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A B S T R A C T   

Metastasis attributed to approximately 90% of cancer-related deaths; hence, the detection of metastatic 
tumor–derived components in the blood assists in determining cancer recurrence and patient survival. Micro-
fluidic–based sensors facilitate analysis of small fluid volumes and represent an accurate, rapid, and user-friendly 
method of field diagnoses. In this study, we have developed a microfluidic chip-based exosomal mRNA sensor 
(exoNA-sensing chip) for the one-step detection of exosomal ERBB2 in the blood by integrating a microfluidic 
chip and 3D-nanostructured hydrogels. The exoNA-sensing chip is a vacuum-driven power-free microfluidic chip 
that can accurately control the flow of trace fluids (<100 μL). The sensing part of the exoNA-sensing chip in-
cludes 3D-nanostructured hydrogels capable of detecting ERBB2 and a reference gene by amplifying a fluorescent 
signal via an enzyme-free catalytic hairpin assembly reaction at room temperature. This hydrogel offers a 
detection limit of 58.3 fM with good selectivity for target sequences. The performance of the exoNA-sensing chip 
was evaluated by testing in vitro and in vivo samples and was proven to be effective for cancer diagnosis and 
liquid biopsies.   

1. Introduction 

More than 90% of cancer deaths are attributed to metastasis to other 
tissues rather than the proliferation of the primary tumor (Dillekas et al., 
2019; Seyfried and Huysentruyt, 2013). Thus, the presence of metastatic 
tumor cells in the blood is an important factor for the recurrence of 
cancer and patients’ survival rate. When cancer is suspected, a specimen 
is extracted from a suspicious lesion by an invasive method such as 

surgery or fine needle aspiration, followed by genetic analysis. These 
techniques offer limited information regarding tumor heterogeneity 
(intra-and inter-tumor heterogeneity) or metastatic potential due to 
localized sampling of tissues, which further limits the evaluation of 
cancer therapy. Liquid biopsy refers to the analysis of tumor-derived 
materials in the biofluids (e.g., blood) of patients with cancer, 
including circulating cancer biomarkers that can be easily obtained with 
a minimally invasive method, thereby providing comprehensive 
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information regarding tumor incidence and metastasis (Das and Kelley, 
2020; Fitts et al., 2019). Therefore, liquid biopsy is used to diagnose 
cancer at an early stage. In addition, it is advantageous to periodically 
monitor the efficacy of cancer treatment. Liquid biopsy based on mini-
mally invasive blood tests includes the analysis of circulating tumor cells 
(CTCs), circulating tumor DNA and RNA fragments (ctNAs), circulating 
miRNAs, and tumor-derived extracellular vesicles (exosomes) (Ali-
mirzaie et al., 2019; He and Zeng, 2016; Yoshioka et al., 2014). CTCs are 
intact cells separated from tumors that can be detected in the blood of 
patients with solid cancer (breast cancer, testis cancer, lung cancer), 
however, its level is very small in the blood (1–3 cells/mL of blood). 
Furthermore, ctNAs are prone to degradation by external factors, and 
offer limited scope for cancer diagnosis. Exosome-types of 
phospholipid-based nano-sized extracellular vehicles (EVs) (50–150 
nm) are present at a high concentration (>109 in the blood) (Hoshino 
et al., 2020; Melo et al., 2014; O’Driscoll, 2015; Thakur et al., 2014). The 
lipid bilayer of exosome membranes is highly stable as it protects the 
internal proteins and nucleic acids from enzymatic degradation. Exo-
somes are released with cancer-mediated biomarkers (proteins, DNAs, 
mRNAs, and miRNAs) from cells of origin such as tumor cells and 
circulate in body fluids (Schwarzenbach et al., 2011), and function as 
mediators of cell-to-cell transfer of genetic information and influence 
the occurrence of cancer metastasis (Shao et al., 2018). Importantly, 
proteins characteristically expressed in tumor cells are compartmental-
ized in the nucleus of the parental cell and are expressed in exosomes. 
Thus, measuring the expression level of the exosomal genes can be 
representative of the status of the original cell (Thery et al., 2009). 

