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Abstract
CRISPR-based, amplification-free colorimetric sensing has emerged as a powerful approach for exosomal miRNA 
(Exo-miR) analysis, offering high specificity, simple operation, and direct visual readout suitable for point-of-care 
diagnostics. However, the sensitivity of existing systems is limited because conventional colorimetric probes 
generate inherently weak signals, making the reliable detection of ultralow-abundance Exo-miRs difficult without 
amplification. Here, we firstly report an amplification-free colorimetric biosensor based on a horseradish peroxidase 
(HRP)/gold nanoparticle (Au)/molybdenum disulfide (MoS2) nanobiohybrid catalyst (HRP/Au/MoS2) that generates 
intense chromogenic signals via synergistic catalytic interactions. In this nanoparticle, MoS2 provides a high-
surface-area scaffold with intrinsic peroxidase-like activity, Au nanoparticles facilitate efficient electron transfer, 
and HRP contributes to high catalytic turnover. Together, these features markedly enhance the oxidation of 
3,3′,5,5′-tetramethylbenzidine (TMB) and the resulting blue coloration. Using this signal-amplifying HRP/Au/MoS2, 
a magnet-based sensing system was constructed by immobilizing the HRP/Au/MoS2 onto magnetic nanobeads 
(MNBs) through biotinylated single-stranded RNA linkers (MNB–ssRNA–HRP/Au/MoS2). This construction was 
then integrated into a CRISPR/Cas13a assay, in which the target miR-155 activates Cas13a, which cleaves the 
ssRNA linkers, releasing the HRP/Au/MoS2 into solution for colorimetric readout. The resulting biosensor exhibits a 
detection range of 1 fM–1 nM (LOD = 0.82 fM), and single-nucleotide specificity without nucleic acid amplification. 
Furthermore, our system enables detection of Exo-miR-155 in both cell-derived exosomes and clinical samples, 
distinguishing cancer patients from healthy donors. Therefore, this platform represents a promising approach for 
highly sensitive, selective, simple, and time-efficient detection of Exo-miR, which can be used for liquid biopsy-
based early cancer detection.
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​​1  Introduction
Exosomal microRNAs (Exo-miRs) have emerged as 
highly valuable biomarkers for disease diagnosis and 
monitoring because these miRNAs mediate post-tran-
scriptional gene regulation and reflect the physiological 
state of the associated cells of origin [1–3]. Encapsulated 
within the protective lipid bilayer of exosomes, these 
miRs remain stable during circulation in body fluids 
such as blood, urine, and saliva, making the encapsulated 
miRs accessible through minimally invasive sampling [4, 
5]. Numerous studies have demonstrated that specific 
Exo-miRs signatures correlate strongly with pathological 
conditions, including cancer, cardiovascular disease, and 
neurological disorders. For instance, elevated levels of 
miR-21, miR-155, and miR-423-5p have been observed in 
breast cancer (B.C.) and are associated with disease pro-
gression [6–8]. These findings underscore the diagnostic 
potential of Exo-miRs and highlight the growing need for 
technologies capable of accurately and rapidly detecting 
these encapsulated miRs.

Despite the associated clinical relevance, direct detec-
tion of Exo-miRs remains extremely challenging because 
of the remarkably low natural abundance of Exo-miRs [9, 
10]. Even in disease states, Exo-miR levels typically fall 
within the femtomolar to picomolar range, far below the 

detection limits of most conventional analytical meth-
ods [11]. This low concentration is further compounded 
by the intrinsic complexity of biological fluids, in which 
structurally similar nucleic acids and protein contami-
nants can interfere with accurate detection. Therefore, 
highly sensitive and selective analytical platforms are 
essential for reliably quantifying Exo-miRs without 
extensive sample processing or pre-amplification steps 
[12]. Indeed, overcoming this fundamental analytical bar-
rier is crucial for translating Exo-miR biomarkers into 
practical diagnostic tools suitable for early disease detec-
tion and clinical decision-making.

Recently, clustered regularly interspaced short palin-
dromic repeats (CRISPR)-based molecular diagnostics 
have emerged as a powerful solution to the sensitiv-
ity and specificity limitations of traditional nucleic acid 
detection methods [13]. In particular, CRISPR/Cas13a 
has attracted considerable attention because of the asso-
ciated programmable RNA-guided recognition and col-
lateral cleavage of single-stranded RNA (ssRNA) [14]. 
Upon target miR binding, Cas13a is activated and initi-
ates trans-cleavage of nearby RNA sequences, enabling 
sensitive detection without requiring complex amplifi-
cation steps. CRISPR systems such as SHERLOCK have 
demonstrated single-nucleotide discrimination and 
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robust analytical performance, making these systems 
highly attractive for miR sensing [15]. However, most 
CRISPR diagnostic platforms rely on fluorescence or 
electrochemical readouts, both of which require external 
instrumentation [16]. Fluorescence assays also necessi-
tate laser sources and detectors, whereas electrochemi-
cal analysis requires electrode fabrication and specialized 
readers, thereby limiting portability and hindering point-
of-care implementation.

Therefore, colorimetric detection methods have 
gained increasing attention as a practical alternative for 
CRISPR-based biosensing [17]. Colorimetric assays pro-
vide rapid, equipment-free, and visually interpretable 
outputs, making these systems well-suited for point-of-
care applications and field deployment. The oxidation of 
chromogenic substrates such as 3,3′,5,5′-tetramethylben-
zidine (TMB) by horseradish peroxidase (HRP) or nano-
zyme catalysts produces distinct color changes that can 
be quantified spectroscopically or observed directly with 
the naked eye [18]. These operational advantages simplify 
workflows and facilitate broader clinical accessibility. 
Nevertheless, the intrinsic signal intensity of conven-
tional colorimetric systems is often insufficient to detect 
extremely low-abundance targets such as Exo-miRs [19]. 
Without strong catalytic amplification, the color change 
remains weak or undetectable at low target concentra-
tions, thereby limiting the sensitivity of amplification-
free colorimetric platforms.

Thus, achieving high sensitivity in colorimetric CRISPR 
diagnostics requires the development of catalytic nano-
materials capable of generating significantly stronger 
chromogenic signals. Nanozymes such as gold nanoparti-
cles (AuNPs), molybdenum disulfide (MoS2) nanosheets, 
and graphene derivatives have been investigated for the 
associated peroxidase-mimicking properties [20–22]. 
However, many of these materials exhibit only moderate 
catalytic activity or require extensive surface functional-
ization, which complicates the integration of these mate-
rials with CRISPR systems. Therefore, there remains a 
critical unmet need for a highly stable and synergistically 
active nanozyme capable of dramatically enhancing colo-
rimetric signal output, particularly in amplification-free 
assays targeting Exo-miRs.

