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C A N C E R

Colocalization of protein and microRNA markers reveals 
unique extracellular vesicle subpopulations for early 
cancer detection
Zongbo Li1†, Kaizhu Guo1†, Ziting Gao1, Junyi Chen2, Zuyang Ye1, Minghui Cao3,  
Shizhen Emily Wang3, Yadong Yin1, Wenwan Zhong1,2*

Extracellular vesicles (EVs) play important roles in cell-cell communication but are highly heterogeneous, and each 
vesicle has dimensions smaller than 200 nm with very limited amounts of cargos encapsulated. The technique of 
NanOstirBar (NOB)–EnabLed Single Particle Analysis (NOBEL-SPA) reported in the present work permits rapid inspec-
tion of single EV with high confidence by confocal fluorescence microscopy, thus enables colocalization assessment 
for selected protein and microRNA (miRNA) markers in the EVs produced by various cell lines, or present in clinical 
sera samples. EV subpopulations marked by the colocalization of unique protein and miRNA combinations were 
discovered to be able to detect early-stage (stage I or II) breast cancer (BC). NOBEL-SPA can be adapted to analyze 
other types of cargo molecules or other small submicron biological particles. Study of the sorting of specific cargos 
to heterogeneous vesicles under different physiological conditions can help discover distinct vesicle subpopulations 
valuable in clinical examination and therapeutics development and gain better understanding of their biogenesis.

INTRODUCTION
Extracellular vesicles (EVs) secreted by cells can mediate cell-cell 
communication (1–5) and are present in all biological fluids (6, 7), 
easily accessible with minimal invasion (8). They are classified into 
different subtypes; (9–15) and the two smaller (diameter, ~40 to 
250 nm) subtypes called exosomes and microvesicles have attracted 
great attention in biomedical research because of their unique bio-
genesis pathways and diverse types of cargo molecules (1–3, 5, 16). 
EVs have been associated with immune responses, viral pathoge-
nicity, cancer progression, and cardiovascular or central nervous 
system–related diseases (17–20), supporting their high potential as 
diagnostic and therapeutic tools. However, it is very challenging to 
identify the disease-related EVs. They are highly heterogeneous, 
different in their sizes, contents, cells of origin, biogenesis path-
ways, and functional impacts on recipient cells (21–23). While the 
total EV concentration in the peripheral circulation can reach 109 
vesicles/ml (24), the unique EV subpopulations that carry out spe-
cific disease-related functions or are derived from cells undergoing 
pathological transition (21, 25) could be at very low abundance 
during the early development stage (26). It has been projected 
mathematically that, for bulk detection, it would need techniques 
sensitive enough to accommodate an EV input of ~100 EV parti-
cles/ml to detect those released by small human tumors (<1 cm3), 
which are curable if caught early (27, 28). Such a sensitivity require-
ment is very difficult if not impossible to be met by the conven-
tional methods of enzyme-linked immunosorbent assay (ELISA), 
Western blotting (WB), and bead-based flow cytometry (FCM). In 
addition, bulk analysis only produces the ensemble average of the 
varying signals from a swarm of heterogeneous EVs and very likely 
misses the signals from the distinct subpopulations present at 
trace levels.

To simultaneously overcome the heterogeneity and sensitivity 
issues in EV analysis, pioneering works analyzed single EVs using 
high-resolution FCM (29–32), super-resolution microscopy (33, 
34), and droplet-based next generation sequencing. (35). Confocal 
fluorescence microscopy (CFM) or total internal reflection fluores-
cence microscopy has also come to the spot light of single EV analy-
sis because of their relatively lower cost in instrumentation and less 
complex operation while offering direct visualization of the vesicles 
(28, 36, 37). As listed in table S1, the most state-of-the-art develop-
ments using fluorescence microscopy detected either proteins or 
nuclei acids on single EVs, confirming the presence of EV subpopu-
lations bearing different phenotypic features and their premises in 
marking disease development (28, 38–42). Still, single EV analysis 
is very difficult, owing to their extremely small sizes and the low 
amounts of cargos enclosed in each EV. While impressive detection 
performance has been obtained with the pioneering developments, 
assay turnaround time, limit of detection (LOD), and sample con-
sumption are yet to be improved to meet the needs in early detection 
and frequent disease monitoring (38–42). Single EV capture was 
only achieved with specially designed surface features fabricated on 
microfluidic devices or by controlling a large bead-to-EV molar 
ratio, which is not easy to do when testing unknown samples. Simul-
taneously analyzing multiple types of cargos in single EVs with 
comparable sensitivity as protein detection has not yet been achieved 
either (43).

Among the diverse EV cargos, noncoding RNAs, particularly 
microRNAs (miRNAs), have been widely revealed for their poten-
tial to modulate the biological functions of recipient cells and 
contribute to cell proliferation, angiogenesis, metastasis, and drug 
resistance (44–46). Proteins have also been found to be indicative 
of the physiological conditions of the cells of origin and deeply 
involved in EV biogenesis, uptake, and intracellular signaling (8, 
47–50). Because of their important roles played in EV functions rele-
vant to disease development, we hypothesize that simultaneously 
detecting the protein and miRNA cargos on single EVs can greatly 
improve the specificity and efficiency in using EVs for disease detec-
tion (28). In addition, colocalization of proteins and miRNAs on the 
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same EV can also assist with study of the sorting mechanisms 
of miRNAs into different EV subpopulations (51–53). Here, we 
report the technique of NanOstirBar (NOB)–EnabLed Single Parti-
cle Analysis (NOBEL-SPA) that uses the multifunctional NOBs to 
enable detection of both the protein and miRNA cargos on single 
EVs. The NOBs not only act as regular magnetic particles to facili-
tate easy handling but also can spin freely in the rotating magnetic 
field to speed up molecular diffusion to their surface and prompt 
rapid target binding and thorough removal of the nonspecifically 
adsorbed molecules. Moreover, each NOB has comparable dimen-
sions as the single EV. Thus, it can easily realize one-NOB-one-
vesicle during EV capture and then act as an isolated “island” for 
immobilization of the individual EV and its cargo molecules, pre-
venting EV aggregation and diffusion of the intravesicular mole-
cules once the membrane structure is destroyed. Our study tested 
selective protein (CD24, CD44, HER2, EGFR, and MUC1) and 
miRNA (miR-21, miR-122, miR-155, and let-7a) markers. The up-
regulation of CD44, HER2, EGFR, and MUC1 has been widely 
reported in breast cancer (BC) cells and tissues and in the EVs iso-
lated from patients with BC (54–58); and the miRNA targets also 
can regulate proliferation, migration, and invasion of BC cells (59, 
60). The few marker molecules concentrated on each NOB can be 
illuminated by the DNA nanoflowers (DNF) grown from rolling 
circle amplification (RCA) (58, 61), making the single EV carrying 
specific markers easily detected with high confidence by the 
diffraction-limited confocal fluorescence microscopy. NOBEL-SPA 
was applied to analyze the presence and colocalization of a selection 

of protein and miRNA markers in the exosomes produced by vari-
ous tumor cell lines or present in the sera samples collected from 
patients with BC. Distinct EV subpopulations defined by the colo-
calization of specific tumor miRNA and protein markers were found 
to be able to differentiate EVs by their cells of origin and to differen-
tiate patients with BC from healthy controls, with some even show-
ing significant differences between healthy controls, stage I, and 
stage II BC patients.

