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A B S T R A C T

Multiplex analysis of exosomal microRNAs (miRNAs) plays an important role in noninvasive early disease 
diagnosis. However, the complexity of the testing process has hindered its clinical application. Here, we proposed 
an integrated chip for the detection of eight exosomal miRNAs in serum which can achieve “sample in, result out” 
detection. We developed an immunomagnetic isolation system based on CD63 aptamers (IISA) for separation of 
serum exosomes. The system was combined with immiscible filtration assisted by surface tension (IFAST) to 
remove impurities. Bubble mixing was applied to ensure adequate binding or cleavage of exosomes to magnetic 
beads. CRISPR detection technology was utilized to allow for effective detection of seven hepatocellular carci
noma (HCC)-related miRNA targets. Based on the test of clinical samples, the chip can achieve 78 % exosome 
capture efficiency and 55 % recovery, and simultaneously detect eight targets within 1 h. This chip could be 
applied as a robust and cost-effective tool for cancer diagnosis and monitoring of cancer stages.

1. Introduction

Exosomes are nano-sized, lipid-bilayered vesicles secreted by cells 
with diameters typically ranging from 30 to 150 nm (Yu et al., 2021a). 
Exosomes originate in cells and are discharged into bodily fluids 
following membrane fusion; they are ubiquitously present in various 
fluids such as blood, urine, and saliva (Jablonska et al., 2019). Recent 
research has highlighted the pivotal role of exosomes and their cargos in 
diagnosing and treating cancer and other related diseases (Keerthikumar 
et al., 2016). The levels of specific exosome types, the expression of 
microproteins, and the profile of miRNAs have been reported to corre
late with the progression of multiple cancers, including liver, breast, and 
prostate malignancies (Kalluri and LeBleu, 2020). In recent years, exo
somes have been used as important biomarkers in non-invasive liquid 
biopsy for early detection of hepatocellular carcinoma (HCC) (Sasaki 
et al., 2019). The number of exosomes varies with tumor progression, 
and their molecular content also plays a key role in tumor evolution. 
This aids in the understanding of mechanisms of HCC and the 

identification of targets for therapeutic interventions. Unlike free 
nucleic acid molecules, the lipid bilayer of exosomes functions to protect 
the internal contents, keeping proteins and nucleic acids to remain 
active and undegraded (Weber et al., 2010).

Nucleic acids in exosomes, particularly RNAs, are crucial for cellular 
communication and detection (O’Brien et al., 2020). Among various 
types of RNAs, miRNAs (<200 bp) are non-coding RNAs that regulate 
gene expression by binding to the 3′ untranslated regions (UTRs) of the 
target mRNAs and controlling various metabolic and disease processes. 
For example, miR-21 and miR-192 regulate the developmental process 
of HCC by acting on target genes (Lee and Brianna, 2024; Liu et al., 
2020). The upregulation of miR-26 and downregulation of miR-223 
promote angiogenesis and thus HCC (Fu et al., 2023; Yang et al., 
2014). And miR-27, miR-122, and miR-155 are involved in cancer 
development by regulating cell proliferation and tissue migration. These 
miRNAs have different expression levels as the cancer progresses 
(Bhattacharya et al., 2016; Öksüz et al., 2023; Wang et al., 2016; Xu 
et al. 2011, 2018; Zhang et al., 2019a) and thus can be used as molecular 
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markers to obtain more information about HCC. Intensive mechanistic 
studies have highlighted the strong correlation between miRNAs and 
HCC, emphasizing their potential in diagnosis, treatment, and prognosis.

Efficient exosome isolation is vital for research and clinical use. 
Current methods - including ultracentrifugation, immunoprecipitation, 
polymer precipitation, and size exclusion chromatography - typically 
exhibit low yield, poor purity, and complex workflows (Baranyai et al., 
2015; Sidhom et al., 2020). Recently, selective adsorption of magnetic 
beads has been proposed to separate exosomes (Fang et al., 2021). 
Immunomagnetic separation using antibody-coated magnetic beads 
provides high-purity exosomes and non-destructive release, but the 
antibodies are costly and the modification process is laborious (Guo 
et al., 2023). Aptamer-modified magnetic beads have been developed to 
overcome these limitations, offering an efficient, cost-effective, and 
user-friendly exosome capture approach. For example, Zhang et al., 
(2019b) designed a DNA aptamer-based system that captures and re
leases exosomes within 90 min, with a separation efficiency of 78 %; 
nonetheless, the system is time-consuming. Additionally, these methods 
face challenges in portability and integration with other miRNA assays.