To address this challenge, we aimed to develop a highly 
sensitive, amplification-free Exo-miR colorimetric bio-
sensor comprising an HRP/Au/MoS2 nanobiohybrid cat-
alyst complex integrated with CRISPR/Cas13a. Moreover, 
to establish a sensitive amplification-free colorimetric 
platform, we initially aimed to construct a nanobiohybrid 
catalyst by integrating HRP, AuNPs, and MoS2 nanopar-
ticles (NPs) into a single nanoparticle (HRP/Au/MoS2) 
architecture with markedly enhanced peroxidase activ-
ity (Fig. 1A). MoS2 provides a high-surface-area platform 
with inherent peroxidase-like behavior, while AuNPs 

enhance electron-transfer efficiency and accelerate reac-
tion kinetics [23]. The addition of HRP further amplifies 
catalytic turnover, creating a powerful multicomponent 
catalytic interface that drives rapid and intense TMB oxi-
dation. This synergistic nanobiohybrid catalyst design 
significantly surpasses the catalytic performance of tra-
ditional HRP systems or single-component nanoparti-
cles, providing the strong chromogenic output required 
for sensitive amplification-free detection. Based on this 
HRP/Au/MoS2 nanobiohybrid catalyst platform, we con-
structed a CRISPR/Cas13a biosensor capable of detecting 
Exo-miRs. Biotinylated ssRNA linkers were conjugated 
to the HRP/Au/MoS2 and immobilized on streptavidin-
coated magnetic nanobeads (MNB), which were called 
MNB–ssRNA–HRP/Au/MoS2 complex (MNB–ssRNA– 
HRP/Au/MoS2). Upon recognition of the target Exo-
miR-155, a widely used biomarker for BC diagnosis, 
Cas13a is activated (Fig.  1B). Subsequently, activated 
CRISPR/Cas13a, in the presence of miR-155, can cleave 
ssRNA linkers on MNB–ssRNA–HRP/Au/MoS2, thereby 
releasing the HRP/Au/MoS2 into solution (Fig. 1C). The 
unbound HRP/Au/MoS2 are then readily separated using 
magnets. After these washing steps, the released HRP/
Au/MoS2 catalyze the rapid oxidation of TMB, produc-
ing a strong blue color proportional to the target Exo-
miR-155 concentration. Furthermore, we applied this 
device to detect miR-155 with high sensitivity and speci-
ficity in exosomes derived from various cell lines, thereby 
confirming the diagnostic significance of this platform 
for BC. Our findings demonstrate that HRP/Au/MoS2 
nanobiohybrid catalyst-based strong chromogenic signal-
ing combined with the CRISPR/Cas system represents a 
promising platform for Exo-miR detection that is highly 
sensitive, selective, simple, and time-efficient.

2  Experimental section
2.1  Materials
Ammonium molybdate tetrahydrate, thiourea, horserad-
ish peroxidase (HRP), hydrogen tetrachloroaurate (III) 
trihydrate (HAuCl4·3H2O), 1,300 kDa polyvinylpyrrol-
idone (PVP), hydrocortisone, cholera toxin, and epider-
mal growth factor (EGF) were purchased from Merck 
(Germany). Diethylpyrocarbonate (DEPC)-treated nucle-
ase-free water, biotinylated ssRNA, CRISPR guide RNA 
(crRNA), and target miRNA sequences were obtained 
from Bioneer (Korea). Streptavidin-modified MNBs 
(10 mg/mL) were purchased from Bioneer (Korea), and 
RNase A was obtained from Thermo Fisher Scientific 
(USA). Tris-borate-EDTA polyacrylamide gels (TBE gels) 
for electrophoresis were purchased from Bio-Rad (USA). 
The CRISPR/Cas13a enzyme (LwaCas13a) and reaction 
buffer were obtained from Genescript (USA). Phosphate-
buffered saline (PBS), DMEM/F12 basal medium, RPMI 
1640 medium, and penicillin–streptomycin (1%) were 
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tetrahydrate (0.35  g) and thiourea (0.76  g) were dis-
solved in 40  mL of deionized (DI) water. Subsequently, 
30  k PVP (0.25  g) was added to the prepared solution, 
and the mixture was stirred at 800 rpm and 60 °C for 1 h. 
The mixture was transferred to a Teflon-lined stainless-
steel autoclave and heated at 200 °C for 24 h. The result-
ing precipitation was collected and washed with DI water 
and ethanol by centrifugal filtration at 8,000  rpm for 
30 min. To synthesize Au/MoS2 NPs, 10 mL of the syn-
thesized MoS2 NPs (1  mg/mL) was mixed with 0.2  g of 
PVP and stirred at 600 rpm and 25 °C for 90 min. Then, 
500 μL of HAuCl4 (100 mM) was added, and the mixture 

purchased from Welgene (Korea). Horse serum (HS) 
and fetal bovine serum (FBS) were obtained from Gibco 
(USA). The Exo-spin™ exosome isolation kit was pur-
chased from Cell Guidance Systems (UK). Human cell 
lines, including MCF-10A (non-tumorigenic mammary 
epithelial cells), MCF-7 (human breast adenocarcinoma 
cells), and PC-3 (human prostate cancer cells), were 
obtained from the Korean Cell Line Bank (KCLB, Korea).

2.2  Synthesis of HRP/Au/MoS2 nanobiohybrid catalyst
To synthesize HRP/Au/MoS2 nanobiohybrid catalyst, 
MoS2 NPs were first prepared. Ammonium molybdate 

Fig. 1  Schematic illustration of the MNB–ssRNA–HRP/Au/MoS2-based colorimetric sensing platform. A Preparation of the HRP/Au/MoS2 nanobiohybrid 
catalyst and assembly of the MNB–ssRNA–HRP/Au/MoS2 complex via thiolated (5′) and biotinylated (3′) ssRNA linkers. B Target recognition mechanism, 
in which Exo-miR-155 binds to the associated crRNA and activates Cas13a, inducing collateral ssRNA cleavage within the magnetic complex. C Cleavage-
triggered release of HRP/Au/MoS2 into solution, enabling strong TMB oxidation and colorimetric signal generation
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was further reacted at 600 rpm and 25 °C for 30 min. The 
resulting solution was washed with DI water and ethanol 
using centrifugal filtration at 8,000 rpm for 30 min. The 
final product was stored at 4 °C for several months.

Then, to synthesize HRP/Au/MoS2, 40 μL of synthe-
sized Au/MoS2 NPs (1  mg/mL) was mixed with 430 μL 
of diethyl pyrocarbonate (DEPC)-treated water, 15 μL of 
HRP (5 mg/mL), and 15 μL of ssRNA (10 μM) and incu-
bated at 4  °C for 24 h. The ssRNA sequence is provided 
in Table S1. The synthesized HRP/Au/MoS2 were washed 
with DEPC-treated water by centrifugal filtration at 
8,000 rpm for 15 min. The HRP/Au/MoS2 were examined 
using transmission electron microscopy (TEM), dynamic 
light scattering (DLS), and zeta-potential analyses to con-
firm successful synthesis. To quantify the amount of HRP 
immobilized on the Au/MoS2 surface, the wash super-
natant collected after HRP conjugation was analyzed 
to determine the concentration of unbound HRP. The 
amount of immobilized HRP was calculated by subtract-
ing the amount of unbound HRP recovered in the wash 
supernatant from the initially added HRP. The HRP load-
ing efficiency was calculated as the ratio of immobilized 
HRP to the initially added HRP.

2.3  Enzyme kinetic analysis of HRP/Au/MoS2
The steady-state kinetic parameters of the HRP/Au/
MoS2 nanobiohybrid catalyst were evaluated using TMB 
and H2O2 as substrates. The catalytic reaction was moni-
tored by measuring the increase in absorbance at 652 nm 
corresponding to the oxidation of TMB. For the deter-
mination of kinetic parameters toward TMB, the con-
centration of H2O2 was fixed at 10  mM, while the final 
concentration of TMB was varied from 0.05 to 2.0 mM. 
The reaction mixture consisted of 200 μL of substrate 
solution prepared in 0.1  M citrate buffer (pH 4.0) and 
10 μL of HRP/Au/MoS2 nanobiohybrid catalyst suspen-
sion. Immediately after catalyst addition, the absorbance 
at 652 nm was continuously recorded using a microplate 
reader. The initial reaction velocity (v) was determined 
from the linear region of the absorbance-time curve dur-
ing 20 s to 60 s of reaction. The initial reaction velocity (v) 
was calculated from the linear region of the absorbance–
time curve (20–60 s) according to Beer–Lambert law:

	 𝑣𝑣 𝑣 1
𝜀𝜀𝑙𝑙 ×

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

where ε is the molar extinction coefficient of oxidized 
TMB (39,000  M−1  cm−1 at 652  nm) and l is the opti-
cal path length of the reaction solution (0.56 cm for 200 
μL in a 96-well plate). For the determination of kinetic 
parameters toward H2O2, the concentration of TMB was 
fixed at 1.0  mM, while the final concentration of H2O2 
was varied from 0.1 to 50 mM under otherwise identical 

conditions. The Michaelis–Menten constant (Km) and 
maximum reaction velocity (Vmax) were obtained by fit-
ting the experimental data to the Michaelis–Menten 
equation using nonlinear regression analysis:

	
𝑣𝑣 𝑣 Vmax × [S]

Km + [S]

where v is the initial reaction velocity and [S] is the sub-
strate concentration. Curve fitting and kinetic parameter 
calculations were performed using GraphPad Prism 10.