RESULTS
NOBs to facilitate single EV counting and yield efficient 
EV capture
The previous works for using microscopy to analyze single EVs typ-
ically captured the EVs on flat glass surface for imaging (28, 36, 38, 
40, 41, 58, 61), which could be slow and inefficient due to the slow 
kinetics in surface diffusion. In addition, EVs aggregate easily, 
preventing accurate recognition of individual vesicles. In the pres-
ent work, we discovered that the superparamagnetic, silica-coated 
nanorods (62) can be used to enable single EV analysis (Fig. 1A). 
While the NOBs are small and can be homogeneously dispersed in 
aqueous solutions, complete pull-down from a 1.5-ml solution by a 
magnet can be done in 10 s. They also can spin in solution if driven 
by a low-gradient rotating magnetic field generated by a stirrer plate. 
We synthesized the NOBs with the dimension of ~150 nm by 50 nm 
and modified their silica surface with carboxyl groups (fig. S1). 
This type of modification was chosen because they can be easily 

Fig. 1. NOB to facilitate single vesicle analysis. (A) Scheme of NOBEL-SPA. (B) Plot of EV numbers remained in the supernatant after incubation with NOBExo for various 
durations as detected by NTA. Value and error bars are the average and SD of three repeated measurements. (C) WB results for detection of CD63, CD81, and CD9 in the 
starting solution and in the EVs pulled down by NOBExo or by MBs with diameter around 1 (MB1) or 0.22 μm (MB2) which were conjugated with the same antibody mixture 
as NOBExo, after 30-min incubation. The first lane was from a protein ladder. (D) SEM images of the individual NOB, NOBExo, and NOBExo with the bound EV (pointed by the 
arrows). Scale bars, 100 nm. (E) Histograms for the pixel numbers of the fluorescent particles detected after EV lysis and cargo crosslinking, with the EVs captured on the 
glass slide surface (without NOB) or by NOBExo (with NOB). The inset images: 10 μm by 10 μm. Scale bars, 1 μm.
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conjugated to proteins with primary amines on surface via carbodi-
imide chemistry, and their negative charges could help repel the 
matrix components in biospecimens like serum to reduce detection 
background. Then, we conjugated the NOBs with the mixture 
of antibodies against the exosomal markers of CD63/CD9/CD81, 
which was referred as NOBExo in the following text, and evaluated 
their capability in capturing EVs from a pure sample purchased 
commercially.

First, we assessed the number of EVs remained in the super-
natant after removing the NOBExo at various incubation times with the 
EV sample by nanoparticle tracking analysis (NTA). We found that, 
with spinning, the NOBExo caused a much faster decrease of the EV 
number in the supernatant, compared to the no-spinning condition, 
and reached the minimum in 15 min, which was two times lower 
than that from 45-min incubation with no spinning (Fig. 1B). Spin-
ning the NOBs can also help reduce nonspecific adsorption during 
wash and produced lower background signals than that attained by 
the wash condition without spinning (fig.  S2). In addition, much 
more exosomal markers of CD63, CD81, and CD9 were pulled 
down by the spinning NOBExo than by the spherical magnetic beads 
(MBs) conjugated with the same antibody mixture, as found by WB 
(Fig. 1C). All three cases used the same EV input and same particle 
total mass. The gel images show that the amounts of the CD proteins 
isolated by NOBExo were almost comparable to those present in the 
starting solution, supporting >90% recovery. Using ELISA and NTA 
to quantify the CD proteins and EV particles, respectively, remained 
in the supernatant after EV immunoprecipitation by these three 
types of nanoparticles also confirmed the higher capture efficiency 
attained by NOBExo than the MBs (fig.  S3). These results well 
support that the NOBs outperform the spherical particles in EV 
immuno-capture, and their spinning feature should be a vital con-
tributor to this superior capability, probably by promoting molecu-
lar diffusion to the NOB surface to facilitate fast specific binding and 
thorough removal of the weakly bound impurities.

NOBs to enable miRNA detection in single vesicle
Besides rapid and efficient EV capture, NOBs can simplify single EV 
counting and facilitate analysis of the intravesicular cargos like 
miRNAs. Since the NOBs have the dimensions comparable to those 
of the EVs, each NOB can capture only few EVs due to space hin-
drance. We further limited the number of EVs captured per NOBExo 
by using a molar ratio of 1:10 for NOB: antibody in the conjugation. 
We can see from the scanning electron microscopy (SEM) images 
shown in Fig.  1D (also fig.  S4) that either no or just one EV was 
found on each NOBExo. With the individual EVs spatially confined 
and separated from each other with minimized aggregation, count-
ing the single EVs illuminated by the fluorescent DNF in CFM is 
highly simplified. The NOBs also provide the solid support for 
fixing the EVs and their cargos upon the EV membrane structures 
broken down by detergents, allowing the analysis of intravesicular 
miRNAs (Fig. 1A). We lysed the exosomes captured by NOBExo via 
a 10-min treatment of 4% paraformaldehyde (PFA) (63) and used 
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) to cross-
link the 5′-phosphate of RNA (64) to the EV proteins and antibodies 
on the NOBs (fig.  S5). PFA should expose the enclosed miRNAs, 
and crosslinking could prevent miRNAs from diffusing to the sur-
rounding area and preserve the high initial concentrations of the 
miRNAs within each vesicle. Then, the exposed miRNAs hybridize 
with the hairpin probe that carries a complementary sequence to the 

target miRNA and a primer region for binding with the circular 
template to initiate RCA (fig.  S6). The sequence of RCA product 
permits self-hybridization to fold into a nanostructure and attach-
ment of numerous fluorophores (58, 61). The DNF-labeled EV sup-
ported by a NOB can be imaged as a bright fluorescent particle. The 
sizes of the fluorescence particles resulted from the NOB-captured 
EVs were much smaller (occupying only 4 to 8 imaging pixels) and 
more homogeneous (showing a narrower distribution profile of the 
pixel numbers per particle) compared to those not supported by the 
NOBs (Fig. 1E). A size of 4 to 8 pixels under our imaging condition 
is equivalent to a dimension of ~250 to 300 nm, matching well with 
that of the single EV labeled with the DNS as found in our previous 
works (58, 61).