The detection of exosomes among other circulating cancer bio-
markers in liquid biopsy is emerging as a new paradigm for non-invasive 
cancer diagnosis and prognostic monitoring (Alderton, 2015; He et al., 
2014). In particular, since exosomes have specific protein markers (CD9, 
CD63 or CD81), various methods for analyzing exosomes have been 
developed and commercialized. Among them, ELISA method that detect 
proteins known as exosome markers are commonly used (Kowal et al., 
2016; Mohammadi et al., 2021; Born et al., 2021). Several studies have 
reported the use of microfluidic chip technologies for extraction (Bruus, 
2012; Cho et al., 2016; Evander et al., 2015) or detection (Kanwar et al., 
2014; Liang et al., 2017) of exosomes. Microfluidic chip technologies, 
such as lab-on-a-chip technology, allow assay miniaturization with small 
fluid volumes, typically micro or nanoliters, and integration of complex 
functions that can meet the requirement of point-of-care testing (POCT) 
(Jung et al., 2015; Pandey et al., 2018; Whitesides, 2006). However, 
most available microfluidic chip techniques for analyzing exosomes 
mainly employ immuno-binding via antibodies or detection of genes 
subsequent to an extraction process. Immuno-binding methods are 
highly dependent on the binding affinities of the receptor, such as 
antibody (Kutluk et al., 2020; Zhao et al., 2016) and aptamer (Wang 
et al., 2017; Zhou et al., 2016), and additional assays are required to 
confirm this. In contrast, the nucleic acid sensing method requires sur-
face modification of the 2D microfluidic channel, which enables target 
molecules to bind only to specific recognition regions. Thus, its target 
binding efficiency is relatively reduced, and additional procedures are 
required to extract nucleic acids from exosomes, making it complicated 
and cumbersome. 

Here, we have developed a user-friendly microfluidic system termed 
exosomal mRNA (exoNA) sensing microfluidic chip (exoNA-sensing 
chip), which integrates 3D-nanostructured sensing hydrogels for anal-
ysis of specific mRNAs from intact exosomes. The 3D-nanostructured 
hydrogel integrated into the exoNA-sensing chip not only provides a 
3D network for improving biosensing but also provides high-sensitivity 
and high-efficiency mRNA detection through a series of catalytic hairpin 
assembly (CHA)-based probes loaded internally on liposomes (Hu et al., 
2017). The probe set carried by the liposome was physically contained 
in the hydrogel. Upon degradation of the liposome contained in the 
hydrogel and the exosomes isolated from the clinical sample were 
decomposed by the optimized reaction buffer and the CHA reaction 

between the target gene and the probe set was activated, thereby 
amplifying the fluorescence signal (Karunanayake Mudiyanselage et al., 
2018; Liu et al., 2019; Wu et al., 2015). Specifically, the proposed exoNA 
detection chip contains a sensing hydrogel capable of detecting the 
ERBB2 breast cancer marker gene and a reference gene (GAPDH), 
ensuring precise analysis by correcting the value for the difference in the 
number of exosomes present among patients. In addition, the flow was 
controlled by applying the vacuum-driven micropumping method, a 
robust method for on-site diagnosis (Xu et al., 2015). We have demon-
strated the sensing performance of the exoNA-sensing chip by 
comparing exosomal mRNA expression level between ERBB2-positive 
and -negative cancer cells as well as using plasma exosomes isolated 
from ERBB2-overexpressing tumor-bearing mice. 

2. Results and discussion 

2.1. Overview of exoNA sensing chip 

The exoNA sensing chip was fabricated by integrating microfluidic 
chips and 3D-nanostructured hydrogels containing a probe set (termed 
exoNA-sensing hydrogels) capable of detecting target exoNAs for the 
one-step detection of exoNA in a blood sample (Fig. 1a). To enable high- 
sensitivity detection without enzymes and temperature control, the 
probe set inside the 3D-nanostructured hydrogel was designed to enable 
amplification of the fluorescence signal via a CHA reaction (Huang et al., 
2012). The target genes were detected using two probes (probe A: PA and 
probe B: PB) (Figure S1). The sequences of the probes are summarized in 
Table S1. Figure S1a illustrates the signal amplification strategy. Both PA 

and PB exhibited a stem-loop structure due to the binding of the com-
plementary sequences at the ends. Each probe forms a stable hairpin 
structure while preventing hybridization of the two probes. In this 
manner, the fluorescence of PA was suppressed by the fluorescence 
resonance energy transfer (FRET) effect. The binding of target mRNA to 
the exposed toehold of PA generates an intermediate PA-T complex 
through hybridization (site b and b*) and initiates an increase in fluo-
rescence signals. The released toehold domain in PA further triggers 
branch migration on domain a* and b* of PB to form the PA–PB duplex, 
followed by the release of target mRNA for the next catalytic cycle. 
Therefore, the target mRNA can trigger the hybridization between PA 