2.4  Preparation of the MNB–ssRNA–HRP/Au/MoS2 
complex
The MNB–ssRNA–HRP/Au/MoS2 complex was pre-
pared through the interaction between streptavidin and 
biotin. Specifically, streptavidin-modified MNBs were 
conjugated to biotinylated ssRNA–HRP/Au/MoS2. 
Briefly, 90 μL of MNBs (10  mg/mL), 90 µL of ssRNA–
HRP/Au/MoS2, and 90 μL of DEPC-treated water were 
mixed at 4 °C for 1 h. The mixed solution was then placed 
on a neodymium (Nd) magnet for 1 min, after which the 
supernatant was removed, and 270 μL of DEPC-treated 
water was added. The step of removing the superna-
tant and adding DEPC-treated water was repeated three 
times.

2.5  Confirmation of cleavage of the MNB–ssRNA–HRP/Au/
MoS2 complex
Cleavage of the prepared MNB–ssRNA–HRP/Au/MoS2 
complex was first evaluated using RNase A. Briefly, 20 
μL of the MNB–ssRNA–HRP/Au/MoS2 was mixed with 
10 μL of RNase A and incubated at room temperature for 
10 min. The reacted MNB–ssRNA–HRP/Au/MoS2 com-
plex was then placed on an Nd magnet for 1 min, and 20 
μL of the supernatant was collected and incubated with 
200 μL of TMB solution. The absorbance of the result-
ing supernatant was measured using a microplate reader. 
Cleavage of ssRNA by activated CRISPR/Cas13a and 
RNase A in the MNB–ssRNA–HRP/Au/MoS2 was fur-
ther analyzed by Tris–borate–EDTA–polyacrylamide gel 
electrophoresis (TBE–PAGE).

2.6  Target miRNA detection using the MNB–ssRNA–HRP/
Au/MoS2 complex with CRISPR/Cas13a
For target miRNA detection, a 20 μL CRISPR reaction 
mixture containing 4 μL of Cas13a protein (1 μM), 4 μL of 
crRNA (1 μM), 2 μL of 10× CRISPR reaction buffer, 2 μL 
of target miRNA (final concentrations of 1 nM, 100 pM, 
10 pM, 1 pM, 100 fM, 10 fM, or 1 fM), and 8 μL of DEPC-
treated water was prepared. The mixture was combined 
with 20 μL of the pre-synthesized MNB–ssRNA–HRP/
Au/MoS2 complex and incubated at 37 °C for 60  min. 
After incubation, the reaction solution was placed on an 
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Nd magnet for 1 min, and 20 μL of the supernatant was 
collected and transferred to a 96-well plate. Then, 200 
μL of TMB substrate solution was added to the isolated 
supernatant, and the mixture was incubated for 30  min 
for the colorimetric analysis.

2.7  Cell culture
MCF-10A (non-tumorigenic mammary epithelial cell 
line) cells were cultured in DMEM/F12 cell culture 
medium supplemented with 10% horse serum (HS), 1% 
penicillin–streptomycin antibiotics, 0.5 mg/mL hydro-
cortisone, 100 ng/mL cholera toxin, and 20 ng/mL EGF 
on cell culture plates at 37 °C in a humidified incubator at 
5% CO2. To prepare the complete medium, 50 µL of insu-
lin solution was added to the cell culture medium. The 
complete medium was replaced every two days. MCF-7 
(human breast cancer cell line) and PC-3 (human pros-
tate cancer cell line) were cultured in RPMI 1640 medium 
supplemented with 10% fetal bovine serum (FBS) and 1% 
antibiotics on cell culture plates at 37 °C in a humidified 
incubator with 5% CO2.

2.8  Exosome isolation
For exosome isolation, cell culture supernatants were 
first collected and centrifuged to remove residual cells 
and cell debris. Then, 8 mL of the supernatant was trans-
ferred to a new microtube and mixed with 4 mL of Exo-
spin buffer. The mixture was thoroughly vortexed and 
incubated at 4 °C for 12  h. Subsequently, 1  mL of the 
reaction sample solution was centrifuged at 16,000 g for 
1 h, and the supernatant was carefully discarded. The pel-
let containing exosomes was resuspended in 100 μL of 
PBS. The resuspended exosomes were further purified 
using an Exo-spin column, according to the manufac-
turer's instructions, following three steps: (i) incubate the 
column at room temperature for 15  min to equilibrate 
the temperature; (ii) remove the lower outlet plug before 
removing the screw cap, place the Exo-spin column on 
a waste collection tube, and allow the liquid in the col-
umn to drain until near the inner white bead layer; (iii) 
add 250 μL of PBS to equilibrate the column matrix and 
allow the buffer to enter the column. Purified exosomes 
were stored at 4 °C for short-term use or frozen at − 80 °C 
for long-term storage. To acquire Exo-miRs, 50 μL of 1% 
Triton X-100 was added, and the mixture was incubated 
for 10 min at 37 °C for exosome lysis.

2.9  Reverse transcription-quantitative polymerase chain 
reaction (RT-qPCR)
Before qPCR analysis, cDNA was synthesized from 
Exo-miRs, and a control miRNA was prepared using a 
standard poly(A)-tailing-based reverse transcription pro-
tocol. Briefly, 2 μL of isolated miRNA was mixed with 
2 μL of 10 mM ATP, 2 μL of E. coli poly(A) polymerase 

reaction buffer, 1 μL of E. coli poly(A) polymerase (NEB), 
and 13 μL of DEPC-treated water. The mixture was incu-
bated at 37 °C for 30 min to allow polyadenylation of miR-
NAs. Next, 10 μL of the tailed miRNAs was mixed with 
1 μL of 10 μM universal RT primer and 9 μL of DEPC-
treated water, incubated at 70 °C for 5 min, and imme-
diately cooled on ice. For reverse transcription, 10 μL 
of this mixture was combined with an equal volume (10 
μL) of 2× AccuPower RT Master Mix, and the reaction 
was performed at 42 °C for 60 min, followed by enzyme 
inactivation at 95 °C for 5 min. The resulting cDNA was 
subjected to RT–qPCR for target miRNA quantifica-
tion using a commercial RT–qPCR kit (AccuPower® 2× 
Greenstar™ qPCR Master Mix, Bioneer, Korea), following 
the manufacturer’s instructions. All amplification reac-
tions were conducted on a Bio-Rad CFX Connect real-
time PCR system (USA).

2.10  Clinical sample acquisition
Human plasma samples (n = 12) were obtained from 
Breast cancer patients (B.C.) and healthy donors 
(H.D.) and supplied by the Biobank of Jeonbuk 
National University Hospital. The study protocol was 
reviewed and approved by the Institutional Review 
Board of Jeonbuk National University Hospital (IRB 
No.CUH2024-10-039-003). The cohort consisted of six 
individuals diagnosed with B.C. and six healthy controls. 
Clinical classification of patient samples was based on 
pathological evaluation using the TNM staging system 
in conjunction with human epidermal growth factor 
receptor 2 (HER2) status. According to the International 
Classification of Diseases, 10th Revision (ICD-10), B.C. 
patients were categorized under code C50, whereas 
healthy participants were assigned code Z00.