We carried out NOBEL-SPA for detection of two potential tumor 
miRNA markers, miR-155 and miR-122, in the EV standards, using 
NOBExo for EV isolation. Good detection specificity using the hair-
pin probes was confirmed: Only the target miRNA (miR-155 or 
miR-122) yielded positive RCA reaction with the corresponding 
hairpin probe but not other miRNAs nor the single-stranded RNA 
with a sequence 1- or 2-nucleotide different from the target strand at 
various locations (figs. S6 to S8). We stained the EVs with DiB and 
labeled the DNF grown upon recognition of miR-155 or miR-122 
with Alexa 633 (λex 621 nm/ λem 639 nm) (Fig. 2A). Although the 
fluorescence intensity of the DNF should reflect the miRNA quan-
tity enclosed in each EV, the DNF resulted from RCA could have 
varied lengths and labeled by different number of fluorophores, 
which could also contribute to intensity variation. Similarly, mem-
brane staining may not be homogeneous across all vesicles. Thus, in 
the present work, we chose to use the counts of EVs exhibiting 
above-the-threshold fluorescent signals originated from membrane 
staining or miRNA-initiated DNF growth for evaluation of the EV 
as well as EV miRNA contents in our samples but not the fluores-
cence intensity found on each vesicle. A similar approach has also 
been adopted in other single EV analysis techniques (65).

The number of the stained EVs, PEV, and that of the DNF-labeled 
EVs, PmiRNA, detected by CFM were both linearly proportional 
to the input concentration in the range of 200 to 105 EV particles/
μl (P/μl) (sample volume  =  10 μl) when plotted in the log scales 
(solid lines in Fig. 2B). If we blocked the target miRNA by a compli-
mentary single-stranded DNA (ssDNA) before the addition of the 
hairpin probe, then no DNF-labeled EV was detected by CFM 
(fig. S9). Using the 3σ method, we calculated the LOD for detection 
of the stained EVs, or the EV miRNA, i.e., miR-155 and miR-122, 
being 4, 3.1, and 18 P/μl, respectively (figs. S7 and S8). These LODs 
are lower than those previously reported for EV surface protein 
(58) and miRNAs in single EVs (41, 66), owing to the high EV 
capture efficiency and the effective preservation of the EV cargos on 
NOB. The LOD differences between the two miRNAs reflect the 
differential loading of these two miRNAs in this EV sample: Using 
the miRNA quantity obtained from reverse transcription poly-
merase chain reaction (RT-PCR) and the EV counts measured by 
NTA, we calculated that averagely at least three copies of miR-155 
were encapsulated in each EV; but only ~2 copies of miR-122 were 
present in ~100 EVs (fig. S11).

We found that, in the same EV sample, the ratio of PmiRNA/PEV 
for the same miRNA did not change substantially with different EV 
inputs (dashed lines in Fig.  2B) but were distinct between two 
miRNAs: While the typical PmiRNA/PEV value was ~60% for miR-155, 
that for the low-abundant miR-122 was only ~20%. We then designed 
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specific hairpin probes for various miRNAs (figs. S10 and S11) and 
confirmed that indeed the PmiRNA/PEV ratio varied among different 
miRNAs and was positively correlated (R2 =  0.9115) with the log 
(moles of miRNA per particle) values obtained by quantifying each 
miRNA in 108 EV particles by RT-PCR (Fig.  2C and fig. S11). 
These results prove that the PmiRNA/PEV ratio is reflective to the 
abundance of EV miRNAs in the sample, allowing NOBEL-SPA to 
accurately compare the miRNA expression levels in different EV 
samples without the need to quantify the total EVs or total EV 
RNAs. Our method requires an input of <2000 EV particles, while 
RT-PCR needs >107 particles for quantification of EV miRNA and 
is much more efficient and faster than RT-PCR by working with 
unprocessed samples with no need of RNA extraction.

Moreover, we subjected three representative EV samples to ribo-
nuclease (RNase) treatment: the purchased pure EVs, the EVs 
harvested from the culture medium of MDA-MB-231 and precipi-
tated by ultracentrifugation, and those present in pooled human 
serum without going through any sedimentation process. RNase 
treatment should digest any RNA adsorbed on EV surface but not 
protected by the membrane structure. However, such treatment did 

not bring in statistically significant difference in the PmiRNA/PEV 
ratios obtained by NOBEL-SPA in these samples for all of the four 
miRNAs tested (miR-155, miR-122, miR-21, and let-7a) (figs. S12 to 
S14). We also can see from fig. S5 that a much lower particle count 
would be obtained by labeling the EVs with DNF if the EV sample 
was not treated by PFA to break down the membrane structures. 
These results prove that our method indeed detects the EV-enclosed 
miRNAs but not those adsorbed on EV surface.

Differential loading of miRNAs in EVs from different sources
The high sensitivity and simplicity of NOBEL-SPA permit quick 
assessment of EV production from cells and the enclosed miRNA 
contents. To illustrate this capability, we sampled 5 μl of culture 
medium of MCF-10A (nontumor), MCF-7 (low metastatic tumor), 
and MDA-MB-231 (metastatic tumor) cells at various time points (0 
to 48 hours) during EV harvest and tested the contents of EVs and 
EV miR-122 in these samples by isolating and imaging the EVs by 
NOBExo. We found that the number of EVs isolated by NOBExo, i.e., 
PEV, steadily increased with the harvest time but exhibited no differ-
ence in the rate of increase nor in the number of total EVs among 

Fig. 2. NOBEL-SPA for analysis of EV miRNAs associated with individual EVs. (A) Representative images of the DiB-stained EVs captured by NOB (top) and illuminated 
by the DNF labels for miR-155 detection (bottom) collected with no (left) or 2 × 105 P/μl (right) EVs. Scale bars, 10 μm. (B) Plots of log (PmiRNA counts) (solid lines) or 
PmiRNA/PEV ratio (dashed lines) versus log (EV concentration) for miR-155 (blue) and miR-122 (red). (C) Correlation between PmiRNA/PEV ratios (n = 2) detected by NOBEL-SPA 
and log (miRNA amount per vesicle) detected by RT-PCR and NTA for various miRNAs. (D) PEV and PmiRNA/PEV (n = 2) detected in the culture medium from MCF-10A, MCF-7, 
and MDA-MB-231 cells after 48 hours EV harvest. The NOBs uses in (A) to (D) were NOBExo. (E) Spider web plot comparing the ratios of PmiRNA/PEV obtained in the sera of 
three patients with BC (pink) and three healthy controls (green), with the EVs captured by NOBExo or NOBs conjugated with the antibody targeting the surface protein of 
HER2 (NOBHER2), CD44 (NOBCD44), or CD24 (NOBCD24) and respectively detecting the EV-associated miR-155, miR-21, or miR-122. (F) The ratio of PmiRNA/PEV found in the sera 
of eight patients with BC (magenta columns) and nine healthy controls (green columns), with the exosomes captured by NOBExo and detecting the exosomal miR-122. 
Each data point displayed in (C) to (F) was the average value found in 10 images taken for each sample.
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the three cell lines (Fig. 2D and fig. S15). On the other hand, while 
the number of the miR-122+ EV particles, i.e., PmiRNA, also increased 
with the harvest time for all three cell lines, the increase rates were 
different, leading to significantly different PmiRNA /PEV ratios col-
lected at 48 hours (Fig. 2D): the EVs from MDA-MB-231 exhibiting 
the highest ratio, which is more than three times larger than that 
of the EVs from MCF-10A, which displayed the lowest PmiRNA /PEV 
value. Because all the EVs pulled down by NOBExo should be 
exosomes, this result agrees with the previous findings on the spe-
cific loading of miR-122 in the exosomes from metastasis BC cell 
lines like MDA-MB-231 (44, 45, 53).