Exosomal miRNAs carry valuable pathological information and serve 
as crucial markers in cancer diagnosis. However, the miRNA expression 
levels are influenced by multiple factors and largely varied, it is not 
possible for diagnostic detection to rely on targeting a single type of 
miRNA. By combining multiple miRNA targets, diagnostic accuracy can 
be enhanced, which is vital for precision medicine (Gao et al., 2020). 
The detection of miRNAs has made great progress in recent years. 
Among all techniques with integrated nucleic acid amplification, the 
most prominent techniques include quantitative reverse 
transcription-polymerase chain reaction (qRT-PCR) (Pritchard et al., 
2012), rolled-loop amplification coupled with CRISPR and 
CRISPR-associated enzymes (RCA-CRISPR/Cas) (Wang et al., 2020), and 
exponential amplification in conjunction with CRISPR/Cas systems 
(EXPAR-CRISPR/Cas) (Yang et al., 2022). However, these methods 
require strict temperature control and specialized equipment, limiting 
their integration into diagnostic platforms. Their complex workflows 
also risk contamination and reagent loss during uncapping/transfer 
steps, potentially affecting assay accuracy (Zhao et al., 2020). Among all 
the CRISPR/Cas systems, Cas13a stands out as the sole RNA-targeting 
enzyme (Wu et al., 2021). It has been widely applied across diverse 
detection domains, encompassing nucleic acids (Yuan et al., 2020; Zhou 
et al., 2020) and viruses (Qin et al., 2019). Shan et al., (2019) proposed 
an amplification-free CRISPR/Cas13a method for miRNA detection that 
achieves reliable and sensitive detection within 30 min with a LOD of 
4.5 aM. This method can be easily implemented and holds great po
tential for the early diagnosis of miRNA-related diseases. However, it 
has not been applied to the detection of multiple targets.

The advent of microfluidic chip technology heralds a new era for the 
integration and portability of experimental processes (Kaarj et al., 2018; 
Ulep et al., 2020). This technology has broad applications in exosome 
separation and detection. Woo et al., (2017) employed a dual-layer 
filtration system to enrich 20–600 nm vesicles from blood, achieving 
>95 % efficiency. However, the chip suffered from clogging, limited 
sample capacity, and short lifespan. Yu et al., (2021b) introduced an 
integrated Exosome Separation and Detection (ExoSD) chip by 
leveraging magnetic bead immunocapture for effective exosome isola
tion from flowing samples. To streamline on-chip washing and purifi
cation, researchers devised the IFAST technique (Berry et al., 2011a) by 
utilizing a stabilized two-phase interface in microchannels to filter sur
face contaminants from magnetic beads to replace conventional washing 
steps. This technology has since been widely utilized in sorting and 
purifying small molecules, including bacterial (Ngamsom et al., 2017), 
cellular (Berry et al., 2011b), and viral RNA molecules (Berry et al., 
2014). In our previous exosome isolation chip, IFAST technology has 
been used to filter impurities for purification of exosomes (Guo et al., 
2024).

In this study, we developed an integrated chip combining magnetic 

separation and CRISPR technology for the enrichment and high-purity 
retrieval of exosomes from human serum and detections of multiple 
miRNAs (Fig. 1). To maximize on-chip exosome recovery, we proposed 
an immunomagnetic isolation system based on CD63 aptamers, which 
integrates IFAST and gas-phase mixing, and achieved a 78 % capture 
efficiency and a 55 % exosome recovery. The CRISPR/Cas13a system 
was used for direct detection of seven HCC-associated miRNA targets. By 
designing eight chambers for spatial multiplexing, rapid simultaneous 
detection of eight miRNAs can be achieved. The chip was also applied to 
detect clinical samples. The whole process could be completed on the 
chip within 1 h, allowing for the rapid sample-to-result detection and 
diagnosis of HCC patients based on eight miRNAs.

2. Materials and methods

Please see supporting information for the details.