3  Results and discussion
3.1  Characterization of synthesized ssRNA–HRP/Au/MoS2
To construct a nanobiohybrid catalyst platform with high 
catalytic activity and CRISPR responsiveness, ssRNA–
HRP/Au/MoS2 were synthesized through sequential 
MoS2 formation, AuNP deposition, HRP immobilization, 
and ssRNA functionalization (Fig.  2A). Before Au coat-
ing, MoS2 NPs displayed a characteristic layered mor-
phology with thin, sheet-like domains, as confirmed by 
TEM analysis (Fig. S1A). These structures provide a high-
surface-area scaffold that facilitates catalytic interactions 
at the nanoscale. Following gold deposition, TEM images 
revealed a distinct structural transformation in which 
the MoS2 surfaces became uniformly decorated with 
nanoscale Au domains (Figs. 2B and S1B). The emer-
gence of these granular Au features is a key indicator that 
AuNPs were successfully anchored to the MoS2 sheets, 
forming a hybrid Au/MoS2 structure optimized for 
enhanced catalytic activity. Elemental analysis using EDS 
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spectroscopy further verified the incorporation of Au 
into the MoS2 matrix. Whereas pristine MoS2 exhibited 
strong Mo and S signals with a consistent atomic ratio of 
approximately 1:2 (Fig. S1C), the Au/MoS2 NP displayed 
an additional distinct Au peak, confirming the introduc-
tion of metallic gold.

Importantly, EDS mapping demonstrated that Mo (yel-
low), S (green), and Au (pink) were uniformly distributed 
across the nanoparticle surface (Fig. 2C), indicating that 
Au deposition occurred over the entire MoS2 structure 
rather than forming isolated clusters. This uniform cov-
erage is crucial because this strategy supports efficient 
electron transfer and enhances catalytic turnover during 
TMB oxidation. To further validate the crystalline nature 
of the gold coating, X-ray diffraction analysis was con-
ducted at a scan rate of 10°/min over a 2θ range of 10°–
80°. Distinct reflections corresponding to the (111), (200), 

(220), and (311) planes of face-centered cubic Au were 
observed (Fig. S2), confirming the presence of crystal-
line gold on the MoS2 surface. The preservation of MoS2 
stoichiometry together with the appearance of sharp Au 
peaks collectively demonstrates the formation of a struc-
turally well-defined Au/MoS2 hybrid nanoparticle with 
enhanced catalytic potential.

DLS measurements showed an increase in hydrody-
namic diameter from 289.47 ± 5.2  nm for Au/MoS2 to 
329.63 ± 6.9 nm after HRP conjugation (Fig. 2D). The PDI 
values were 0.223 and 0.340 for Au/MoS2 and HRP/Au/
MoS2, respectively, indicating a moderate broadening of 
the particle-size distribution following HRP immobili-
zation. The increase in hydrodynamic diameter and the 
corresponding change in dispersity support the success-
ful formation of the HRP-functionalized nanobiohy-
brid catalyst. This HRP layer is essential for generating 

Fig. 2  A Schematic illustration of the sequential synthesis and functionalization steps used to construct ssRNA–HRP/Au/MoS2 nanobiohybrid catalyst. B 
TEM image of Au/MoS2 NPs. C EDS elemental mapping of Mo (yellow), S (green), and Au (pink), confirming uniform Au deposition on the MoS2 surface. 
D DLS analysis with an increase in hydrodynamic size after HRP conjugation. E Zeta potential changes that correspond to sequential modification with 
HRP and ssRNA, which confirm successful surface functionalization. Statistical significance was determined using one-way ANOVA followed by Tukey’s 
multiple-comparison test (**P < 0.01, and ***P < 0.001)
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synergistic catalytic activity when combined with the 
intrinsic peroxidase-like features of MoS2 and the elec-
tron-transfer properties of gold. In addition, the amount 
of HRP immobilized on the Au/MoS2 surface was quan-
titatively estimated from the difference between the ini-
tially added HRP and the unbound HRP remaining in 
the supernatant after conjugation. Approximately 6.3 μg 
of HRP was immobilized on 40  μg of Au/MoS2, corre-
sponding to a loading efficiency of approximately 8.4%. 
Based on the estimated number of Au/MoS2 sheets, this 
loading corresponded to approximately 5.4 × 102 HRP 
molecules per Au/MoS2 sheet. Finally, thiol- and biotin-
modified ssRNA was introduced onto the HRP/Au/MoS2 
surface to enable CRISPR/Cas13a-triggered release. 
Zeta-potential measurements confirmed stepwise sur-
face modification: the surface potential increased from 
− 21.28 ± 0.40 mV for Au/MoS2 to − 17.22 ± 0.43 mV fol-
lowing HRP immobilization and decreased to − 33.26 ± 
0.43 mV after ssRNA attachment (Fig. 2E). These changes 
reflect predictable alterations in surface charge consistent 
with protein adsorption and nucleic acid hybridization. 
The resulting ssRNA–HRP/Au/MoS2 exhibit a structur-
ally integrated and compositionally uniform architec-
ture ideally suited for strong peroxidase-like activity and 
CRISPR-responsive activation, providing the basis for a 
highly efficient colorimetric biosensing system.

3.2  Investigation of amplified colorimetric activity and 
ssRNA cleavage-dependent behavior of MNB–ssRNA–HRP/
Au/MoS2
The catalytic performance of the synthesized HRP/Au/
MoS2 nanobiohybrid catalyst was first evaluated by 
comparing the associated TMB oxidation activity with 
that of MoS2 and HRP/MoS2 controls. Visual inspection 
revealed a clear intensification of blue coloration after the 
TMB reaction, with HRP/Au/MoS2 showing the stron-
gest chromogenic output (Fig. 3A). Consistently, ultravio-
let–visible (UV–vis) spectroscopy further demonstrated 
a significantly higher absorbance at 652 nm for HRP/Au/
MoS2 than for MoS2 or HRP/MoS2 (Fig. 3B). Quantitative 
analysis showed a stepwise increase in catalytic activity 
across the three formulations, confirming that both Au 
deposition and HRP immobilization contribute synergis-
tically to the overall peroxidase-like function (Fig.  3C). 
These results establish HRP/Au/MoS2 as a highly active 
nanobiohybrid catalyst capable of generating strong and 
rapid colorimetric signals.

The catalytic mechanism of the HRP/Au/MoS2 nano-
biohybrid was illustrated in Fig.  3D. In the presence of 
H2O2, the HRP/Au/MOS2 catalyzed the oxidation of 
TMB into oxidized TMB (oxTMB), producing a strong 
colorimetric signal. To quantitatively evaluate the cata-
lytic performance, Michaelis–Menten kinetic analyses 
were performed by varying the concentrations of TMB 

and H2O2 while maintaining the concentration of the 
other substrate constant (Fig. 3E, F). The kinetic param-
eters were obtained by nonlinear Michaelis–Menten fit-
ting and were summarized in Table S2. The HRP/Au/
MoS2 nanobiohybrid catalyst exhibited apparent Km val-
ues of 0.880 mM for TMB and 4.81 mM for H2O2, indi-
cating substrate affinities comparable to those of free 
HRP (Km values of 0.619 mM for TMB and 2.91 mM for 
H2O2). Notably, the corresponding Vmax values reached 
13.5 × 10−8  M  s−1 for TMB and 20.3 × 10−8  M  s−1 for 
H2O2, representing substantial increases compared 
with free HRP (0.915 × 10−8 M s−1 for TMB and 0.190 × 
10−8 M s−1 for H2O2). These results suggest that the Au/
MoS2 scaffold does not simply serve as a support for 
HRP immobilization but significantly enhances catalytic 
turnover while maintaining efficient substrate recogni-
tion. Consequently, the HRP/Au/MoS2 nanobiohybrid 
catalyst enables faster oxidation of TMB, leading to rapid 
color development and amplified colorimetric signal 
generation.