The three cell lines tested above are widely studied to advance 
understanding of the biology of BCs (67, 68). Thus, we further 
applied our technique to analyze the EVs and their miRNA contents 
present in human sera collected from patients with BC and healthy 
controls. We captured the EVs by NOBExo or by the NOBs conju-
gated to the antibody against CD44, CD24, or HER2, proteins re-
ported to be up-regulated in BC cells or tissues and explored the 
loading of various tumor miRNAs (miR-21, miR-122, and miR-155) 
in these EVs carrying different surface proteins. A 24-microwell 
chip was fabricated on top of the cover glass to improve analysis 
throughput, with each well (maximum volume = 10 μl) loaded with 
one type of the antibody-conjugated NOBs. Liquid mixing in each 
well was facilitated by spinning the NOBs on a stirrer plate, and a 
magnet was used to pull down the NOBs during washing and solu-
tion exchange. The highly abundant exosomes captured by NOBExo 
required only 1 μl of serum for detection, but the NOBs targeting 
different surface proteins other than the exosomal protein markers 
needed 5 μl of serum to detect a good number of fluorescent parti-
cles. In this step, we only examined a small sample set (n = 3 for each 
cohort of healthy controls or patients with BC) as proof-of-principle 
study. We found that, for exosomes, the CD44+ EVs and the HER2+ 
EVs significantly higher counts of the total stained EVs, i.e., PEV, 
and the miRNA+ EVs, i.e., PmiRNA, were detected in patients with BC 
compared to that in healthy controls, with the CD44+ or HER2+ 
EVs showing larger differences than exosomes (fig. S16). The higher 
number of PmiRNA detected in these EVs also could be attributed to 
the higher loading of miR-21 and miR-122, because their PmiRNA/PEV 
ratios were significantly higher in patient sera as well (Fig. 2E and 
fig. S16). In contrast, the other miRNA marker tested, miR-155, did 
not exhibit significantly higher PmiRNA/PEV ratios in patient sera 
when it was detected in exosomes and the HER2+ EVs (Fig.  2E), 
although its PmiRNA increased in these EV subpopulations (fig. S16), 
supporting that the higher number of the miR-155–bearing exosomes 
or HER2+ EVs found in patients was just due to more EVs secreted. 
In the meanwhile, most of the results, including PEV, PmiRNA, and the 
ratio of PmiRNA/PEV for the CD24+ EVs, did not show significant dif-
ferences between patients with BC and healthy controls, except for 
the PmiRNA/PEV values for miR-21 and miR-122, which displayed 
small but statistically significant differences (fig. S16). These results 
suggest that the abundance of the EVs carrying specific tumor protein 
like CD44 and HER2 could be enhanced in patients with BC, while 
the number of exosomes may not show a similarly big difference. In 
addition, secretion of miR-122 or miR-21 to the exosomes, the CD44+ 
EVs, or the HER2+ EVs could be enhanced in patients with BC but 
not that of miR-155.

Since a larger difference in the PmiRNA/PEV values between 
patients with BC and healthy controls was found for miR-122 than 
for miR-21 within this small sample set and the total number of 

exosomes was higher than CD44+ or HER2+ EVs that permits better 
detection sensitivity, we expanded our analysis to a relatively larger 
sample cohort, focusing the miR-122–associated exosomes (n = 9 
for healthy controls and n = 8 for patients with BC). Again, PEV did 
not show much differences between patients with BC and healthy 
controls, but both PmiR-122 and PmiR-122/PEV increased in patient 
samples (fig.  S17), and the ratios in patient samples were signifi-
cantly higher than those in healthy controls (P < 0.0001) (Fig. 2F), 
agreeing with the previous reports on the higher amounts of exosomal 
miR-122 found in patients with BC and the contribution of miR-122 
to BC metastasis (44, 45). These results well justify the necessity of 
detecting the individual miRNA-associated EVs rather than the bulk 
EV quantity for recognition of unique EV subpopulations valuable for 
disease diagnosis.

Assessment of colocalization of tumor proteins and miRNAs 
in single EV
The results discussed above point out that miRNA loading in EVs 
carrying different surface markers could vary. Thus, it could be im-
portant to detect both protein and miRNA simultaneously on the 
same EV. This is also rational because the protein cargos are related 
to EV biogenesis pathways and reflective to the complex physiologi-
cal states of the cells of origin (21), and the miRNAs could contrib-
ute to their roles in cell-cell communication (16). Dual-marker 
detection can be achieved by labeling each EV captured by the 
NOB with two fluorescent DNFs (58, 61). Five aptamer-containing 
ssDNA probes were designed to target the protein markers of CD63, 
CD44, HER2, EGFR, or MUC1 (fig. S18). Each of these probes was 
paired with one of the four ssDNA probes containing the comple-
mentary sequence of miR-122, miR-21, let-7a, or miR-155 to assess 
their colocalization with the target proteins (fig. S18). The ssDNA 
probes also contain the RCA primers that can bind to the target and 
grow into DNF either labeled by Alexa 647 (for protein detection) or 
by Alexa 488 (for miRNA analysis). These two RCA systems exhib-
ited very low cross-talk: Mixing the mismatched primer and circular 
template did not initiate RCA (fig.  S18). The specificity of the 
aptamer-containing probes for protein detection was confirmed by 
using an antibody to block the target protein on the membrane dye-
stained EVs captured on the imaging surface by the anti-CD63/
CD9/CD81 mixture; for any of the five proteins tested, the propor-
tion of the protein+ EVs detected by NOBEL-SPA was markedly 
reduced (fig. S19).

Figure  3A displays the representative images obtained from dual 
detection of CD63 and miR-122 on the exosomes isolated by NOBExo 
from the purchased EVs. We used CellProfiler (https://cellprofiler.org/) 
for image analysis. This program recognizes the center of the fluores-
cence intensity of each fluorescent spot to determine the positive hits 
(i.e., one spot having only one exosome), counts the number of fluores-
cent spots in each channel, and measures their fluorescence intensities. 
Using the fluorescence intensity of Alexa 633 (Iprotein) and Alexa 488 
(ImiRNA), we can easily tell apart the exosomes carrying only the protein 
(red arrows in Fig. 3A, ImiRNA = 0), only the miRNA (green arrows, 
Iprotein = 0), and both markers (yellow arrows). We can clearly see that 
only a small proportion of the CD63+ exosomes were also associated 
with miR-122. Pairing CD63 with different miRNAs, colocalization 
analysis of the images gave out low coefficients ranging from 0.132 to 
0.481, depending on the identity of the miRNA. The PmiRNA counts ob-
tained using the single- (for miRNA) and the dual-marker (for CD63 
and miRNA) detection systems exhibited a high Pearson correlation 

https://cellprofiler.org/
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coefficient of 0.9777 (fig. S20), proving that dual-marker labeling 
did not experience noticeable space hindrance and no deviation 
was found between the miRNA abundance detected by single- and 
dual-marker.

