptamers AP1 and AP2, triggering proximity hybridization
and TS release. (C) TS initiates 3SW-CHA (HP1/HP2/HP3) to form Y-shaped DNA, which triggers RCA for DNA-Pt@AuNPs assembly, enabling TMB oxidation catalysis

for detection.
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Pt@AuNPs to the RCA products through DNA hybridization. Simulta-
neously, the orange domain, through complementary hybridization with
the multivalent capture probes on the capture interface, effectively pulls
RCA products adorned with Pt@AuNPs toward this interface. Conse-
quently, powered by the catalytic prowess of Pt@AuNPs, the Hy0o-
mediated oxidation of TMB proceeds efficiently on the capture interface,
yielding an obvious and pronounced intensified blue output signal that
serves as a reliable indicator for the quantitative analysis of target
exosomes.
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3.2. Characterizations of Pt@AuNPs and DNA-Pt@AuNPs

To validate the prepared nanoparticles, the morphology of
Pt@AuNPs was initially investigated using Transmission Electron Mi-
croscopy (TEM). As clearly depicted in Fig. 1 (A-C), uniformly spherical
nanoparticles display excellent dispersibility. The size of these particles
is consistent, with an average diameter of approximately 15.2 nm
(Fig. 1F), which aligns with literature reports [23]. Additionally, an
in-depth energy dispersive X-ray (EDX) mapping of individual particles
was performed. As shown in Fig. 1D, the two elements Au (red) and Pt

Element | At% Wit%
Pt 13.58 13.47
Au 86.42 86.53
u-M
Au-La  Au-LB

5 10 15
Energy (keV)
0
>
g -10
=
§ =20
=]
j=}
=
% -30
N

Pt@Au DNA-Pt@Au

Fig. 1. (A-C) TEM image of the Pt@AuNPs. (D) EDX mapping image of Pt@AuNPs (green = Pt, red = Au). (E) EDS spectrum of Pt@AuNPs. (F) Particle size dis-

tribution of Pt@AuNPs. (G) Zeta potential of Pt@AuNPs and DNA-Pt@AuNPs.
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(green) are densely distributed within the particles, with Au residing at
the core of the nanoparticles; while Pt coats the surface, conclusively
demonstrating the successful formation of a core-shell structure in
Pt@AuNPs. Furthermore, as shown in Fig. 1E, the as-synthesized
Pt@AuNPs are composed of Au and Pt elements, with the atomic frac-
tion of Au and Pt being approximately 86.42 % and 13.58 %, respec-
tively. Subsequently, we assessed the catalytic performance of the
synthesized Pt@AuNPs. As depicted in Fig. S1, upon the incremental
incorporation of Pt@AuNPs, a discernible trend emerges: the UV-Vis
absorption intensity at 450 nm steadily increases, concomitantly
enhancing the bluish hue of the substrate solution. In stark contrast, the
AuNPs without platinum plating exhibit a significantly diminished ab-
sorption at 450 nm, thereby demonstrating the superiority of our pre-
pared Pt@AuNPs as ideal colorimetric detection probes. The enzyme
reaction kinetics analysis of the synthesized Pt@AuNPs further provides
compelling evidence for their formidable catalytic capability, as evi-
denced by the results presented in Fig. S2. Dynamic light scattering
confirmed the loading of DNA on the surface of Pt@AuNPs. As shown in
Fig. S3, the hydrodynamic diameter of Pt@AuNPs increases from
46.6 nm to 84.1 nm after loading DNA. Moreover, the modification of
DNA on Pt@AuNPs was conclusively verified through zeta potential
measurements. As illustrated in Fig. 1G, the zeta potential value corre-
sponding to Pt@AuNPs alone is approximately — 5.75 mV. However,
after the introduction of DNA, the zeta potential decreases to approxi-
mately — 30 mV, attributable to the negatively charged phosphate
backbone of DNA, demonstrating the successful modification of DNA on
Pt@AuNPs. As shown in Fig. S4, DNA loading directly correlates with
colorimetric signal intensity until saturation at 10 pL HS-DNA (~ 366
DNA strands per particle), beyond which steric hindrance limits
amplification efficiency. This highlights the critical balance between
maximizing DNA density and maintaining nanoparticle functionality.
Additionally, the catalytic stability of DNA-Pt@AuNPs was rigorously
evaluated under varying conditions. As shown in Fig. S5A,
DNA-Pt@AuNPs retain > 90 % of their initial catalytic activity after 30
days of storage at 4 °C, demonstrating robust long-term stability. The
stability of DNA-Pt@AuNPs was further validated through repeated
freeze-thaw cycles (up to 5 cycles), with no significant loss in catalytic
activity (Fig. S5B). These results underscore the reliability of Pt@AuNPs
as durable and versatile signal probes.