To evaluate the structural integrity of the magnetic 
sensing complex, we next examined the morphology of 
MNB–ssRNA–HRP/Au/MoS2 complex before ssRNA 
degradation. In the intact state, TEM and elemental 
mapping imaging showed that the HRP/Au/MoS2 were 
densely clustered around the MNBs, indicating stable 
conjugation mediated by the streptavidin–biotin–ssRNA 
linkage (Fig. 3G). However, upon cleavage of the ssRNA 
linker, the architecture of the complex changed mark-
edly. Meanwhile, treatment with RNase A, used as a 
model nuclease, caused a clear dispersion of HRP/Au/
MoS2 away from the MNBs (Fig.  3H). The release of 
individual HRP/Au/MoS2 into solution confirms that 
the ssRNA strand functions as an enzymatically cleav-
able tether that governs HRP/Au/MoS2 attachment. This 
cleavage-dependent structural transition was critical for 
sensor operation because only liberated HRP/Au/MoS2 
can diffuse freely and fully participate in the TMB oxida-
tion reaction, thereby producing a substantially amplified 
colorimetric signal.

The effect of ssRNA cleavage on catalytic signal genera-
tion was further examined by comparing the absorbance 
of MNB–ssRNA–HRP/Au/MoS2 complexes under three 
treatment conditions: control (PBS solution), MNB–
ssRNA–HRP/Au/MoS2 only, and MNB–ssRNA–HRP/
Au/MoS2 treated with RNase A. In both the control 
and untreated MNB–ssRNA–HRP/Au/MoS2 groups, 
negligible absorbance was observed at 652  nm (Fig. 3I). 
This is because the intact MNB–ssRNA–HRP/Au/MoS2 
complexes were removed from the solution by magnetic 
separation prior to the TMB reaction, leaving little or 
no catalyst in the supernatant to drive TMB oxidation, 
therefore, these groups yield minimal background sig-
nals. In contrast, RNase A treatment led to a substantial 
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increase in absorbance intensity. Meanwhile, cleavage of 
the ssRNA linker by RNase A caused the HRP/Au/MoS2 
to detach from the MNBs and remain in the superna-
tant during magnetic extraction. These released HRP/
Au/MoS2 readily access the TMB substrate, producing a 
strong blue coloration and a significant increase in absor-
bance at 652  nm. This cleavage-dependent increase in 
signal confirms that HRP/Au/MoS2 release is the critical 

activation step governing colorimetric output in this 
system.

These results confirm that ssRNA cleavage is the key 
trigger determining whether catalytic HRP/Au/MoS2 
remain in solution and generate a detectable colorimet-
ric signal. This RNase A-based validation establishes the 
basic release-and-signal principle that will be applied in 
the CRISPR-based detection system described later.

Fig. 3  Investigation of the catalytic properties of HRP/Au/MoS2 nanobiohybrid catalyst and ssRNA-dependent release behavior of MNB–ssRNA–HRP/
Au/MoS2 complex. A Optical images of TMB oxidation catalyzed by MoS2, HRP/MoS2, and HRP/Au/MoS2, which illustrates the enhanced colorimetric 
response of the nanobiohybrid catalyst. B UV–vis absorption spectra of MoS2, HRP/MoS2, and HRP/Au/MoS2. C Quantified absorbance at 652 nm dem-
onstrates the synergistic catalytic enhancement of HRP/Au/MoS2. D Schematic illustration of colorimetric signal generation mechanism by the HRP/Au/
MoS2 nanobiohybrid catalyst through the catalytic oxidation of TMB in the presence of H2O2. E Michaelis–Menten kinetic analysis of the HRP/Au/MoS2 
using varying concentrations of TMB at a fixed H2O2 concentration. F Michaelis–Menten kinetic analysis of the HRP/Au/MoS2 nanobiohybrid using varying 
concentrations of H2O2 at a fixed TMB concentration. G TEM image and corresponding elemental mapping of the MNB-ssRNA-HRP/Au/MoS2 complex, 
showing Mo (yellow), S (green), Au (pink), O (white), and Fe (blue). H TEM image and elemental mapping of the MNB-ssRNA-HRP/Au/MoS2 after RNase 
treatment, demonstrating the release of HRP/Au/MoS2 from the MNBs through ssRNA cleavage. I Absorbance at 652 nm for control (DEPC), PBS-treated, 
and RNase A-treated MNB–ssRNA–HRP/Au/MoS2 complexes, showing that ssRNA cleavage enables HRP/Au/MoS2 to remain in solution and generate 
a stronger colorimetric signal. Data are presented as the mean ± standard deviation (SD) from 3 independent experiments. Statistical significance was 
determined using one-way ANOVA followed by Tukey’s multiple-comparison test (**P < 0.01, and ***P < 0.001)
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3.3  Confirmation of CRISPR-enabled activation and 
analytical performance of the MNB–ssRNA–HRP/Au/MoS2 
sensing platform for miR-155 detection
To confirm that the designed sensing platform specifi-
cally responds to target miR-155 via CRISPR/Cas13a 
activation, the cleavage mechanism was first validated. 
In this platform, miR-155 hybridizes with the associated 
complementary crRNA and activates Cas13a, which sub-
sequently induces trans-cleavage of the ssRNA (Fig. 4A). 
This ssRNA cleavage is the essential biochemical trigger 
that enables HRP/Au/MoS2 release and initiates down-
stream colorimetric amplification. The cleavage capa-
bility of Cas13a under different reaction conditions was 
experimentally evaluated by gel electrophoresis (Fig. 4B). 
Four reaction conditions were tested (excluded (i) lad-
der in gel): (ii) intact ssRNA without enzyme, (iii) ssRNA 

incubated with CRISPR/Cas13a in the absence of tar-
get miR (inactive condition), (iv) ssRNA incubated with 
CRISPR/Cas13a activated by miR-155 (active condi-
tion), and (v) ssRNA cleaved by RNase A as a degrada-
tion control. Intact ssRNA produced a clear band on 
the gel, which also remained visible when ssRNA was 
treated with Cas13a in the absence of the target, con-
firming that CRISPR/Cas13a alone does not induce non-
specific ssRNA cleavage. In contrast, ssRNA incubated 
with Cas13a and target miR-155 showed complete disap-
pearance of the band, indicating that activated CRISPR/
Cas13a efficiently cleaved the ssRNA into fragments too 
small to be retained in the gel. RNase A treatment pro-
duced a similar disappearance pattern, validating the 
complete digestion of ssRNA.