and PB for multiple cycles, and provides fluorescence signal 
amplification. This amplification reaction occurred for short times (1–2 
h) at room temperature and detected low-abundance target genes 
without any and additional steps; hence, it is cost effective and conve-
nient in comparison with conventional molecular diagnostic techniques 
such as PCR (Peng et al., 2020; Yin et al., 2008). In order to apply these 
sensing probes operating in the liquid phase to the chip, this probe set 
was loaded on a hydrogel and then integrated into the chip. The 
hydrogel has a 3D network of hydrophilic polymers and swells in water 
to hold a large amount of water while maintaining the inner porous 
structure (Fig. 1b (i)). Therefore, the probe set can be activated by 
binding to the target gene on the chip through the rehydration process 
without any additional modification to the detection probe. The 
important point here is that each probe was separately loaded into a 
liposome and then placed into a hydrogel (Fig. 1b (ii)) to prevent 
leakage of the probe, which is of a small size (54–58bp), and amplifi-
cation of fluorescent signal due to a non-specific chain reaction of the 
probe set even in the absence of a target. Liposomes formed by phos-
pholipids are capable of releasing detection probes (PA and PB) in a 
controlled manner under an optimized reaction buffer that contains a 
lysate agent (Triton X-100), which is a major factor affecting detection 
time and sensitivity (Gao et al., 2019; Yang et al., 2017). 

2.2. Demonstration of exoNA-sensing hydrogel 

As illustrated in Fig. 2a, PA and PB are released from the liposome by 
the buffer solution and react with the target. The probes and exoNA were 
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released following the decomposition of the lipid membrane by tritonX- 
100 thus initiating signal amplification. We synthesized liposomes 
containing the probe by thin film layer hydration methods and 
confirmed their morphologies using fluorescent microscopy (Zhang, 
2017). Upon staining the lipid layer with a lipophilic dye (Nile Red), the 
fluorescence of the liposome and probe co-existed as per the fluorescent 
microscopic image, indicating that the probe was well entrapped in li-
posomes (Fig. 2b and S3). Subsequently, the probe-loaded liposome 
verified above, and hydrogel precursor were mixed and cured in a mold 
via photo-crosslinking for 3D-nanostructure hydrogel formation 
(Figure S4). Liposomes are physically trapped in the hydrogel’s 3D 
network and are reliably anchored to the gel by its internal maze-like 
structure (Grijalvo et al., 2016). Fig. 2c shows liposomes being entrap-
ped in the hydrogel matrix. 

Triton X-100 (Tx-100), a nonionic surfactant, is known as a lipid 
detergent that destroys the compactness and integrity of the lipid 
membrane of vesicles (liposomes and exosomes) by destructing the polar 
head group for hydrogen bonds present within the lipid bilayer (Lopez 
et al., 1998). After treatments with various concentrations of Tx-100 
(0.1–5 wt%), the change in size of the liposome was measured every 
10 min for 100 min to determine the optimal lysis buffer capable of 
decomposing liposomes (Fig. 2d). As the concentration of Tx-100 
increased, their change in size was confirmed. The 150 nm diameter 
liposomes decomposed at a concentration of 0.5%, and at a concentra-
tion of 1% or more, while the lipid membrane of the liposome was 
completely decomposed in 20 min. The trapped liposomes in the 
hydrogel decompose in the optimal reaction buffer. The morphologies of 
liposomes entrapped in the hydrogel were observed using a microscopy 
(Fig. 2e). Treating the optimal buffer on the hydrogel confirmed the 
disappearance of the liposome (Fig. 2f). These images suggest that the 
optimal buffer could decompose the liposomes inside the hydrogel and 
the probes immersed in the liposomes may exit. In addition, when the 
probe set detects the target gene (1 pmol) in the reaction buffer of 1 wt % 
Tx-100, a dramatic increase in fluorescence intensity and amplification 
efficiency of 97% was observed compared to 100% amplification in the 
TNaK buffer without Tx-100, suggesting that this reaction buffer has 
little effect on the CHA reaction of the probe set (Figure S5). 

The probe-loaded liposome was thermodynamically stable without 
generating a fluorescence signal. However, after treatment with the 
target gene in the optimized buffer, the liposome was degraded and the 

probe inside was released, causing a hybridization chain reaction with 
the target gene, thereby amplifying the fluorescence signal (Fig. 2g). In 
addition, a 13-day stability test was conducted to determine the length 
of time where the exoNA-sensing hydrogel is detected (Figure S6). We 
treated the buffer with hydrogel to observe the change in fluorescence 
intensity when fluorescence bleaches of DNA damage, and to determine 
how long can the exoNA-sensing hydrogel be stored. The results suggest 
that the fluorescence of the hydrogel can be maintained for at least 13 
days, and begins to decrease from day 14; it could be stored at 4 ◦C for 
approximately two weeks. 