The above results prove the success of dual-labeling and low in-
terference between the two DNF labels. Then, we applied dual-label 
NOBEL-SPA to analyze the exosomes harvested from five cell lines, 

A549, HeLa, MCF-10A, MCF-7, and MDA-MB-231, using NOBExo 
for EV isolation. A total of 20 protein/miRNA combinations were 
constituted from pairing five proteins and four miRNAs as described 
above. In each EV sample from the same cell line, 2.4 × 106 EVs were 
captured by ~107 NOBExo particles, and 20 images were taken for 
each protein/miRNA pair. We plotted the density distribution pro-
file of the ratio of ImiRNA/(Iprotein  +  ImiRNA) for all the fluorescent 

Fig. 3. Dual-marker detection on single EVs. (A) Representative CFM images for dual-marker detection of CD63 and miR-122 by NOBEL-SPA in the exosomes isolated on 
NOBExo. Red, green, and yellow arrows point toward the particles emitting signals from only CD63, only miR-122, or both. Scale bars, 10 μm. (B to D) Density distribution 
profiles of the fluorescence intensity ratios detected for the pair of CD63/miR-122 in five cell lines (B), for miR-122 in the exosomes from MDA-MB-231 (C), and for let-7a in 
those from MCF-7 with one of the 5 proteins (D). (E and F) Proportion of the dual-positive EVs in the total miRNA+- (yellow bars) or protein+- (green bars) EVs derived from 
MCF-10A (E) and HeLa (F) cells. Each reported value and the error bar represent the average and SD of the particle count ratios obtained from 10 images.
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spots detected in 20 images. Spots with a ratio of 0 or 1 were the EVs 
having only the protein or miRNA signal detected, and those with a 
ratio close to 0.5 should carry considerable amounts of both protein 
and miRNA markers. We compared the distribution profiles of the 
same protein/miRNA pair among the EVs from different cell lines 
or among the different protein/miRNA pairs from the EVs from the 
same cell line (figs. S21 to S25). They well reflect the heterogeneous 
nature of the EVs and the ultralow abundance of those carrying spe-
cific markers among all the exosomes captured by the NOBs. Taking 
the CD63/miR-122 as an example (Fig. 3B), we found that while the 
CD63+/miR-122+ subpopulation was barely detected in the exosomes 
from MCF-10A cells (the curve in cyan blue), they occupied a low 
proportion in those from A549 cells (the curve in pink) and were 
found at relatively higher proportions in those collected from 
MCF-7, MDA-MB-231, and HeLa cells. However, even in these 
exosomes, miR-122 was only found in a very small proportion of the 
population. Comparing the distribution profiles of the exosomes 
marked by miR-122 and various protein markers, we found slightly 
higher population densities for the MDA-MB-231 exosomes carry-
ing both miR-122 and the protein marker of CD63, CD44, or MUC1 
(i.e., the intensity ratios in the range of 0.4 to 0.6), compared to 
HER2 and EGFR (Fig. 3C). In contrast, another miRNA, let-7a, was 
detected in a large proportion of the MCF-7 exosomes carrying 
CD44, EGFR or MUC1 but not in those with HER2 or CD63 
(Fig. 3D). Similar to our results from single marker detection in 
exosomes captured by various surface proteins displayed in Fig. 2E, 
miR-155 was much more abundant than other miRNAs in all sam-
ples: Not only there was a substantial proportion of the exosomes 
emitting the signal from miR-155, most of them also detected si-
multaneously with the marker proteins (figs. S21 to S25).

To assess the situation of protein/miRNA colocalization in more 
details, we evaluated the proportion of the miRNA+ exosomes 
among the total protein+ exosomes and vice versa (fig.  S26). We 
notice that, for let-7a, miR-21, and miR-122, the proportion of the 
protein+/miRNA+ exosomes among the miRNA+ ones, i.e., includ-
ing both the protein+/miRNA+ and protein−/miRNA+ subpopula-
tions, was >70% in most cases, much higher than their proportion 
among the protein+ subpopulations, including both the protein+/
miRNA+ and protein+/miRNA− subgroups (Fig.  3, E and F, and 
fig. S26). In the MCF-10A–derived exosomes, there was only <10% 
of the protein+ exosomes encapsulating the miRNA, further proving 
the low abundance of tumor miRNAs in the exosomes secreted by 
the nontumorigenic cells (Fig.  3E). Our results support that the 
presence of protein markers in exosomes is more ubiquitous than 
these specific tumor miRNAs. Still, some exceptions exist. For ex-
ample, the proportion of the dual-positive exosomes among the let-
7a+ exosomes increased to >40% in those from MCF-7 and HeLa 
cells. Close to 70% of the let-7a+ exosomes derived from HeLa cells 
associated with HER2 or MUC1 (Fig. 3F), suggesting the high pos-
sibility of colocalization of let-7a with these tumor proteins in such 
exosomes. In addition, similar to the situation found in the test of 
the small set of clinical samples shown in Fig. 2E, miR-155 was pres-
ent abundantly in the exosomes from all cell lines, colocalized with 
all of the proteins tested, particularly in the exosomes from MCF-7 
and HeLa cells.

EVs with dual markers in BC diagnosis
We hypothesize that the exosomes carrying both the tumor protein 
and miRNA could have high potential in differentiating patients 

with cancer from healthy controls. To test this, we segregated the 
exosomes into three categories: protein-only [ImiRNA/(Iprotein + 
ImiRNA)  =  0], miRNA-only [ImiRNA/(Iprotein  +  ImiRNA)  =  1], or 
dual-marker [0 < ImiRNA/(Iprotein + ImiRNA) < 1]; counted the num-
bers of exosomes in each category; and calculated the proportion of 
each category among the total detected exosomes. Figure 4A is the 
heatmap of the average (from 20 images) proportions of the dual-
marker category detected in the EVs derived from five cell lines (five 
columns), testing 20 protein/miRNA combinations (20 rows). Sub-
jecting the proportions of the dual-marker category detected for all 
of the protein/miRNA pairs (20 variables) in all images (20 repeats 
for each cell line) to canonical discriminant analysis (CDA), excel-
lent classification of the exosomes by their cells of origin was 
achieved (Fig. 4B), with an error rate of 1% (fig. S27). The separation 
effect was worse if the proportions of the protein-only (Fig. 4C 
and figs. S28 and S29) or miRNA-only (figs. S28 and S30) category 
were subject to CDA.