3. Results and discussion

3.1. Working principle of the chip

The integrated chip combines IISA and CRISPR technologies for the 
rapid separation and detection of exosomes in serum samples from 
cancer patients. Exosomes are captured by IISA, and impurities are 
removed by the IFAST technology. The use of mixing assisted by gas 
phase (MAGP) enhances the binding and improves the separation and 
lysis efficiency. Liquid transfer through negative pressure (LTNP) facil
itates the transfer of the lysate to the detection chambers for CRISPR 
reactions. This system allows for gentle, rapid isolation and purification 
of exosomes, and highly sensitive, on-chip detection of eight miRNAs.

Fig. 1 depicts the schematic illustration of the on-chip isolation and 
detection of exosomes. Samples, silicone oil, buffer solutions, and 
lyophilized reagents are preloaded into the corresponding chambers. 
The generation of bubbles accelerates the motion of fluid in the vicinity, 
enhancing the binding between the aptamers on the bead surface and 
exosomes. The magnetic force, generated by a permanent magnet, is 
applied to the beads to overcome the surface tension and fluid resis
tance, enabling them to traverse the IFAST region. The surface tension at 
the two-phase boundary prevents hydrophilic (or hydrophobic) impu
rities from crossing the immiscible interface, thus eliminating nonspe
cific contaminants with poor adhesion to the surfaces of the magnetic 
beads. And buffer W can also be used for washing to remove impurities. 
Upon reaching the recovery chamber, exosomes are lysed sufficiently 
with the aid of bubble mixing to release miRNA (For exosome analysis 
without lysis, complementary sequences of CD63 aptamer are used to 
detach Strep-tag II to release exosomes from magnetic beads). Subse
quently, using a negative pressure air pump, the buffer solution con
taining microRNAs is transferred from the recovery chamber to the 
detection chambers, where CRISPR/Cas13a-based detection of eight 
miRNAs takes place at 37 ◦C using a heating plate. Eight lyophilized 
crRNA-Cas13a reagents are pre-embedded in separate detection cham
bers. Only the specific target can bind to the crRNA and activate Cas13a, 
leading to reporter cleavage and fluorescence production. This approach 
ensures miRNA-specific reactions and enables the simultaneous detec
tion of eight miRNAs.

The chip is designed in a disk shape to facilitate the repeated transfer 
of magnetic beads, improving exosome recovery and space utilization. A 
key feature of the chip is the fan-shaped design of detection chambers, 
which ensures even distribution of the sample to each chamber, 
improving the reproducibility and accuracy. Separate detection cham
bers effectively isolate different reactions, reducing the risk of cross- 
contamination. Another one lies in mixing structure, where parallel 
nozzle arrays are arranged at the bottom of the capture/recovery 
chambers for high-throughput bubble generation. Air injected into the 
chamber gradually expands due to gas-liquid interfacial tension. The 
sudden change in structural dimensions at the channel-chamber 
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interface causes an imbalance in gas pressure inside and outside the 
nozzle. This leads to the gas breaking up and forming monodisperse 
bubbles due to the Plateau− Rayleigh instability mechanism. The 
generated bubbles start to increase and rise from the bottom due to 
buoyancy, perturbing the surrounding fluid and generating micro
vortices, which enhances the effectiveness of the mixing between the 
beads and exosomes.

3.2. IISA-based exosome isolation and purification

The phospholipid membrane of exosomes is decorated with 
numerous biomolecules (proteins, lipids, etc.), and this provides an 
excellent opportunity for highly selective isolation of exosomes (Zhao 
et al., 2024). We modified the CD63 aptamers onto Strep-Tactin mag
netic beads using Strep-tag II short peptides. Strep-Tactin Magnetic 
Beads have a strong affinity for Strep-tag II, a short peptide tag 

consisting of only 8 amino acids. The Strep-tag II binds to the 3′ end of 
the CD63 aptamer through a dehydration condensation reaction, 
generating the intermediate product Strep-tag II-CD63 aptamer. Subse
quently, the -COOH group in the glutamate (Glu) residue of Strep-tag II 
attaches to the Strep-Tactin protein on the surface of the magnetic beads, 
resulting in the stable binding of the CD63 aptamer to the bead surface. 
The affinity between the CD63 aptamer and exosomes is 17.1 nmol/L 
(Zhang et al., 2022), this modification allows the aptamers on the beads 
to selectively capture exosomes expressing CD63 on their surface while 
minimizing nonspecific binding of other sample components. CD63 
aptamer-based exosome isolation methods have been validated for 
specificity and are widely used in recent studies (Cao et al., 2025; Qian 
et al., 2023; Yu et al., 2024). These established a performance bench
mark for evaluating our methodology.