2.3. Optimization of exoNA sensing hydrogel 

The 3D-nanostructured hydrogels were prepared by adjusting the 
weight ratios of PEG (0, 10, and 20 wt%) to ensure appropriately sized 
pores for the prevention of liposome leakage and efficient permeation of 
the target gene into the hydrogels. PEG contained in the hydrogel pre-
cursor is a hydrophilic polymer and does not participate in hydrogel 
formation but contributes to the formation of pores (porosity) in the 
hydrogel as it is released to the outside of the hydrogel during the rinsing 
process after photo-polymerization (Choi et al., 2012; Lee et al., 2015). 
The formation of pores in the hydrogel can be observed with the naked 
eye. The larger the number of pores, the more transparent the hydrogel 
becomes (Figure S7). The cryo-SEM images in Fig. 3a and b shows the 
difference in pores. To determine hydrogels with optimal pores, 
FITC-labeled dextran (approximately 12 nm) having a size similar to 
that of mRNA (ERBB2 and GAPDH mRNAs are 3768 nt and 1008 nt, 
respectively, and its size are estimated to be around 11.4 nm and 7.3 nm 
(calculated by the radius of gyration, Rg=(0.485 x (N0.68))0.5, N means a 
number of nucleotides [nt]) (Yoffe et al., 2008) (Fig. 3c (i)) and the Cy5 
modified target gene were applied on hydrogels (Fig. 3c (ii)). In the 0% 
PEG hydrogel, dextran or the gene was not absorbed, whereas it pene-
trated deeply into the hydrogel as the concentration of PEG increased, 
which suggests that as the pores of the hydrogel increase, the internal 
structure of the hydrogel becomes loose and external targets effectively 
permeate into the hydrogel. To confirm the sensing efficiency of the 
target gene (100 nM) using exoNA-sensing hydrogel, fluorescence was 
measured for 2 h at room temperature after target gene treatment on 
each gel (Fig. 3d). After the liposomes in the gel were decomposed by the 
reaction buffer, the chain reaction of the probe set was activated, and the 

Fig. 1. Overview of exoNA sensing chip. (a) The exoNa sensing chip was developed for detecting tumor-derived exoNA (target biomarker of breast cancer: ERBB2 
and reference biomarker: GAPDH) in blood of HER2-positive breast tumor bearing mice. The chip is a microfluidic sensor with integrated 3D nanostructured 
hydrogels capable of analyzing the expression of ERBB2 and GAPDH. (b) Illustration of exoNA sensing mechanism through fluorescence amplification process in the 
sensing part of exoNA sensing chip. (i) 3D-nanostructured hydrogel of exoNA sensing chip absorbs exosome containing sample and swells, (ii) probe sets detect the 
exoNA with high sensitivity by amplifying the fluorescence signal based on the catalytic hairpin assembly reaction. 
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fluorescence was amplified. The highest fluorescence was observed at 
20% of the PEG concentration, confirming that this is the most suitable 
condition for exoNA sensing. The detection sensitivity of the 
exoNA-sensing hydrogel was evaluated under various concentrations of 
the target gene (ERBB2) in the range of 0.63 nM–10 nM. The target gene 
(20 μL) was dropped on the hydrogel and incubated for 2 h at room 
temperature. Subsequently, their fluorescence images were obtained 
and the intensities were measured (Fig. 3e and Figure S8). The fluo-
rescence of the exoNA-sensing hydrogels gradually increased as the 
target concentration increased; fluorescence intensity was linearly 
dependent on the target gene concentrations in the range of 100 fM to 1 
μM and its linearly fitted line equation was y = 2014.3x + 43558 (R2 =

0.9948). The limit of detection (LOD) was estimated to be 58.3 fM 

(Fig. 2f). 

2.4. Fabrication of exoNA sensing chip 

The exoNA sensing chip was fabricated by integrating exoNA-sensing 
hydrogels in a microfluidic chip for convenience and portability and to 
detect exoNA in biofluids (e.g., blood) with high sensitivity and selec-
tivity. As illustrated in Fig. 1, the blood specimen injected into the inlet 
of the exoNA-sensing chip flows along the microfluidic channel and is 
absorbed into the hydrogels of the sensing part, and fluorescent signal is 
generated and amplified by the chain reaction of the sensing gel. Sub-
sequently, the fluorescence intensity of the chip is measured with a 
fluorescence detector to detect the expression of exoNA. The detailed 