To reveal the most important protein/miRNA pairs for the dif-
ferentiation effect, we analyzed the dataset with the machine learning 
algorithm of support vector machine-recursive feature elimination 
(SVM-RFE), as done in our other published works (69, 70). To find 
the protein/miRNA combinations suitable for BC diagnosis, we 
separated the five cell lines into four classes, non-BC tumors (A549 
and HeLa), MCF-10A (nontumor), MCF-7 (nonmetastasis BC), and 
MDA-MB-231 (metastasis BC). Five protein/miRNA pairs, CD44/
miR-21, CD44/miR-155, CD63/miR-122, HER2/let-7a, and MUC1/
let-7a, all belonging to the dual-marker category, were found to be 
the most important features for cell line differentiation. These five 
features are sufficient to classify the cell lines with satisfactory accu-
racy (0.800), specificity (0.927), sensitivity (0.800), and the area 
under the curve (AUC) (0.957), when tested by 10-fold cross-
validation.

To further assess the diagnostic power of the five protein/miRNA 
combinations found above in clinical samples, we used NOBEL-SPA 
to examine human sera taken from healthy controls (n = 18), and 
stage I (n = 11), and stage II (n = 9) BC patients with matching ages. 
For each protein/miRNA pair, only 1 μl of human serum was used 
to mix with 10 μg of NOBExo for exosome capture. Like in the cell 
line analysis, each CFM image was considered as one repeated mea-
surement of the clinical sample, and each protein/miRNA pair con-
sidered as one variable in statistical analysis. From the violin plots 
of the proportion of each category: protein-only, miRNA-only, or 
dual-marker (Fig. 5 and figs. S31 and S32), we found the propor-
tions of both the CD63+/miR-122+ and CD44+/miR-21+ exosomes 
(enclosed in the two red rectangles in the dual-marker plot in 
Fig.  5A) increased significantly in patients with BC compared to 
healthy controls. In the protein-only category, the CD44+/miR-155− 
or HER2+/let-7a− exosomes showed large and statistically signifi-
cant increase (P < 0.0001) in stage I patients compared to healthy 
controls (fig. S31). The good marker potential of CD44 and HER2 
has also been revealed in our previous work (58). On the other hand, 
in the miRNA-only category, the HER2−/let-7a+ showed significant 
decrease (P < 0.0001) in stage I patients compared to healthy con-
trols, which is in the opposite trend as that occurred to the HER2+/
let-7a− exosomes. Such a phenomenon was also seen for the pair 
of CD44/miR-155 (enclosed in the blue rectangles in the protein-
only and miRNA-only plot in Fig. 5A). Similarly, we observed the 
negative correlation in the cell line–derived exosomes as well: The 
density distribution profiles showed high density of the let-7a–only 
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exosomes accompanied with the much reduced density of the 
HER2-only ones in those derived from HeLa and MCF-7 cells 
(figs. S22 and S23), but the trend was reversed for those obtained 
from MDA-MB-231 cells (fig. S24).

Because SVM-RFE using the data collected from BC-related cell 
lines revealed the five protein/miRNA pairs as potential markers to 
classify the nontumor, non-BC, nonmetastasis BC, and metastasis 
BC cells, we examined their potential in BC diagnosis by subjecting 
their population proportions observed in all images collected from 
the clinical samples for t-distributed Stochastic Neighbor Embed-
ding (t-SNE). The resultant scatterplot clearly separates patients 
with BC from the health controls, with the data points from each 
cohort nicely clustered together (Fig. 5B). Unfortunately, t-SNE did 
not show clusters of the two different BC stages, but one of the five 
combinations, the CD63+/miR-122+ exosome subpopulation, ex-
hibited continuous and significant increase between healthy con-
trols, stage I, and stage II BC patients (Fig.  5C). Such a gradual 
change was not observed for other subpopulations.

While t-SNE is an unsupervised nonlinear dimensionality reduc-
tion technique aiming to visualize the relationships embedded 
among the data, we expect that machine learning approaches could 
help confirm the possibility of building prediction models using the 
colocalization information of the selected protein/miRNA pairs for 
early BC diagnosis. Although the dual-marker pairs can differentiate 
the cell lines by their tumorigenicity and metastatic potential, clini-
cal samples are more complicated than cell lines, requiring more 

variables to establish the prediction model. Thus, we attempted the 
SVM-RFE algorithm on the dataset containing the proportions of 
both the dual-marker and the protein-only exosomes found in the 
clinical samples, hoping to obtain a classification model that permits 
the use of the proportions of these two exosome subpopulations 
from an “unknown” sample to predict its disease class. Two goals 
were tested. One was to classify healthy controls and patients with 
BC, and the other was to differentiate healthy controls, stage I BC, 
and stage II BC. The classification model was then tested by five re-
peats 10-fold cross-validation to assess its performance, using metrics 
like accuracy, sensitivity, specificity, precision, and AUC. Agreeing 
with the t-SNE results, differentiation of patients with BC from 
healthy controls is successful, with all metrics close to 1 (table S2). 
The classification performance obtained by using the dual-marker 
and the protein-only or miRNA-only combinations was comparable 
(table S2). BC stage classification is more difficult, but still, scores for 
accuracy, specificity, and precision were ~0.8 and for sensitivity and 
AUC were larger than 0.9 (table S3). If only the dual-marker sub-
population was used for classification, then excellent performance 
metric scores still are achieved for differentiation of patients from 
healthy controls (table S4), while the values decreased slightly from 
those acquired using two subpopulations (table S5). Power analysis 
found that a sample size of 38 would be needed to reach a classifica-
tion accuracy value of 0.80 with α = 0.05 for differentiation of healthy 
versus patients with BC, but a larger size of 86 was found for differ-
entiation of healthy controls and stage I or II BC patients.

Fig. 4. Differentiation of EVs by cells of origin based on the profiles of protein/miRNA combination. (A) Heatmap of the proportions of the protein+/miRNA+ 
exosomes by among the total population detected in the EVs from different cells lines. (B and C) Canonical score plots using the proportions of the dual-marker exosomes 
(B) or those with only proteins (C) showing different degrees of classification of the exosomes based on the cells of origin. NOBExo was used for EV capture.
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DISCUSSION
EVs carry high potential as the biomarkers in liquid biopsy, because 
they are easily accessible in all body fluids, their biogenesis involves 
distinct intracellular processes regulated by the physiological states 
of the parental cells, and they enclose many cargo molecules includ-
ing proteins and nucleic acids that can serve the purpose of cell-cell 
communications. While they have so many attractive features, it is 
very challenging to identify the disease-relevant EV subpopulations 
among the swarm of highly heterogeneous EVs produced by all 

cells. Although the conventional or advanced separation techniques 
can sort the EVs by properties like size, shape, density, surface 
hydrophobicity, etc., even the very thorough separation procedure 
could recover heterogeneous EVs (71). Bulk analysis only produces 
the ensemble average of the varying signals from a swarm of hetero-
geneous EVs, missing the signals from the distinct subgroups at 
trace levels that carry out specific disease-related functions or are 
derived from cells undergoing pathological transition (21, 25). It 
has been well demonstrated by the pioneering developments that 