To demonstrate the changes in the magnetic beads before and after 
Strep-tag II and CD63 aptamers modification, we characterized the 

Fig. 1. Schematic diagram of the chip for exosome isolation and detection from serum. (A) (1) Exosomes from HCC patient samples are bound to CD63 aptamer- 
modified magnetic beads in the capture zone with the aid of bubble mixing; (2) Magnetic beads carrying exosomes are filtered through immiscible phase interfaces; 
(3) Exosomes are lysed in the recovery chamber with the aid of air bubbles mixing; (4) miRNAs from lysed exosomes are drawn into the eight detection chambers for 
CRISPR reactions under negative pressure. (5) Cas13a/crRNA recognizes the target miRNAs and cleaves the reporters, which exhibits fluorescence. (B) Schematic 
illustration of the chip configuration. (C) Photograph of the chip. (D) Image of clinical samples tested on the chip.
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beads using transmission electron microscopy (TEM). As shown in 
Fig. 2A, unmodified magnetic beads had a regular spherical shape with 
uneven bumps and pits, possibly due to streptavidin impurities or 
nonspecific adsorption. In contrast, the modified bead had a smoother 
surface. The TEM characterization of magnetic beads, post-exosome 
capture by IISA, revealed vesicle-like protrusions on their surfaces, as 
shown in Fig. 2B. These features matched exosome size and shape 
(Characterization of standard exosomes is shown in Fig. 2C), contrast 
with pre-capture TEM images. Following multiple elutions with CD63 
aptamer complementary sequence solution, TEM was employed to 
inspect the morphology of the released exosomes. According to Fig. 2D, 
the exosomes had an elliptical shape with a diameter of about 100 nm, 
which matches the standard exosome samples. This demonstrates the 
validity of the elution method. The effectiveness of the method can also 
be demonstrated through the characterization of magnetic beads after 
capture and elution (Fig. S3). Western blot analysis was employed to 
target the proteins CD63 and TSG101 after elution, with standard exo
somes served as the positive control (PC). Intense bands (Fig. 2E) indi
cated high expression levels of these proteins, suggesting the 
substantiating presence and enrichment of exosomes after elution. To 
assess their biological functions, cellular uptake assays were performed 
on exosomes and images (Fig. S4) confirms that exosomes retained 
structural integrity and biological activity after purification and elution. 
To assess the exosome capture and recovery efficiency of IISA, we used 
Nanoparticle Tracking Analysis (NTA) to measure the size and concen
tration of exosomes after capture and elution. Fig. 2F shows the size and 
concentration distribution of exosomes after capture and elution, with 
standard exosomes as a control, indicating a capture efficiency of about 
55 % and a recovery rate of 43 %.