Fig. 2. Demonstration of exoNA sensing hydrogel. (a) Schematic illustration of liposomes containing DNA probes in the hydrogel and released probes through the 
decomposition of the lipid membrane by the optimized reaction buffer. (b) The fluorescence image presents an overlay of the red fluorescence of the lipid membrane- 
staining dye and green fluorescence of probe. (c) SEM image of exoNA sensing hydrogel. (d) Optimization of the concentration of Triton X-100 (Tx-100) in TNaK 
buffer by measuring the size of liposomes. Tx-100 was used as a lipid detergent. (e–f) Microscopic image of liposomes entrained in the hydrogel (e) before and (f) 
after treatment with optimized reaction buffer. Image shows decomposed liposomes. (g) The changes in fluorescence signals before and after the target gene 
treatment. Error bars were estimated from triplicate tests. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version 
of this article.) 
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fabrication procedure of the exoNA-sensing chip is shown in Figure S9. 
The polydimethylsiloxane (PDMS)-based microfluidic chip is designed 
in a simple “Y” shape with a channel height of 0.1 mm and width of 0.6 
mm and sensing parts (height: 1 mm and diameter: 8 mm) are located at 
the end of the microfluidic chip (Fig. 4a). exoNA sensing hydrogels of 
two genes (ERBB2 and GAPDH) are each placed in the sensing part. On 
one side, each exoNA-sensing hydrogel capable of detecting target 
exoNA (ERBB2), a representative gene marker of HER2-overexpressing 
cancers, is placed, while a hydrogel capable of detecting the house-
keeping gene (GAPDH) is placed the other side. ERBB2, commonly 
referred to as HER2, is amplified and/or overexpressed in approximately 
30% of human breast cancer cases (Yu and Hung, 2000). 

Moreover, ERBB2 overexpression is associated with breast cancer 
metastasis (Tan and Yu, 2007). Detection of reference genes is critically 
needed to compensate for any variation in the amount of starting ma-
terial between the samples (e.g., sample-to-sample variation). In order 
to secure a space for integration of exoNA-sensing hydrogels into the 
sensing part inside the chip, cylindrical molds manufactured using a 
photo-curing 3D printer was placed on the PDMS mold (Figure S10), and 
PDMS was poured and cured to form the PDMS-microchannel (Sag-
giomo and Velders, 2015). The hydrogels were placed on the slide glass 
and attached to a PDMS-microchannel treated with O2 plasma. To 
equalize the amount of fluid reaching the sensing parts, it was adjusted 
at a point higher than the height of the channel. All inlets were closed, 
and the interior was evacuated through a degassing process (Cho et al., 
2019; Xu et al., 2015). The vacuum-driven internal environment rapidly 
transports the injected fluid to the sensing part by a vacuum-driven 
power-free micropumping method based on the gas permeability of 
PDMS. The sensing hydrogels react with even a trace amount of sample 
(100 μL) to emit a fluorescent signal (Video S1). Our exoNA-sensing chip 
can overcome the spatiotemporal limitations of microfluidic systems 
applied in POCT since it generates a sufficient flow rate with low energy 
without external power sources such as a syringe pump. 

2.5. Demonstration of exoNA-sensing chip 

We evaluated the performance of the exoNA-sensing chip using in 
vitro/in vivo samples. First, a mixture of synthetic genes (total concen-
tration: 100 nM) was injected into the chip (ERBB2-/GAPDH-, ERBB2+/ 
GAPDH-, ERBB2-/GAPGH+ and ERBB2+/GAPDH+); “+” and “-” indi-
cate with and without the gene, respectively. After 2 h at room tem-
perature, the fluorescence images of each chip were obtained and then 
the average fluorescence intensity was analyzed in the same number of 
pixels. In Fig. 4b, under the no template control (NTC) condition where 
only the buffer was treated (ERBB2-/GAPDH-), both ERBB2-gel and 
GAPDH-gel hardly showed fluorescence signals and there was no dif-
ference in fluorescence intensity, since there are no genes acting as 
initiators to activate the chain reaction of the probe set. However, when 
there is a gene that can initiate a reaction (ERBB2+/GAPDH-, ERBB2-/ 
GAPDH+ and ERBB2+/GAPDH+), these gels showed high fluorescence 
intensity with a strong fluorescence signal (Fig. 4c–e). In the presence of 
only ERBB2 or GAPDH in the injected sample, the fluorescence intensity 
of the exoNA-sensing hydrogel (ERBB2-gel or GAPDH-gel) correspond-
ing to each target gene was selectively increased (ERBB2+/GAPDH- or 
ERBB2-/GAPDH+). Notably, when both genes were present, both 
exoNA-sensing hydrogels showed strong fluorescence signals 
(Figure S11). This suggests that the exoNA-sensing hydrogels can detect 
target genes with high selectivity and sensitivity and can operate 
conveniently under room temperature conditions without the need for 
additional enzymes. 