Fig. 4  Confirmation of CRISPR-enabled activation and analytical performance of the MNB–ssRNA–HRP/Au/MoS2 sensing platform. A Schematic illustra-
tion of Cas13a activation by the target miR-155 and subsequent collateral cleavage of the ssRNA linker within the MNB–ssRNA–HRP/Au/MoS2 complex. B 
Gel electrophoresis analysis of ssRNA under four reaction conditions: intact ssRNA (control), ssRNA incubated with inactive Cas13a (without target), ssRNA 
cleaved by activated Cas13a (with target miR-155), and ssRNA completely cleaved by RNase A. C Schematic illustration of concentration-dependent 
Cas13a activation leading to ssRNA cleavage and HRP/Au/MoS2 release for colorimetric detection. D Visual colorimetric responses of the sensing system 
at various miR-155 concentrations (control, 1 fM, 10 fM, 100 fM, 1 pM, 10 pM, 100 pM, 1 nM) after 30 min of reaction. E Quantitative absorbance analysis, 
with a strong linear correlation between normalized signal (If/I0) and miR-155 concentration (1 fM–1 nM), with a limit of detection (LOD) of 0.82 fM, 
calculated using the 3σ/s method based on 10 independent blank measurements (n = 10). F Specificity assessment, which demonstrates that only the 
perfectly matched target miR-155 activates Cas13a and induces ssRNA cleavage, whereas a single-base-mismatched miR does not produce a detectable 
signal. Data are presented as the mean ± standard deviation (SD) from 3 independent experiments. Statistical significance was determined using one-way 
ANOVA followed by Tukey’s multiple-comparison test (***P < 0.001)
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Based on these results, we incorporated our MNB–
ssRNA–HRP/Au/MoS2 complex into a CRISPR/Cas13a-
based biosensing system for miR-155 detection (Fig. 4C). 
Upon the addition of target miR-155 and the associ-
ated complementary crRNA, CRISPR/Cas13a becomes 
activated and induces collateral cleavage of the ssRNA 
linker within the MNB–ssRNA–HRP/Au/MoS2 complex. 
Cleavage of this linker releases the HRP/Au/MoS2 from 
the MNBs, allowing these particles to remain in solution 
after magnetic extraction and catalyze TMB oxidation. 
This cleavage-triggered retention of nanozymes in solu-
tion is the fundamental principle enabling quantitative, 
amplification-free colorimetric detection of the target 
miRNA. Importantly, before the analytical evaluation, 
key experimental parameters that affect signal generation 
were systematically optimized to ensure reliable and sen-
sitive detection. The TMB reaction time was first opti-
mized to balance signal development and background 
increase. Although the colorimetric signal increased with 
reaction time, incubations longer than 30 min led to a sig-
nificant increase in the background signal (I0), reducing 
the signal-to-background ratio (If/I0) (Fig. S3). Therefore, 
30  min was selected as the optimal TMB reaction time 
for subsequent experiments. In addition, the trans-cleav-
age activity of CRISPR/Cas13a was optimized at different 
temperatures (Fig. S4). The colorimetric responses varied 
with temperature, reflecting the temperature-dependent 
kinetics of Cas13a activation and collateral cleavage. The 
condition that produced the highest signal output (37 °C) 
was selected for further experiments. Moreover, the 
effect of reaction time on Cas13a trans-cleavage activ-
ity was evaluated (Fig. S5). The signal intensity increased 
with incubation time due to progressive ssRNA cleav-
age and HRP/Au/MoS2 release, but reached a maximum 
level beyond a certain time point. Therefore, an optimal 
reaction time of 60 min was selected to achieve efficient 
cleavage while maintaining overall assay time efficiency. 
Based on these optimized conditions, subsequent experi-
ments were performed to evaluate the analytical perfor-
mance of the proposed sensing platform.

To visually assess the ability of the platform to dis-
tinguish varying miR-155 concentrations, colorimetric 
analysis was performed across a series of target levels 
(control, 1 fM, 10 fM, 100 fM, 1  pM, 10  pM, 100  pM, 
1 nM) (Fig. 4D). After a 30 min reaction period, progres-
sively more intense blue coloration was observed with 
increasing miR-155 concentration, demonstrating that 
even femtomolar-level inputs were sufficient to activate 
Cas13a and release measurable amounts of catalytic 
HRP/Au/MoS2. This visually distinguishable signal arises 
from the high catalytic activity of the HRP/Au/MoS2, 
which produces strong TMB oxidation without requir-
ing additional nucleic acid amplification. The naked-eye 
detectability demonstrates the potential of the platform 

for qualitative visual detection. For quantitative analysis, 
absorbance responses were measured across a broader 
range of miR-155 concentrations (1 fM–1 nM) (Fig. 4E). 
The normalized absorbance (If/I0) increased proportion-
ally with target concentration, exhibiting a strong linear 
correlation (R2 = 0.9855) (y = 0.6036 x + 1.165, x = log 
[miR-155 concentration (fM)]). This concentration-
dependent signal enhancement confirms that the extent 
of HRP/Au/MoS2 release is directly governed by the level 
of Cas13a activation, thereby enabling accurate quanti-
fication of the target miRNA. The LOD was calculated 
using the 3σ/s method, where σ represents the standard 
deviation of 10 independent blank measurements (n = 
10) and s represents the slope of the calibration curve. 
The resulting LOD was 0.82 fM. This result demonstrated 
high analytical sensitivity comparable to or exceeding 
that of existing CRISPR-based colorimetric assays. This 
low LOD reflects the synergistic catalytic amplification 
provided by the HRP/Au/MoS2 and the efficient cleav-
age-triggered release mechanism inherent to the MNB–
ssRNA–HRP/Au/MoS2 platform.

To evaluate the reproducibility of the complete analyti-
cal procedure, intra-assay and inter-assay precision were 
examined at two representative miR-155 concentrations 
(100 fM and 10  pM). The intra-assay CVs were 13.51% 
and 17.31% at 100 fM and 10 pM, respectively, while the 
corresponding inter-assay CVs were 21.74% and 24.50%. 
These results indicate acceptable within-assay precision, 
although greater variability was observed between inde-
pendently prepared assay batches. The detailed results 
are summarized in Table S3. Based on these analytical 
validation results, the overall performance of the pro-
posed platform was further compared with previously 
reported CRISPR-based colorimetric miRNA detection 
methods. Compared with previously reported CRISPR/
Cas13a-based colorimetric biosensors, the proposed bio-
sensor provides a broad target RNA detection range and 
a low LOD without requiring nucleic acid amplification, 
owing to the enhanced signal generated by the synergistic 
catalytic activity of HRP/Au/MoS2 (Table 1).

The specificity of CRISPR-mediated cleavage was next 
examined using a single-base-mismatched miR sequence 
(Fig.  4F). While the target miR-155 successfully acti-
vated Cas13a and generated a strong absorbance signal 
via ssRNA cleavage, the one-mismatched miR failed to 
induce detectable cleavage or signal enhancement, yield-
ing responses comparable to the inactive control. These 
results confirm that Cas13a activation in this system is 
strictly target-dependent and can discriminate against 
single-nucleotide variations, a crucial requirement for 
reliable miR detection. This high specificity arises from 
the RNA-guided recognition mechanism of Cas13a and 
ensures that nonspecific binding or off-target cleavage 
does not compromise analytical performance.
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The storage stability of the assembled MNB–ssRNA–
HRP/Au/MoS2 complex was further evaluated at 4  °C 
for up to 13  days (Fig. S6). During storage, only back-
ground-level signals were observed in the supernatant 
after magnetic separation, indicating negligible spon-
taneous release of HRP/Au/MoS2 from the magnetic 
complex. Importantly, the complex retained a strong 
target-responsive signal after 13  days when challenged 
with 100 pM miR-155 in the CRISPR/Cas13a assay. These 
results demonstrate that the assembled sensing complex 
maintains its structural and functional stability for at 
least 13 days under refrigerated storage conditions.

To further investigate the versatility of the sensing 
architecture, a proof-of-concept DNA detection assay 
was additionally constructed using CRISPR/Cas12a (Fig. 
S7). In this system, the ssRNA linker used in the Cas13a-
based system was replaced with an ssDNA linker, and a 
BRCA1-derived DNA sequence was employed as the 
model target together with the corresponding Cas12a 
crRNA (Table S4). At a target concentration of 100 nM, 
the target DNA induced a markedly increased colorimet-
ric signal, whereas the PBS control and non-target miR-
155 produced only background-level responses. These 
results demonstrate that the proposed sensing architec-
ture is not restricted to Cas13a-mediated RNA detec-
tion and can be adapted to DNA targets by changing the 
CRISPR effector, guide RNA, and cleavable linker while 
retaining the HRP/Au/MoS2-based colorimetric signal-
generation strategy.