To maximize the exosome isolation efficiency, parameters including 
aptamer concentration, magnetic bead amount, aptamer modification 
time, and exosome capture time were optimized using the control 
variate method. The time for IISA preparation (F1) and exosome capture 
(F2) was set at 1 h firstly and the concentrations of the magnetic beads 
used were all 1 × . Fig. 2G demonstrates the exosome capture efficiency 
of IISA prepared with CD63 aptamer concentration at 0.1–100 nM. The 
capture efficiency increased with the increase of aptamer concentration 
and reached peak value at 10 nM aptamers with an efficiency of ~75 %. 
Excessively high CD63 aptamer concentrations were found to result in a 
lower capture efficiency, possibly due to the overly dense modifications 
which can affect the specific binding of exosomes. The amount of 
magnetic beads (1 × ) in the capture system was varied from 100 μL to 
300 μL with five gradients, and the magnetic beads of each group were 
resuspended to 198 μL with PBS after magnetic separation. Fig. 2H 
shows that the capture efficiency reached peak value of about 77 % 
when the amount of magnetic beads was 200 μL and decreased signifi
cantly with the further increase of the amount of magnetic beads. The 
capture performance is also affected by IISA preparation time affect. As 
shown in Fig. 2I, the capture efficiency reached peak of about 78 % 
when F1 was increased to 30 min, but decreased significantly when F1 
was further increased. Prolonged modification may cause excessive 
steric hindrance, impairing exosome-aptamer binding. As illustrated in 
Fig. 2J, the capture efficiency reached the maximum value at about 75 % 
with a 30-min incubation (F2), declining with longer durations due to 
CD63 aptamers performance degradation on the magnetic beads. To 
improve the elution efficiency, we optimized two key parameters in the 
exosome elution process, including elution time and eluent concentra
tion. The elution time was optimized initially, and Fig. 2K shows the 
exosome elution efficiency at different times from 10 to 50 min. The 
elution efficiency reached ~65 % at the elution time of 20 min, with no 
further significantly increase for longer elution times. Although the 
elution efficiency is slightly improved when the elution time reaches 50 
min, 30 min was chosen as the optimal elution time to balance efficiency 
and time cost. Next, we optimized the eluent concentration by 
measuring the elution efficiency of different CD63 aptamer comple
mentary sequence solutions from 0.1 nM to 1000 nM. We found that the 

elution efficiency peaked at ~73 % when the concentration was 10 nM 
(Fig. 2L), which highlights the importance of precise concentration 
regulation in order to maximize exosome production. Optimizing pa
rameters in the exosome capture and elution process yields an optimal 
capture efficiency of ~78 % and a recovery rate of ~57 %.

3.3. CRISPR/Cas13a-based microRNA detection

Cas13a enzymes, part of the Class II CRISPR/Cas system, can be 
assembled with crRNA to form crRNA-guided, RNA-activated HEPN- 
independent nucleases. The crRNA can be specifically recognized by 
the target RNA. This recognition activates Cas13a, leading to the non- 
specific cleavage of the FQ-5U reporter in the system, which separates 
the fluorescent and quenching groups and exhibits the fluorescent sig
nals. Seven miRNA targets associated with HCC were selected for 
research, including miR-21, miR-192, miR-26a-1, miR-27a, miR-155, 
miR-122, and miR-223. MiR-16 was used as an internal reference. And 
the roles of these miRNAs are summarized in Table S5. To demonstrate 
that the eight miRNAs do not interfere with each other during reactions, 
we conducted crossover experiments. Fig. 3A-H depict the fluorescence 
curves of eight miRNAs obtained by real-time fluorescence monitoring. 
The fluorescence was generated only when the crRNAs paired with their 
corresponding miRNAs, demonstrating the specificity of the detection.

To optimize the system parameters, the ratio of Cas13a to crRNA was 
optimized using miRNA-21 as an example. The fluorescence profiles 
shown in Fig. 3I indicated that the fluorescence signals increased value 
with increasing ratio. However, by calculating the initial reaction rate 
(V0), we found that it peaked at 3:1 ratio and remained stable (Fig. 3J). 
The reaction rate was also affected by the reporter concentration. Fig. 3K 
illustrates the fluorescence curves of the CRISPR reaction at different 
reporter concentrations. The fluorescence inconsistently increased with 
reporter concentration and reached its peak value at 600 nM. By 
calculating V0 for each group (Fig. 3L), we found that V0 reached its 
maximum value when the reporter concentration was 600 nM. This is 
consistent with the results shown in Fig. 3K, in which excessively high 
concentrations does not result in a significant increase in the initial re
action rate.

To calculate the limits of detection (LOD) for the eight miRNAs, we 
performed linear regression analysis of V0 at different concentrations. 
The LODs (summarized in Fig. 3M) of the eight miRNAs were at the fM 
level, which is demonstrative of the high speed and high sensitivity of 
the assay. Fig. S5 shows that the relationship between the concentra
tions of the eight miRNAs and their V0s was linear within the dynamic 
detection range.