2.6. The performance of the exoNA-sensing chip with in vitro samples 

Next, we determined whether the exoNA-sensing chip could detect 
real mRNA extracted from cells or exosomes derived from in vitro sam-
ples. First, we selected five different breast cancer cells, namely two 
HER2-positive breast cancer cells (SK-BR-3 and HCC1954) and three 

Fig. 3. Optimization of exoNA sensing hydrogel. (a–b) Comparison of porosity of exoNA sensing hydrogels. Cryo-SEM images of (a) 0 wt% of PEG containing 
hydrogel, and (b) 20 wt% of PEG containing hydrogel. (c) Diffusion test of the hydrogels. The fluorescence images of 0 wt%, 10 wt%, and 20 wt% of PEG-containing 
hydrogels. For the mRNA diffusion test, (i) 2 mg/mL of FITC-Dextran70K (almost 12 nm in diameter) and (ii) 1 μM of Cy5-modified oligonucleotides (20 nt) were 
used as model molecules. (d) Comparison of fluorescence intensity using 100 nM of target genes on 0 wt%, 10 wt%, and 20 wt% PEG-containing hydrogels (n = 3). 
The insert images show the fluorescence of hydrogels after target treatment (excitation: 490 nm; emission: 525 nm). (e) Fluorescence images of exoNA-sensing 
hydrogels with various concentrations of the target gene (0.63 nM–10 nM) and (f) their detection sensitivity (100 fM to 1 μM) (n = 3). 
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HER2-negative breast cancer cells (MDA-MB-231, MCF-7, and 
HCC1143), and compared the levels of ERBB2 expression in cells and 
exosomes using qRT-PCR (quantitative reverse transcriptase PCR) 
(Figure S12) (Dai et al., 2017). Exosomes isolated from cell culture 
medium were characterized using Transmission Electron Microscopy 
(TEM), western blotting, and Nanoparticle Tracking Analysis (NTA). 
Fig. 5a shows the morphology of exosomes isolated from the cell culture 
medium. The extracted exosomes verify the expression of exosome 
markers CD81, CD9, and control markers (GAPDH) using western blot 
analysis (Fig. 5b). In samples diluted with 1:1,000, the size and con-
centration of exosomes are calculated at 107.15 nm and 3.2 ⅹ 108 par-
ticles/mL (Fig. 5d). The heatmap plot represented the difference in the 

expression levels of ERBB2 in cellular mRNA or exosomal mRNA 
through qRT-PCR analysis (Figure S11a). The results of the quantitative 
comparison of cell lines and exosomes are shown in Table S2 and 
Figure S11b-c. HCC1143 was used as a control to compare the expres-
sion levels of ERBB2 in cell lines. HER2-negative breast cancer cells 
showed similar expression levels of ERBB2 in MDA-MB-231 and 
HCC1143, whereas among HER2-positive breast cancer cells, ERBB2 
expression was approximately 20-fold higher in SK-BR-3 cells and their 
exosomes. In HCC1954, ERBB2 was expressed 40-fold and 700-fold 
higher in cells and exosomes, respectively. Based on these results, we 
selected HCC1954 as HER2-positive cancer cells and HCC1143 as 
HER2-negative cancer cells, and the ability of exoNA-sensing chip was 

Fig. 4. Demonstration of exoNA sensing chip (a) 
An image of the exoNA-sensing chip (left: top view 
image of the exoNA sensing chip, and right: fluores-
cence image of sensing parts). (b–e) The performance 
analysis of the exoNA-sensing chip using various 
target genes conditions (ERBB2-/GAPDH-: the 
absence of both genes, ERBB2+/GAPDH-: the pres-
ence of only ERBB2 and absence of GAPDH, ERBB2-/ 
GAPDH+: the absence of ERBB2 and presence of only 
GAPDH and ERBB2+/GAPDH+: the presence of both 
genes). (i) The fluorescence image of the exoNA- 
sensing chip after injection of 100 nM synthetic 
target gene mixture (top: ERBB2-gel and bottom: 
GAPDH-gel) and (ii) the fluorescence intensity of the 
ERBB2-gel and GAPDH-gel portions of the sensing 
part.   
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confirmed using both cell lines. ERBB2 was overexpressed in the cellular 
and exosomal mRNA of HCC1954 compared with HCC1143. As shown 
in Fig. 5c, ERBB2 was significantly overexpressed in cellular mRNA 
(40-fold) and exosomal mRNA of HCC1954 (approximately 700-fold) 
relative to that of HCC1143. 