3.3. Feasibility exploration

After successful extraction and characterization of the exosomes
(Fig. S6), the feasibility of the dual-molecular recognition mechanism
was verified using flow cytometry. As illustrated in Fig. 2A, in the dual-
target recognition group (Group c), simultaneous binding of AP1
(EpCAM) and AP2-FAM/TS-BHQ (MUC1) triggers proximity hybridiza-
tion, displacing TS-BHQ and separating the FAM fluorophore from the
quencher. This results in an approximately 3-fold fluorescence
enhancement compared to single-target groups (Groups a and b), where
fluorescence remained quenched due to intact FAM-BHQ proximity. In
Group a, only the recognition probe targeting MUC1 is used, whereas in
Group b, only the recognition probe targeting EpCAM is employed. The
result indicates that the release of TS-BHQ is contingent upon the
simultaneous binding of both recognition probes to the surface of the
target exosomes. Meanwhile, the efficiency of strand displacement re-
actions induced by the proximity effect and free diffusion was also
evaluated. As depicted in Fig. S7, for the same strand displacement
process, the signal measured in the reaction system is significantly
enhanced when the proximity effect is present. This demonstrates that
the proximity effect, beyond enabling the system to recognize dual
molecules, is a crucial determinant in boosting its sensitivity. Moreover,
the UV-Vis spectra of the captured interface, when incubated with
different reaction solutions, was monitored for verification of the
feasibility of the proposed colorimetric sensing platform. As shown in
Fig. 2B, a weak UV-Vis absorption peak is observed at 450 nm after the
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capture interface is incubated with TMB-Hy0, and DNA-Pt@AuNPs,
possibly due to the weak non-specific adsorption of DNA-Pt@AuNPs
by the capture interface. The addition of AP1, AP2/TS, HP1, HP2,
HP3, phi29 and dNTP results in slightly enhanced UV-Vis absorption
peak at 450 nm, which may be attributed to the weak non-specific as-
sembly between DNA probes. In stark contrast, further introduction of
the target leads to a sharp increase in signal response, suggesting suc-
cessful initiation of 3W-CHA/RCA to form long DNA products, and the
subsequent binding of the DNA products and Pt@AuNPs to the capture
interface. Finally, we have also fabricated a monovalent capture inter-
face and compared it with our designed multivalent capture interface.
As shown in Fig. 2C, the signal response from the multivalent capture
interface exhibits significant enhancement with same experimental
conditions, clearly highlighting the advantage of our constructed
multivalent capture interface in enhancing sensitivity. To further eval-
uate the performance of the capture interfaces, we quantified exosome
capture efficiency by comparing total protein content of lysed exosomes
before and after binding (Fig. S9). The multivalent capture interface
achieves a capture efficiency of 78.5 %, significantly surpassing the
monovalent interface (46.7 %), underscoring its superior avidity and
practical utility in exosome enrichment.

3.4. Sensitivity exploration

To assess the analytical performance of the devised colorimetric
biosensor, a series of concentration targets were incorporated into the
testing phase, following the optimization of key experimental condi-
tions, including the volume of DNA-Pt@Au, the concentration of BS, the
RCA reaction time during the construction of the capture interface, and
the reaction time (Fig. S10). Fig. 3A illustrates that as the target con-
centration increases from 7.20 x 10> to 1.44 x 10° particles pL~?, the
UV-Vis absorption intensity monitored at 450 nm exhibits a commen-
surate increase. This trend is in line with our predictions based on the
mechanism of the system, as an elevated concentration of exosomes
releases a profusion of RCA triggering sequences, prompting the gen-
eration of abundant RCA products, which subsequently bind with a large
quantity of DNA-Pt@AuNPs to facilitate the peroxidation reaction. As
evidently illustrated in Fig. 3B, a linear correlation is observed between
the absorbance intensity at 450 nm and the logarithm of target abun-
dance from 7.20 x 10? to 1.44 x 10° particles pL 1. The regression
equation is fitted as A = 0.4080 log c-1.0478 (where A represents the
absorbance intensity at 450 nm, and c signifies the concentration of the
target), with a low limit of detection (LOD) of 194 particles pL™!, which
is calculated according to the 3c rule. The formula applied for this
calculation is LOD = 3c/k. Here, ¢ denotes the standard deviation of the
blank group, while k represents the slope of the calibration curve within
the lower concentration ranges. As depicted in Fig. 3C, the color in-
tensity of the reaction solution, as observed by the naked eye, steadily
intensifies with the increase of target concentration. This visual pro-
gression is consistent with the quantitative findings presented in Fig. 3A
and 3B. Even targets with concentrations as low as 1.44 x 107 particles
pL! can be distinguished by the naked eye when compared to the
background color, further verifying the sensitivity of the constructed
biosensor.