Fig. 5. EV subpopulations for BC diagnosis. (A) Violin plots of the proportions of the different exosome subpopulations (protein+/miRNA+, protein+/miRNA−, and pro-
tein−/miRNA+) among the total exosomes detected by using NOBExo in sera samples collected from healthy controls and patients with BC. (B) t-SNE scatterplot showing 
successful differentiation of patients with BC from healthy controls using the population proportions of the exosomes carrying the dual-marker pairs of CD44/miR-21, 
CD44/miR-155, CD63/miR-122, HER2/let-7a, and MUC1/let-7a. Green dots represent healthy controls, and the pink dots represent patients with BC. (C) Box plots of the 
proportions of the CD63+/miR-122+ exosome subpopulations among the total exosomes detected in sera samples collected from healthy controls (n = 18) and stage I 
(n = 11) or II (n = 9) BC patients. A total of 10 images were taken for each clinical sample. ***P < 0.001; ****P < 0.0001.
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detecting cargos on single EVs can overcome the heterogeneity 
issue and unambiguously identify the few EVs bearing unique phe-
notypic features, such as a panel of protein markers or a selection of 
miRNAs, among the overwhelming disease-irrelevant populations. 
Hence, the goal of our work is to establish a broadly adaptable plat-
form that can simplify single EV analysis and rapidly detect multiple 
types of EV cargos on individual EVs for improved specificity.

NOBEL-SPA achieves this goal by using the easily manipulated 
magnetic NOBs that can rapidly and efficiently isolate EVs from a 
small volume of biofluids. The fast and highly efficient EVs capture 
by the NOBs are the results of their spinning feature while placed in 
a rotation magnetic field, which can speed up molecular transfer to 
the sensor surface and improve the binding kinetics. Fast molecular 
transfer also can help remove loosely bound impurities. In addition, 
the easiness in handling the NOBs by a magnet simplifies the entire 
assay. They can be rapidly removed from the solution because of 
their superior superparamagnetic property and redistributed with 
good dispersity owing to the high surface charges. All these features 
ensure a fast turnaround time of our method and complete EV isola-
tion, labeling, and imaging in 4 hours. EVs with concentrations as 
low as few or tens EV particles/μl are detectable (Fig. 1). The compa-
rable dimension of each NOB to the EVs with diameters ~100 nm 
permit the capture of only one to two EVs per NOB to effectively 
eliminate EV aggregation (Fig. 1). To further reduce the possibility 
of loading more than one EV on each NOB, we used a mole ratio 
between NOBs and antibody of 10:1 during antibody conjugation 
and used a large number (106) of the NOBs to capture the EVs from 
biological samples. For example, 106 NOBs were used to capture 
exosomes from 1 μl of serum in the present work, which may con-
tain only <105 exosomes. Our method of avoiding EV aggregation 
in single EV analysis could be more easily implemented than 
controlling the EV input by sample dilutions or specifically locating 
single EVs on the sophisticated designed sensor surface. Moreover, 
once the EVs are lysed to expose the intravesicular components, 
they can be immobilized on each NOB to maintain their high, 
local concentrations, permitting the detection of miRNAs in indi-
vidual EVs the abundance of which could be as low as one copy per 
thousand EV particles when quantified by the conventional method 
of RT-PCR.

About one in eight US women will develop invasive BC over the 
course of her lifetime, and BC has a higher death rate than most 
common cancers except lung cancer (breastcancer.org). Since ~85% 
of the BC cases occur in patients with no family history, frequent, 
noninvasive examination is the most useful manner for capturing 
the onset of the disease at an early stage to improve cure and reduce 
mortality. However, BC is highly heterogeneous and encompasses 
distinct subtypes exhibiting diverse clinical features (72–74). Bio-
markers that can handle high disease heterogeneity and clearly dif-
ferentiate BC stages and subtypes are thus highly valuable for BC 
diagnosis, prognosis, and therapeutic monitoring (6, 75). EVs de-
rived from tumor cells could be ideal for such purposes because 
they carry a collection of molecules either inherited from the parent 
tumor cells, like surface proteins (8, 22, 32, 35, 37, 55) or selectively 
packaged, like miRNAs, for physiological regulation (41, 53), 
affecting tumor growth, tissue invasion, and metastasis (44, 45). 
The present work focused on two types of tumor markers: proteins 
and miRNAs enclosed in single EVs. The tumor proteins could 
reveal the EV’s tumor origin, and the miRNAs may indicate the EV’s 
potential in affecting the cellular processes like cell proliferation 

(76), inflammation responses (77), or metabolism (44, 45) in the 
recipient cells. NOBEL-SPA can easily recognize individual EVs car-
rying both the protein and miRNA markers, since its signal amplifi-
cation approach is based on long DNA chains, i.e., DNFs, grown on 
the primer attached to the target recognition probes, which could 
be either antibodies, aptamers, or target-complimentary ssDNAs. 
By simply switching the target recognition probes, detection of 
diverse EV cargos like mRNAs, DNAs, lipids, etc. can be done. 
Moreover, as described above, the design of NOB can ensure that, at 
most, only one EV can be captured by each NOB, and CellProfiler 
can automatically distinguish the aggregated and clumped EVs and 
recognizes objects that exhibit a single peak of fluorescence, e.g., 
showing higher intensity toward the interiors but dimmer toward 
the edges. These fine controls, along with the threshold application 
in CellProfiler to exclude any dots larger than 20 pixels, and the 
usage of its MaskObject function to find the individual objects iden-
tified in each fluorescence channel that are overlapped at the same 
position can help determine individual EVs carrying both protein 
and miRNA or only having the protein or miRNA but not both.

By using NOBEL-SPA to detect the subpopulations of EVs carry-
ing unique signatures, we find that, while the total exosome number 
did not show any significant difference between the patients with 
BC and the healthy controls, the proportion of the miR-122+ exo-
somes displayed much larger and statistically significant differences 
(Fig. 2). Further refining the miR-122+ exosomes to be the CD63+/
miR-122+ subpopulation can even help differentiate stage I and 
stage II BC patients, while both patient categories were well distinct 
from the healthy controls (Fig. 5). Moreover, compared to detecting 
only the proteins or only the miRNAs, simultaneously detection of 
proteins and miRNAs can perform better in differentiating the 
tumor cell lines, indicating the necessity of targeting multiple types 
of cargos on single EVs if higher specificity in diagnosis and progno-
sis is to be obtained.