To confirm the detection limits of the exoNA sensing chip, we diluted 
the exosome sample calculated from NTA to a concentration of 1 × 108 

to 1 × 106 particles and inject it into the chip. Fig. 5e and f shows the 
fluorescence intensity of ERBB2-gel (Fig. 5e) and GAPDH-gel (Fig. 5f) of 
exoNA-sensing chip; 3σ value indicated the detection limits. Fig. 5g 
shows the normalized fluorescence (FERBB2/FGAPDH) of exoNA sensing 
chip with spiking exosome samples. The normalized values show sig-
nificant differences between the exosome samples and the NTC. We 
confirmed that the exoNA-sensing hydrogel functions accurately with 
RNA, and therefore, additional tests were conducted using an exoNA- 

sensing chip with integrated hydrogels. Notably, we injected approxi-
mately 100 μL of unquantified exosome isolated from the cell culture 
medium into the exoNA-sensing chip and observed its fluorescence. To 
compensate for the unequal mRNA concentration of non-quantitated 
exosome samples, the fluorescence values of the ERBB2-gel were 
normalized to those of the GAPDH-gel (FERBB2/FGAPDH), and then ERBB2 
expression levels were compared in the two cell lines. 

As shown in Fig. 5h, in the exoNA-sensing chip injected with the 
exosome of HCC1954, a strong fluoresce signal appeared in the ERBB2 
sensing part. However, the fluorescence signal of the sensing part of the 
chip injected with the exosomes of HCC1143 was weak. Each fluores-
cence signal of this chip was measured to obtain the fluorescence in-
tensities (FERBB2 and FGAPDH) and then calculated as a normalized value 
(FERBB2/FGAPDH). In the exosome extracted from HCC1143, the normal-
ized fluorescence was approximately 1.2, however, approximately 1.4, 

Fig. 5. The performance of the exoNA-sensing chip with in vitro samples. (a) TEM image of isolated exosome. (b) Western blot analysis of exosomal markers in 
exosomes from cell culture supernatants. Exosomal marker proteins CD9 and CD81 were mainly detected in HCC1954 supernatant, and reference marker GAPDH was 
uniformly detected in both cell supernatants. (c) Comparison of the level of ERBB2 expression in cells or exosomes of HCC1954 (HER2-positive cell line) and 
HCC1143 (HER2-negative cell line) cells using qRT-PCR (n = 3). (d) size and concentration measurement of exosomes isolated from cell culture medium. (e–f) The 
performance of exoNA sensing chip with various concentration of exosome samples. The samples were prepared by spiking exosomes. (g) Normalized fluorescence 
(FERBB2/FGAPDH) of exoNA sensing chip with spiking exosome samples (*p < 0.05, **p < 0.005). (h) Fluorescence images of exosomal mRNA analysis using exoNA- 
sensing chip (top: HCC1954 and bottom: HCC1143). Approximately 100 μL of unquantified exosome samples from cell culture medium without RNA extraction is 
injected into the chip and fluorescence of each gel is measured. The amplified fluorescence is observed at 2 h. (i) Compensation analysis of exoNA via the co-analysis 
with ERBB2-gel and GAPDH-gel of the exoNA-sensing chip. The fluorescence value of ERBB2-gel was normalized to that of GAPDH-gel (FERBB2/FGAPDH). 
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higher normalized fluorescence was observed in the exosomes of 
HCC1954 (Fig. 5i). Although the increase in normalized fluorescence 
values was not large, higher fluorescence values suggesting ERBB2 
overexpression in HCC1954 relative to that of HCC1143. 

2.7. The performance of the exoNA sensing chip with in vivo samples 

To utilize the exoNA-sensing chip as a liquid biopsy diagnostic tool 
for diagnosis and prognosis of cancer, we attempted to analyze mRNA 
expression in the plasma-derived exosomes from breast tumor-bearing 
mice. In vivo orthotopic breast tumor models were developed by 
injecting HCC1954 cells into the mammary fat pad of female mice. 
Tumor formation in mice was monitored and tumor volume was 
measured at regular intervals. The time point when the mouse’s tumor 
volume was 150 mm3 or more was set as the S1 phase: it took approx-
imately 3 weeks to reach S1 phase (Fig. 6a and b and Figure S14). ERBB2 
significantly influenced tumor formation and is most highly expressed 
during the early stages of breast cancer. For the early diagnosis of can-
cer, we evaluated the performance of the exoNA-sensing chip using 
tumor tissue and plasma derived from the S1 phase. The levels of ERBB2 
expression were measured in plasma of S1 phase and normal mice, 
respectively, and approximately 150 times higher ERBB2 expression was 
observed in the tumor tissue of mice in the S1 phase compared to normal 
mice (Fig. 6c). For control experiments, mRNAs were extracted from the 
healthy breast tissue of normal mice. 