3.5. Investigations of anti-interference capability

Four different exosomes—specifically, MCF-7 cell-derived exosomes
(MUCL1-positive, EpCAM-positive), MCF-10A cell-derived exosomes
(MUC1-negative, EpCAM-negative), HepG2 -cell-derived exosomes
(MUC1-negative, EpCAM-positive), and Hela cell-derived exosomes
(MUC1-positive, EpCAM-negative)—were employed for selective eval-
uation. The selective evaluation was carried out by subjecting each type
of exosome to the same detection procedure described in Section 2.7.
Briefly, each type of exosome (1.44 x 10° particles pL!) was individu-
ally incubated with the sensing probes for the amplification cascade,
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Fig. 2. (A) Flow cytometry results obtained using different recognition probes : (a) MUCl-only recognition, (b) EpCAM-only recognition, (c) simultaneous recog-
nition of MUC1 and EpCAM. (B) UV-Vis absorption spectra of the multivalent capture interface upon incubation with varying reaction solutions: (a) TMB- H;0, and
DNA-Pt@AuNPs, (b) AP1, AP2/TS, HP1, HP2, HP3, cDNA2, phi29, dNTP, DNA-Pt@AuNPs and TMB-H,0,, (c) target exosomes, AP1, AP2/TS, HP1, HP2, HP3,
cDNA2, phi29, dNTP, DNA-Pt@AuNPs and TMB-H,0,. (C) The UV-Vis absorption spectra recorded on different capture interface: (a) the monovalent capture
interface, (b) the multivalent capture interface.
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Fig. 3. (A) UV-Vis spectra of the developed colorimetric biosensor in the presence of different concentrations of targets (0, 7.20 x 102, 1.44 x 10%, 7.20 x 10°,
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exosomes concentrations. (C) The photographs of reaction solutions incubated with different concentrations of targets (a-j): 0, 7.20 x 10% 1.44 x 10%, 7.20 x 105,
1.44 x 10%, 7.20 x 10% 1.44 x 105, 2.88 x 10°, 1.008 x 10°, 1.44 x 10° particles uL."). Error bars: SD, n = 3.
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Fig. 4. (A) UV-Vis absorption spectra of the biosensor in the presence of exosomes derived from different cell lines. (B) Statistical results of the mean UV-Vis ab-
sorption peak intensities at 450 nm derived from triplicate measurements of the experiments shown in (A). (C) Photographs of the reaction solutions corresponding to
the experiments shown in (A). (D) UV-Vis absorption spectra in the presence of interfering substances. (E) Statistical results of the mean UV-Vis absorption peak
intensities at 450 nm derived from triplicate measurements of the experiments shown in (D). (F) Photographs of the reaction solutions corresponding to the ex-

periments shown in (D). Error bars: SD, n = 3.
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followed by the colorimetric signal measurement. Additionally, a
mixture containing MCF-7-derived exosomes (target) and interfering
exosomes (MCF-10A, HepG2, and Hela-derived exosomes at a 1:1:1
ratio) was tested to mimic complex biological samples. The UV-Vis ab-
sorption spectra and colorimetric responses were recorded under iden-
tical experimental conditions. As clearly demonstrated in Fig. 4A and
4B, the UV-Vis absorption peak of MCF-7 cell-derived exosomes exhibits
a remarkable enhancement (signal-to-noise ratio = 9.22) compared to
those derived from MCF-10A, Hela, and HepG2 cells, whose signals are
indistinguishable from background levels (signal-to-noise ratio < 1.3).
When a mixture of MCF-10A-derived, Hela-derived, and HepG2-derived
exosomes is added to the target MCF-7-derived exosomes, the signal
response only weakly enhances (signal-to-noise ratio = 9.55), which is
consistent with the color change of the reaction shown in Fig. 4C.
Additionally, in order to further investigate the anti-interference ability
of the sensing system, secreted proteins MUC1 and EpCAM, along with
MCEF-7 cell fragments, have been introduced for testing the same
detection procedure. As shown in Fig. 4D and Fig. 4E, the signal re-
sponses caused by these secreted proteins and cell fragments are almost
indistinguishable from the background signal, which is consistent with
the colorimetric imaging presented in Fig. 4F. The above experimental
results have demonstrated the excellent selectivity of the colorimetric
sensing system. Compared to other single-target methods that are prone
to cross-reactivity with homologous proteins or non-target exosome
subtypes [33-35], our dual-aptamer proximity strategy significantly
enhances specificity by requiring simultaneous recognition of two bio-
markers (MUC1/EpCAM). This design effectively minimizes interfer-
ence from single-positive exosomes and protein contaminants.