3.4  Exo-miR-155 detection in cell-derived samples using 
the MNB–ssRNA–HRP/Au/MoS2 complex with CRISPR/
Cas13a system
To evaluate the applicability of the proposed colorimetric 
biosensor in a biologically relevant context, Exo-miR-155 
was extracted from three representative cell lines and 
analyzed using the MNB–ssRNA–HRP/Au/MoS2 com-
plex-based sensing platform: MCF-10A (non-tumori-
genic epithelial cell line), PC-3 (prostate cancer cell line), 
and MCF-7 (BC cell line). This workflow demonstrates 
the complete detection process, from exosome isolation 
to CRISPR-mediated activation and signal generation 
(Fig. 5A).

Representative optical microscopy images of the three 
cell lines confirm healthy and distinct cellular mor-
phologies (Fig. 5B–D). Exosomes isolated from each cell 
line were subsequently characterized by Fluorescence 
Nanoparticle Tracking Analysis (FL-NTA) to verify their 
size distribution (Fig.  5E–G). All samples exhibited a 
dominant peak within the 50–250  nm range, consis-
tent with the expected dimensions of exosomal vesicles, 
thereby confirming successful extraction of intact exo-
somes from each suitable cell line for downstream Exo-
miR analysis [35, 36]. TEM imaging further validated 
the morphology of the isolated vesicles, revealing well-
defined spherical structures with characteristic lipid 
bilayer membranes (Fig. 5H). The preservation of vesicle 
integrity throughout the isolation process was essen-
tial for ensuring accurate quantification of endogenous 
Exo-miRs.

To determine whether the sensing platform could dis-
tinguish Exo-miR-155 levels in exosomes derived from 
different cell lines, colorimetric responses were measured 
after CRISPR/Cas13a activation by Exo-miR extracts. 

Table 1  Comparative analysis of previously reported amplification-free, CRISPR-based colorimetric methods for miRNA detection
Biosensor Method Target Time 

(min)
Detection 
range

LOD Refs.

Hemin entropy-driven amplification (EDA) with CRISPR–Cas13a Colorimetric miR-21 95 50 pM–1 nM 5.12 pM [24]

Hemin aptamer's peroxidase activity with CRISPR–Cas12a Colorimetric miR-210-3p 100 1 pM–50 nM 0.95 pM [25]

MB–ssDNA–Pt@Au probes with CRISPR–Cas12a Colorimetric miR-21 95 1 pM–500 pM 0.5 pM [26]

CRISPR/Cas13a and MnO2 nanosheets-mediated recognition and sig-
nal amplification

Colorimetric miR-21 10 1–50 pM 0.33 pM [27]

MB30–RNA1–MM1000 with CRISPR/Cas13a system Colorimetric miR-21 60 1 pM–50 nM 0.22 pM [28]

NiCo2O4 nanoenzyme by Mn doping with CRISPR/Cas13a Colorimetric miR-21 90 500 fM–10 nM 0.21 pM [29]

CRISPR/Cas12a system and exonuclease-assisted target recycling 
signal amplification

Colorimetric miR-141 165 200 fM–10 nM 62 fM [30]

MB–ssDNA–GOx with CRISPR–Cas12a Colorimetric miR-205 130 50 fM–50 pM 36.4 fM [31]

HRP-mimicking G-quadruplex/hemin complexes with CRISPR–Cas13a Colorimetric miR-21 85 50 fM–1 nM 27 fM [32]

CRISPR–Cas13a system with an exonuclease-iii (Exo-iii)-assisted chain 
cleavage of silver ions (Ag+)-aptamer and an Ag+-based color reaction

Colorimetric miR-155 75 5 fM–100 pM 5.12 fM [33]

CRISPR/Cas12a with alkaline phosphatase (ALP)-mediated signal 
enhancement

Colorimetric miR-106b-5p 190 100 fM–10 pM 7.16 fM [34]

miR-9 3.34 fM

MNB–ssRNA–HRP/Au/MoS2 complex with CRISPR/Cas13a Colorimetric miR-155 90 1 fM–1 nM 0.82 fM This 
study
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The blue coloration intensified markedly with exosome 
source (Fig.  5I), with MCF-7 exosomes eliciting the 
strongest visual response. Quantitative measurements 
confirmed this trend, yielding normalized signal values of 
1.905 for MCF-7, 1.117 for PC-3, and 1.079 for MCF-10A 
(Fig.  5J). These differences align with known expression 
profiles: Exo-miR-155 is highly upregulated in BC cells, 
whereas Exo-miR-155 abundance is much lower in pros-
tate cancer and non-tumorigenic epithelial cells. There-
fore, the elevated signal from MCF-7 exosomes reflects 
enhanced Cas13a activation driven by the higher asso-
ciated Exo-miR-155 content, resulting in more exten-
sive ssRNA cleavage and increased release of HRP/Au/
MoS2 into solution. In contrast, the minimal responses 
observed in PC-3 and MCF-10A exosomes highlight the 

selectivity of the platform for physiologically relevant 
variations in miR-155 expression.

Importantly, these distinctions were detected without 
any nucleic acid amplification, underscoring the inher-
ent sensitivity of the HRP/Au/MoS2-amplified colori-
metric readout. Collectively, these results demonstrate 
that the MNB–ssRNA–HRP/Au/MoS2 system, coupled 
with CRISPR/Cas13a, can reliably quantify Exo-miR-155 
directly from cell-derived exosomes. Moreover, before 
applying the sensing platform to clinical samples, the 
potential contribution of matrix-derived peroxidase-like 
activity to the TMB/H2O2 readout was evaluated using 
plasma and cell culture medium (Fig. S8). Direct reaction 
of plasma with TMB/H2O2 produced a substantial back-
ground signal, indicating the presence of endogenous 
components with peroxidase-like activity. However, this 

Fig. 5  Detection of Exo-miR-155 from cell-derived samples using the CRISPR/Cas13a-enabled MNB–ssRNA–HRP/Au/MoS2 sensing platform. A Schematic 
illustration of the workflow for exosome isolation from MCF-10A, PC-3, and MCF-7 cells and subsequent detection of Exo-miR-155 via Cas13a-mediated 
ssRNA cleavage and colorimetric signal generation. Optical microscopy images of B MCF-10A, C PC-3, and D MCF-7 cells used for exosome collection. 
FL-NTA size-distribution profiles of exosomes isolated from E MCF-10A, F PC-3, and G MCF-7 cells, with characteristic vesicle sizes (50–250 nm) (n = 3). H 
TEM image of isolated exosomes confirming intact spherical vesicle morphology. I Visual colorimetric responses of the sensing platform for Exo-miR-155 
analysis in exosomes from the three cell lines. J Quantified normalized signals (If/I0) revealing higher Exo-miR-155 levels in MCF-7-derived exosomes 
compared with those from PC-3 and MCF-10A, consistent with elevated miR-155 expression in breast cancer cells. Data are presented as the mean ± 
standard deviation (SD) from 3 independent experiments. Statistical significance was determined using one-way ANOVA followed by Tukey’s multiple-
comparison test (*P < 0.05)
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signal was markedly reduced after exosome isolation, 
and negligible responses were observed from both iso-
lated exosomes and lysed exosome fractions. In contrast, 
when the lysed exosome samples were analyzed using 
the complete CRISPR/Cas13a-based sensing platform, 
a significant colorimetric signal was generated. In cell 
culture medium, negligible intrinsic TMB oxidation was 
observed before and after exosome isolation and lysis, 
whereas a strong colorimetric response was obtained 
after analysis with the complete sensing platform. These 
results indicate that matrix-derived peroxidase-like activ-
ity is effectively minimized during exosome isolation and 
does not substantially contribute to the final analytical 
signal, which predominantly originates from CRISPR/
Cas13a-triggered release of the HRP/Au/MoS2 catalyst. 
This application-level validation confirms the strong 
potential of the platform for Exo-miR profiling and sup-
ports the associated broader utility in cancer diagnostics 
and other biomedical analyses.