3.4. Characterization of the chip and on-chip exosome isolation and 
detection

At the microscale, the surface tension exerted onto the liquid can 
exceed gravity, forming a stable water/oil interface. This is an important 
factor in determining the experimental results. During the whole exo
some isolation process on the chip, the water/oil interfaces need to be 
kept stable both at rest and during the dynamic gas-phase mixing pro
cess. To validate interface stability, we performed FLUENT simulations 
modeling water (Chamber 1) and oil (Chamber 2) as primary and sec
ondary phases, respectively. Dynamic bubble mixing simulations 
revealed the interface stabilized at rounded corners within 40 s with 
clear demarcation (Fig. 4A). To visualize the test results, red ink was 
added to chambers 1, 3, and 5; and 10 % silicone oil solution was added 
to chambers 2 and 4 to observe interface movement. Fig. 4B illustrates 
the two-phase interface remained stable both at rest and during dynamic 
bubble mixing, with minimal movement. This indicates that bubble 
movement had a negligible effect on interfacial stability.

The structure of the chip to aid in mixing is a double-layer gas 
channel, modeled in FLUENT to assess the mixing performance of the 
two layers individually or combined. The Volume Fraction Difference 
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(VFD) between two key planes was used as a quantitative metric, which 
includes PH1 at the initial partition interface and PH2 at the chamber’s 
bottom surface. Fig. 4C shows VFD on the two planes of the three con
figurations over 5 s, indicating that the mixing performance with the 
double-layer setup was superior to others. The superior mixing effect of 
the double-layer channel was also evident in the cloud diagrams of 
aqueous phase distribution from simulations at the end of bubble mixing 
(Fig. S6A). To visualize the results, we added magnetic beads to the 

chip’s chamber to observe and measure bubble mixing performance. The 
bead distribution before and after mixing (Fig. S6B) indicated effective 
bubble mixing at a gas injection rate of 0.02 m/s within 3 min, with 
optimal performance verified through flow rate calibration and addi
tional simulations (Fig. S7).

The detection zone consists of eight cylindrical chambers connected 
to the recovery chamber via columnar channels. By calculating the 
pressures on both sides of the interface, we found that the pressure 

Fig. 2. Characterization of the results of exosome isolation using IISA. (A) TEM images of magnetic beads before and after Strep-tag II and CD63 aptamers 
modification. (B) TEM image of exosome after being captured by IISA. (C) TEM image of standard exosomes. (D) TEM image of eluted exosomes. (E) Western blot 
analysis of eluted exosomes. The band intensities for CD63 and TSG101 in PC (Standard exosomes) were 62 and 54, respectively. The band intensities for CD63 and 
TSG101 in eluted exosomes were 40 and 38, respectively. (F) Comparison of the size-concentration distribution curves of exosomes: in the supernatant after on-chip 
capture, in the elution, and with those of standard exosomes. (G) Variations of exosome capture efficiency of IISA with different aptamer concentrations. (H) 
Variations of exosome capture efficiency of IISA with different magnetic bead amounts. (I) Variations of exosome capture efficiency of IISA with different aptamer 
modification times. (J) Variations of exosome capture efficiency of IISA with different capture times. (K) Variations of exosome elution efficiency with different 
elution times. (L) Variations of exosome elution efficiency at different elution concentrations.

Fig. 3. Analysis of Cas13a/crRNA for miRNA detection. (A–H) Results from cross-over experiment of eight miRNAs. All experiments were conducted in a 10 μL 
system. The concentration of the target was 100 pM and the concentration of interfering miRNAs was 1 nM. The fluorescence signals of each reaction were obtained 
from the qPCR instrument at 30-s intervals. (I) Real-time fluorescence curves at different Cas13a/crRNA ratios (crRNA concentration was 10 nM and Cas13a 
concentrations were varied from 0 to 40 nM). (J) Calculated V0 at different Cas13a/crRNA ratios. (K) Real-time fluorescence curves at different reporter concen
trations. (L) Calculated V0 at different reporter concentrations. (M) LOD of eight miRNAs. Each experiment was repeated three times.
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Fig. 4. Characterization of on-chip performance. (A) Simulation of the two-phase interface at different states. (C) Liquid volume fraction in two planes for single and 
double gas channel structures. (D) Simulation of liquid transfer through negative pressure. The three images show the distribution of the liquid at rest, at the 
beginning and at the end of the negative pressure drive. (E) Comparison of the size-concentration distribution curves of exosomes: in the supernatant after on-chip 
capture, in the elution, and with those of standard exosomes. (F) Fluorescent image of on-chip reactions (concentration of each of the eight miRNAs was 25 pM). The 
miRNAs detected in the eight chambers were (from left to right): miR-223, miR-155, miR-122, miR-192, miR-27, miR-16, miR-21, miR-26.
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difference caused by the interfacial tension between the two phases 
exceeded that caused by the difference in liquid surface heights. Under 
static conditions, the interfacial tension prevented the spontaneous 
transfer of the liquid from the recovery chamber to the detection 
chamber. Therefore, an external negative pressure was applied to 
facilitate the simultaneous transfer of liquid into the eight chambers. 
FLUENT simulations (Fig. 4D) demonstrated complete liquid transfer 
within 12 s. Experimental validation using red ink in chamber 5 (Fig. S8) 
confirmed optimal transfer occurred at 12–14 s of negative pressure 
application, meeting detection requirements. The tops of the detection 
chambers were sealed, and an external pumping negative gas flow rate 
was set at 0.01 m/s.