First, ERBB2-gels were employed to test mRNA (1 μg) extracted from 
tissues. The fluorescence images were obtained 2 h after mRNA treat-
ment, and their fluorescence intensities were quantified (Figure S15). 
ERBB2-gels treated with mRNA from the tumor tissues of mice in S1 

phase showed strong fluorescence compared with that of control mice. 
The fluorescence intensity of ERBB2-gels of mRNA extracted from tumor 
tissues was significantly higher than that of the normal mouse as well as 
NTC, indicating that the sensing hydrogel can sufficiently detect target 
mRNA from blood samples from an in vivo model. Subsequently, we 
evaluated the exoNA-sensing chip with the plasma derived from a mice 
model. We collected approximately 400 μL of plasma from S1 and 
normal mice (n = 8) and isolated the exosomes. Although the number of 
exosomes extracted from plasma of same group (Normal mice VS 
Tumor-bearing mice) varied (Figure S16), the chip performance was 
determined by injecting the same volume of exosomes into the chip 
without quantifying the exosomes. After injecting 100 μL of a reaction 
buffer containing plasma exosomes into the exoNA-sensing chip, 
amplified fluorescence was observed 2 h later. Herein, to detect GAPDH 
in mice, the sequence of the probe set in the GAPDH-gel was modified to 
correspond to mice (Table S1). As shown in Fig. 6d, both chips showed 
similar fluorescent signals in the GAPDH-sensing part. However, the 
ERBB2-sensing part in the exoNA-sensing chip treated with plasma 
exosomes of S1 mice clearly showed stronger fluorescence than those of 
normal mice. We confirmed the reproducibility of the result as shown in 
Figure S17. To reduce the error in the result due to the difference in the 
amount of exosomes, the levels of ERBB2 expression were normalized 
and compared using the fluorescence of GAPDH. As shown in Fig. 6e, the 
normalized fluorescence (FERBB2/FGAPDH) of mice in S1 phase was higher 
than that of the normal, indicating that ERBB2 was overexpressed. 
Notably, there was a clear difference in fluorescence values of the two 
groups, which showed a trend similar to qRT-PCR results. This 
confirmed that the exoNA-sensing chip can successfully detect differ-
ences in ERBB2 expression in blood samples with minimal invasiveness. 

Fig. 6. The performance of the exoNA-sensing chip with in vivo samples. (a) Orthotopic breast tumor models were developed by injection of HCC1954 cells into 
mice and were employed for the in vivo sample testing of the exoNA-sensing chip. The time point when the mouse’s tumor volume was 150 mm3 or more was set to S1 
phase. (b) graph of their tumor volume growth by day. After cancer cell implantation, the tumor volume was monitored until the tumor expanded to 150 mm3, and 
the time point when the mouse’s tumor volume was 150 mm3 or more was set as the S1 phase (n = 5). (c) Comparison of the levels of ERBB2 expression in plasma- 
derived exosomes from breast tumor-bearing mice and normal mice using qRT-PCR (n = 8). (d) Fluorescence images of the exoNA-sensing chip after injecting 
exosome samples from the plasma of the S1 phase of orthotopic mice and normal mice. (e) Box graph represents the normalized fluorescence (FERBB2/FGAPDH) of (f) (n 
= 8). 
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3. Conclusions 

The exoNA-sensing chip in this study was developed by integrating a 
microfluidic-based sensor with exoNA-sensing hydrogels for the one- 
step detection of exoNA. The 3D-nanostructured hydrogel contains a 
set of probes capable of detecting the target exoNA (ERBB2 and GAPDH) 
and induces an enzyme-free amplification of fluorescent signals by an in 
situ hybridization chain reaction at room temperature without the 
requirement of temperature change and an extraction process. Each 
probe is individually encapsulated in liposomes to remain stably 
immobilized to the hydrogel and suppress fluorescence signal genera-
tion by non-specific reactions of the probe set. As the outer membrane of 
liposomes and exosomes are simultaneously degraded by the optimized 
reaction buffer that dissolves the lipid membrane, the reaction between 
the target gene and the detection probes initiates, thereby ensuring rapid 
response time, stability, improved specificity, and sensitivity. The pro-
posed exoNA-sensing chip using a vacuum-driven micropumping 
method provides convenience and portability, and it possesses the 
capability of detection in blood samples from animal as well as cells 
within 2 h. The advantage of this chip is that it can simultaneously detect 
the expression level of the target gene (ERBB2) and reference gene 
(GAPDH), allowing for accurate analysis of the quantitative expression 
of ERBB2 through normalization of fluoresce intensity of each gene, 
similar to qRT-PCR analysis. This provides reliable results by reducing 
errors caused by varying quantities of samples. Moreover, this platform, 
which overcomes the limitations of existing genetic diagnostic methods, 
will be beneficial to an on-field diagnostic platform for genetic testing 
such as liquid biopsy-based diagnosis and prognostic monitoring. 
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