3.6. Detection of exosomes in serum

To test the stability of the proposed biosensor within complex
matrices, target exosomes of varying concentrations were incorporated
into 10 % fetal bovine serum (FBS) for comprehensive assay. As evident
from Fig. 5, the UV-Vis absorption intensity at 450 nm, steadily in-
creases in direct correlation with the increasing abundance of target
exosomes. Crucially, the absorption intensity recorded within the FBS
matrix is virtually indistinguishable from that observed in a controlled
buffer environment, and the corresponding regression equations derived
from both conditions are remarkably congruent, demonstrating the
excellent stability and anti-interference ability of our proposed colori-
metric analysis method in complex environments.

3.7. Clinical sample analysis

The proposed colorimetric biosensor was ultimately employed to
identify exosomes in clinical specimens (serum), with the aim of
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assessing its potential for clinical applications. Fig. 6A schematically
illustrates the workflow of clinical sample analysis, which involves
serum collection from breast cancer patients and healthy individuals,
and exosome detection via the amplification cascade. The experiment
incorporated samples from 12 Luminal A breast cancer patient in-
dividuals (PI) and an equivalent number of healthy individuals (HI),
with informed consent secured from all participants. As anticipated, the
UV-Vis absorption intensity recorded in serum samples from healthy
donors is markedly weaker compared to that in samples from breast
cancer patients (Figs. 6B and 6C). Furthermore, the independent sample
t-test statistical analysis revealed a statistically significant difference in
signal response between the two groups: HI and PI (Fig. 6D). The distinct
colorimetric responses are further visualized in Fig. 6E, where reaction
solutions from Luminal A breast cancer exhibit a pronounced blue hue
compared to the faint color of healthy controls. Clearly, the developed
colorimetric biosensor demonstrates exceptional performance in dis-
tinguishing MUC1/EpCAM-positive breast cancer patients from healthy
individuals, underscoring its promising potential for clinical cancer
diagnosis.

4. Conclusion

In conclusion, by leveraging the robust amplification cascade trig-
gered by the proximity effect, utilizing Pt@AuNPs as versatile signal
tags, and constructing a multivalent capture interface, we successfully
developed a colorimetric biosensor capable of achieving precise and
sensitive detection of tumor-derived exosomes. The biosensor achieves a
detection limit of 194 particles/pL with dual-target specificity, out-
performing the gold standard method (ELISA) and many existing
methods in sensitivity and clinical utility (Table S2 and Table S4). In our
design, the dual-molecular recognition mechanism harnessing the
proximity effect can substantially elevate the analysis accuracy,
enabling the precise identification of specific exosomes amidst various
interfering substances, including other tumor-derived exosomes, cell
fragments, and secreted proteins. The integration of multiple signal
amplification strategies, encompassing 3W-CHA, RCA, nanozyme
catalysis, and multivalent capture mechanisms, imparts satisfactory
sensitivity to the colorimetric biosensor, enabling the detection of target
exosomes at an ultra-low concentration. More significantly, the pro-
posed biosensor demonstrates reliable performance in complex matrices
and clinical serum samples, effectively distinguishing MUC1/EpCAM-
positive breast cancer patients (e.g., Luminal A subtypes) from healthy
donors. Consequently, the developed colorimetric biosensor holds the
potential to promote accurate diagnosis and personalized treatment of
cancer. Notably, the multivalent capture interface enables parallel
processing of multiple samples on a single microplate, which could be
readily adapted to automated systems for high-throughput clinical
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Fig. 5. (A) Signal responses of the proposed colorimetric biosensor toward different abundance exosomes in buffer and 10 % FBS. (B) Correlation curves derived
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Fig. 6. (A) Principle of clinical sample analysis. (B) The UV-vis absorption spectra obtained from serum samples of 12 healthy individuals and 12 Luminal A breast
cancer individuals. (C) Statistical results of the mean UV-Vis absorption peak intensities at 450 nm derived from triplicate measurements of the experiments shown in
(B). (D) The statistical results of t-test (***, p < 0.001). (E) Photographs of the reaction solutions corresponding to the serum samples from healthy individuals and

Luminal A breast cancer individuals. Error bars: SD, n = 3.

screening. Furthermore, the visual readout eliminates the need for
specialized equipment, streamlining workflow in resource-limited set-
tings. Future efforts will focus on enhancing the reaction kinetics and
integrating microfluidic architectures to automate fluidic control and
reduce manual intervention, thereby enhancing scalability.
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