3.5  Performance of the MNB–ssRNA–HRP/Au/MoS2 
complex with the CRISPR/Cas13a system in clinical samples
To evaluate the clinical applicability of the MNB–
ssRNA–HRP/Au/MoS2 platform combined with the 
CRISPR/Cas13a system, we applied the assay to detect 
Exo-miR-155 in human plasma samples from B.C. 
patients (n = 6) and H.D. (n = 6) obtained from the Bio-
bank of Jeonbuk National University Hospital (Fig.  6A). 
The B.C. cohort included patients with TNM stages 
ranging from T1bN0 to T2N2a, and all six patients 
were HER2-negative, as summarized in Table S5. This 
study was approved by the Institutional Review Board 
of Jeonbuk National University Hospital (IRB number: 
CUH2024-10-039-003) and was conducted in accordance 
with the Declaration of Helsinki. The Biobank of Jeonbuk 
National University Hospital obtained written informed 
consent from all participants.

The colorimetric responses (If/I0) obtained from the 
clinical samples are presented in Fig. 6B. Notably, plasma 
samples from B.C. patients consistently exhibited higher 
signal intensities than those from H.D., reflecting elevated 
Exo-miR-155 levels associated with tumor progression. 
The difference between the two groups was clearly distin-
guishable across all samples, with no observable overlap 
in signal, indicating strong intrinsic diagnostic separabil-
ity of the platform. Although the colorimetric response 
can be visually observed, quantitative discrimination 
between the B.C. and H.D. groups in this study was based 
on absorbance measurements using a microplate reader. 
To quantitatively assess statistical significance, scatter 
dot plot analysis was performed (Fig.  6C). The results 
revealed a highly significant difference between the B.C. 
and H.D. groups (***P < 0.001, Student’s t-test), confirm-
ing that the MNB–ssRNA–HRP/Au/MoS2 platform with 

the CRISPR/Cas13a-based colorimetric system can reli-
ably differentiate disease states in clinical samples.

To further validate analytical accuracy, expression pro-
files obtained from the colorimetric assay were compared 
with those measured by RT-qPCR. As shown in the heat-
map, the Exo-miR-155 expression patterns across indi-
vidual samples were highly consistent between the two 
methods (Fig. 6D). To quantitatively assess the agreement 
between the two methods, Pearson correlation analysis 
was performed using the 12 individual clinical samples. 
A strong positive correlation was observed between the 
colorimetric signals and RT-qPCR measurements (Pear-
son’s r = 0.961, p < 0.001, n = 12) (Fig. S9). These results 
demonstrate that the proposed platform provides Exo-
miR-155 measurements that are highly consistent with 
those obtained using conventional RT-qPCR. Finally, 
receiver operating characteristic (ROC) curve analysis 
was performed to evaluate the diagnostic performance of 
the platform (Fig. 6E). The system achieved an area under 
the curve (AUC) of 1.00 in the tested cohort, demonstrat-
ing promising diagnostic discrimination between the 
B.C. and H.D. groups. However, given the limited cohort 
size (n = 6 per group), this result should be considered a 
pilot-scale clinical validation, and further studies involv-
ing larger and more diverse patient cohorts are required 
to establish the diagnostic performance of the proposed 
platform.

Despite the promising analytical and preliminary clini-
cal performance, the current platform remains a labora-
tory-scale assay involving several manual steps, including 
exosome isolation, incubation, and magnetic separation. 
Furthermore, although the colorimetric response enables 
qualitative visual observation, quantitative analysis in the 
present study requires absorbance measurement using 
a microplate reader. Further integration and simplifica-
tion of sample preparation, reaction, separation, and 
quantitative readout will therefore be required for future 
translation of the proposed platform into a practical 
point-of-care format.

Overall, these results demonstrate the feasibility 
of applying the MNB–ssRNA–HRP/Au/MoS2 plat-
form combined with CRISPR/Cas13a to Exo-miR-155 
detection in clinical samples. The observed differences 
between the B.C. and H.D. groups in this pilot cohort 
support further investigation of the platform in larger 
clinical studies.

4  Conclusion
This study developed an amplification-free colorimetric 
biosensing platform for Exo-miR-155 detection by inte-
grating CRISPR/Cas13a with a highly active HRP/Au/
MoS2 nanobiohybrid catalyst. The engineered HRP/Au/
MoS2 exhibits markedly enhanced chromogenic per-
formance by combining the catalytic turnover of HRP, 
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the electron-transfer efficiency of AuNPs, and the high-
surface-area scaffold with peroxidase-like activity of 
MoS2. By coupling this HRP/Au/MoS2 with an ssRNA-
tethered MNB architecture, CRISPR/Cas13a-mediated 
collateral cleavage was effectively translated into HRP/
Au/MoS2 release and robust colorimetric signal genera-
tion. The proposed system achieved high attomole-level 
sensitivity, a wide dynamic range, and single-nucleotide 
specificity without requiring nucleic acid amplification 
or complex instrumentation. Importantly, the platform 
successfully distinguished Exo-miR-155 levels in exo-
somes derived from different cell lines, demonstrating 

the applicability of this system to biologically relevant 
samples and an ability to reflect established cancer-asso-
ciated expression patterns. These findings highlight that 
enhancing the intrinsic signal strength of colorimetric 
systems through rational HRP/Au/MoS2 engineering 
can effectively overcome the sensitivity limitations that 
have traditionally restricted amplification-free assays. 
Overall, this CRISPR-enabled, HRP/Au/MoS2-based col-
orimetric strategy offers a simple, sensitive, and instru-
ment-free approach for Exo-miR analysis. Owing to the 
modular design of the platform, this system can be read-
ily adapted to other RNA targets by reprogramming the 

Fig. 6  Detection of Exo-miR-155 in clinical samples (breast cancer: n = 6; healthy donors: n = 6) using the MNB–ssRNA–HRP/Au/MoS2 CRISPR/Cas13a 
system. A Schematic illustration of the workflow for Exo-miR-155 detection from clinical plasma samples, comparing the colorimetric method (CRISPR/
Cas13a-enabled MNB–ssRNA–HRP/Au/MoS2 sensing platform) with the conventional RT-qPCR approach. B Colorimetric responses from plasma-derived 
Exo-miR-155 obtained using the MNB–ssRNA–HRP/Au/MoS2 CRISPR/Cas13a system. C Scatter dot plots of the statistical analysis of colorimetric signals 
measured using the MNB–ssRNA–HRP/Au/MoS2 CRISPR/Cas13a system. D Heatmap representation of Exo-miR-155 levels in plasma samples. Relative 
expression levels determined by RT-qPCR (blue) are compared with colorimetric signals (If/I0) obtained by the MNB–ssRNA–HRP/Au/MoS2 CRISPR/Cas13a 
system (red). E Receiver operating characteristic (ROC) curve analysis evaluating the diagnostic performance of Exo-miR-155 detection with the MNB–
ssRNA–HRP/Au/MoS2 CRISPR/Cas13a system. Data are presented as the mean ± standard deviation (SD) from 3 independent experiments. Statistical 
significance was determined using Student's t-test (***P < 0.001)
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crRNA sequence, highlighting the strong potential of the 
platform for point-of-care early cancer diagnostics and 
broader nucleic acid sensing applications.
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