We investigated the effect of the number of transfers on magnetic 
bead transfer efficiency and found that three repeated transfers essen
tially achieved the maximum transfer efficiency (Table S4). This pro
tocol was used in subsequent experiments. Fig. 4E shows the size- 
concentration curves of exosomes measured by NTA after capture and 
elution, which matched the size criteria of standard exosomes. By sta
tistically analyzing particle counts, we found that the capture efficiency 
for exosomes was ~78 % and the recovery rate was approximately 55 %, 
which is slightly lower than that of the off-chip experiments, possibly 
due to the reduced collection efficiency of the magnetic beads on the 
chip and the loss of some exosomes during the transfer process. Some 
magnetic beads capturing exosomes may have been lost when passing 
through the immiscible phase interface. Additionally, a small number of 
magnetic beads bound to exosomes may have been left in the dead 
spaces of the chip structure, leading to a reduction in the recovered 
exosomes.

To validate the CRISPR reactions on the chip, standard exosomes 
were lysed after being transferred to a recovery chamber, and a mixture 
of eight miRNAs was added. Then, the liquid was transferred by negative 
pressure into the eight detection chambers for reaction. Fig. 4F shows 
the fluorescence of the 10-min reactions on the chip, demonstrating the 
validity of on-chip CRISPR responses. To analyze the effect of exosomal 
lysis buffer on CRISPR reactions, we measured the fluorescence intensity 
of reactions containing different percentages of lysis buffer using 
miRNA-21 as an example. The results in Fig. S9 showed that exosomal 
lysis buffer had an inhibitory effect on the CRISPR reaction, which was 
minimized at a 30 % lysis buffer proportion in the reaction system.

3.5. Application in clinical samples

Based on previously optimized system parameters for exosome 
isolation and miRNA detection (as summarized in Table S6), we 
designed and fabricated an automated device (Fig. S10). The clinical 
samples consisted of serum samples from patients (experimental 
groups), and serum samples of healthy individuals (controls). The 
expression levels of different miRNAs can reflect pathological informa
tion for cancer diagnosis, treatment, and prognosis. The expression 
levels of various miRNAs in HCC tissues and the circulatory system are 
different (Hou et al., 2021; Matsuura et al., 2019; Wang et al. 2014, 
2018, 2021).

To evaluate the expression levels of eight miRNAs in exosomes from 
the serum of HCC patients, we used the chip and qRT-PCR for analysis 
and comparison. The expression levels of eight miRNAs in samples from 
HCC patients were analyzed by qRT-PCR firstly, as depicted in Fig. 5A. 

Fig. 5. Testing of clinical samples. (A) qRT-PCR results of serum samples from HCC patients. (B) Fluorescent gray values of serum samples from HCC patients and 
healthy individuals detected on-chip by CRISPR/Cas13a. (**p < 0.01, ***p < 0.001, "ns" for non-significant differences). (C) Expression levels of eight miRNAs in 
serum exosomes of HCC patients relative to healthy individuals (controlaverage = 1). (D) ROC plot of qRT-PCR and this chip in the detection of clinical samples. (E) 
Examples of fluorograms of serum samples from HCC patients and healthy individuals after reacting for 5–10 min on the chip.
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Then, we demonstrated the varying expression levels of 20 samples by 
calculating the grayscale fluorescence values of on-chip CRISPR re
actions in the detection chambers (Fig. 5B). The expression levels of the 
eight miRNAs differed between HCC patients and healthy individuals. 
Notably, miRNA-26, miRNA-155, and the internal reference miRNA-16 
showed no significant difference in expression between the two groups. 
This may be attributed to several factors: (1) These miRNAs are known 
to have relatively low expression levels in both healthy and HCC tissues, 
which may make it more challenging to detect significant differences, 
especially with a limited sample size. (2) There is considerable indi
vidual variability in miRNA expression due to factors such as genetic 
background, lifestyle, and comorbidities. This variability may 
contribute to the lack of significant differences observed in our study. 
This highlights the importance of a combined multi-target detection, 
enabling more accurate assessment based on the overall results. 
Compared to the average expression levels of eight miRNAs in healthy 
population, we observed that the miRNA expression levels in serum 
exosomes of HCC patients were up-regulated to varying degrees 
(Fig. 5C). Comparing the specificity and sensitivity of qRT-PCR and this 
chip for the detection of clinical samples, Fig. 5D demonstrates the ROC 
plots of the two methods. Based on the calculations, the AUC value 
obtained from our chip was 0.871, indicating that the chip has signifi
cant potential for application in clinical samples detection. To demon
strate the on-chip reactions of clinical samples, the two groups of clinical 
samples were observed under a blue LED transilluminator (Fig. 5E). As 
can be seen, the fluorescence intensity of samples from HCC patients was 
notably higher than that of healthy population, and the intensity 
increased over time. These results demonstrate the feasibility of the chip 
in exosome isolation and miRNA detection and the quantification of 
exosomal miRNAs from serum samples. Exosomal miRNA detection 
better reflects HCC-specific molecular signatures while minimizing non- 
tumor background interference, significantly improving diagnostic 
accuracy.

4. Conclusion

Free miRNAs in circulation typically have short half-lives (minutes to 
hours) and are prone to degradation. In contrast, exosomal miRNAs 
better reflect HCC-related molecular signatures while reducing back
ground noises from non-tumor sources. Therefore, HCC diagnostic ac
curacy can be enhanced by immunomagnetic exosome isolation before 
miRNA analysis and combined with multi-miRNAs detection. This study 
successfully achieved "sample-in, result-out" detection of multiple exo
somal miRNAs within 1 h, marking the first study to realize the simul
taneous detection of eight exosomal miRNAs. The chip captures 
exosomes using CD63 aptamers-modified magnetic beads, achieving 
high-purity isolation and enrichment within 35 min through integrated 
IFAST technology and gas-phase mixing. The downstream miRNA 
detection module simultaneously quantifies eight miRNAs, with multi- 
miRNA profiling providing complementary diagnostic insights to sup
port accurate treatment decisions. The rapid and efficient detection of 
20 samples demonstrates this chip’s strong potential for clinical di
agnostics. Compared with previous studies (Chinnappan et al., 2023; 
Jang et al., 2019; Peng et al., 2025), our system is more advantageous in 
terms of detection time, number of multiplexed tests, ease of use, and 
cost (comparisons are shown in Table S7 and costs are shown in 
Table S8). While the chip shows potential for cancer liquid biopsies and 
in-depth studies, further improvements in exosome recovery and miRNA 
detection sensitivity are needed. Significant progress has been made in 
recent years in the separation and detection of exosomes using electro
chemical methods, which can realize the efficient separation and highly 
sensitive detection of exosomes (Ni et al., 2023; Yang et al., 2025). In the 
case of molecular detection of miRNAs and other molecules in exosomes, 
electrochemical-based technologies can achieve accurate detection and 
analysis with low background noise and high sensitivity (Li et al., 2016; 
Wang et al., 2022; Yang et al., 2023). In the future, we will focus on 

improving the sensitivity of exosomal miRNA detection to improve its 
clinical utility. Specifically, we aim to improve exosome separation ef
ficiency by optimizing the immiscible interface, adjusting the magnet 
positions, and enhancing the magnetic field to minimize the loss of 
magnetic beads and exosomes or combining multiple isolation methods 
and enhance detection sensitivity through the introduction of digital 
single-molecule detection, cascade signal amplification techniques, 
electrochemical techniques or other signal enhancement techniques.
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