Besides enhancing diagnosis specificity, recognizing multiple car-
go molecules on single EVs can improve our understanding of EV 
cargo loading. The present work focused on exosomes by capturing 
the EVs using the antibodies against CD63/CD9/CD81. One interest-
ing phenomenon we noticed from our results is that the selected pro-
tein markers are more ubiquitously found in exosomes, but only a 
very small proportion of them carried the marker miRNAs (fig. S26). 
On the other hand, rarely the miRNA marker would be detected by 
itself in the tumor-derived exosomes without the presence of any of 
the protein markers. These results well agree with the previous 
research findings about the selective sorting of the signaling miRNAs 
to EVs, which could carry out the function of cell-cell communication 
during tumor development and metastasis (44, 45, 53). For the ones 
selectively sorted to exosomes, like miR-122, detecting it along with 
the colocalized protein, like CD63, could then help with early BC di-
agnosis. For the proteins and miRNAs having opposite roles in pro-
moting the growth of cancer cells, like let-7a and HER2 (76, 78), 
colocalization analysis also revealed their negative correlation in the 
exosomes derived from certain cells (fig. S22 to S24) and in human 
sera (Fig. 5A), indicating that their loading into EVs could follow dif-
ferent mechanisms and could be related to the functions of these 
markers. It has been reported that HER2 can promote the growth of 
cancer cells, but let-7a can suppress migration and invasion of BC 
cells (76, 78). Future studies following the single EV analysis can com-
pare the abundances of different cargo molecules in the parental cells 
to gain deeper understanding of the cargo loading mechanisms.

http://breastcancer.org
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The amplification strategy used by NOBEL-SPA permits bio-
marker detection of <100 vesicles in 1 μl of serum in the present 
work. The low sample consumption and high sensitivity, accompa-
nied with the easy handling of the magnetic NOBs, make NOBEL-SPA 
suitable for analysis of large number of samples. Then, the prem-
ise of the EV subpopulations simultaneously carrying the dual-
marker protein/miRNA pairs as disease markers can be further 
validated by NOBEL-SPA in the large-scale test of clinical samples. 
Classification models established using the SVM algorithm prove 
the potential of using both the dual-marker and protein-only or 
miRNA-only groups to successfully assign the clinical samples 
between the healthy and BC category (table S2). Our BC samples 
include stage I BC patients, highlighting the power of our tech-
nique in early cancer diagnosis which is very critical for timely 
treatment and survival rate improvement. The classification per-
formance of using only the dual-marker subpopulation was com-
parable to using two subpopulations for prediction of healthy 
people and BC patients (table S4), supporting the importance of 
finding the exosomes carrying both tumor proteins and tumor 
marker miRNAs in diagnosis. To identify such subpopulations, 
single vesicle analysis is necessary and carries superior power over 
bulk analysis in marker discovery.

Differentiating between stages I and II is more challenging 
(table S3) but still achievable by analyzing the colocalization of one 
or few pairs of protein and miRNA markers on single EVs as dem-
onstrated in Fig.  5C for the exosomes carrying both CD63 and 
miR-122. While CFM could be somewhat technically demanding, 
these specific EV subpopulations discovered by NOBEL-SPA can be 
targeted in bulk analysis like ELISA or lateral flow devices that are 
more suitable for point-of-care clinical testing owing to easy and 
low-cost operation. For example, the EVs can be enriched via recog-
nition of the surface protein marker, and the enclosed miRNA can 
be detected to achieve high sensitivity and specificity in clinical 
diagnosis and prognosis.

Besides EVs, NOBEL-SPA should have broad applicability for 
other targets. This technique should also have broad applicability for 
analysis of other biological vesicles with submicron sizes at the sin-
gle particle level. For example, NOBEL-SPA can be applied to detect 
viruses in clinical samples, which are also as small as EVs and high-
ly heterogeneous, present at low abundances at the early stage of 
infection. Capturing the small population of the viral particles car-
rying the mutated nucleic acid sequences and the highly infectious 
surface proteins is highly important for timely control of the patho-
gen spread.

In summary, the present work has achieved both knowledge and 
technical advancements. The former is represented by the discovery 
of the value of EV subpopulations defined by the colocalization of 
certain protein/miRNA pairs in diagnosis of early-stage cancer. The 
latter is the successful development of the enabling technique of 
NOBEL-SPA that can carry out single EV analysis in a highly sensitive 
and effective manner and can assess the colocalization of protein and 
nucleic acid markers in the same EV, tasks not yet been accomplished 
by current techniques with matching assay efficiency and sensitivity 
(table S1). While the technique of NOBEL-SPA can have broad ap-
plicability in analysis of other submicron biological particles, the 
colocalization assessment can help study the loading mechanisms 
of nucleic acids to EVs during disease development, leading to new 
therapeutic approaches by studying their production and functions. 
Although the diffraction-limited confocal fluorescence microscopy 

may not be readily used in clinical laboratories, we envision that 
NOBEL-SPA will be valuable in advancing EV marker discovery. The 
identified EV markers can then be used in the development of bulk 
analysis methods suitable for rapid clinical testing.

MATERIALS AND METHODS
Preparation of bioconjugated NOBs
The magnetic Fe3O4@SiO2 nanorods were synthesized according 
to the reported protocol (62). Then, they were incubated with the 
carboxyl-modified (3-aminopropyl) triethoxysilane in dimethylfor-
mamide at room temperature for 36 hours, ready for antibody con-
jugation via EDC/NHS coupling. The remaining activated carboxyl 
groups on the surface were deactivated by glycine. The obtained 
NOBs were redispersed in 1× phosphate-buffered saline (PBS) at a 
concentration of 1 mg/ml and stored at 4°C. NOBs conjugated with 
the mixture of antibodies against the exosomal markers of CD63, 
CD81, and CD9, i.e., NOBExo, were used, except for the data pre-
sented in Fig. 2E, the collection of which also used the NOBs cou-
pled with the antibody against HER2 (NOBHER2), CD44 (NOBCD44), 
or CD24 (NOBCD24). More details can be found in the Supplemen-
tary Materials.

NOBEL-SPA
The wells for the assay were firstly blocked by 0.1% bovine serum 
albumin (BSA) in 1× PBS overnight to reduce nonspecific adsorp-
tion. Ten microliters of NOBs (10 ng/ml) was added to each well 
and mixed with 10 μl of the EV sample. The chip was placed on 
the stirring plate set at 360 rpm. After 30-min EV capture, the 
NOBs were pulled down by a magnet and washed with 1× PBS 
and then sequentially mixed with 4% PFA and 0.1 M EDC in 0.1 M 
imidazole buffer (pH 8) to fix the captured EV and crosslink the 
nucleic acid. The residual reagents were washed away with 0.2% 
glycine. Followed, a mixture of 1 μl of 10× phi29 buffer [500 mM 
tris-HCl, 100 mM MgCl2, 100 mM (NH4)2SO4, and 40 mM di-
thiothreitol], 1 μl of BSA (0.125 mg/ml), 1 μl of 0.05 μM circular 
probe, 1 μl of 0.25 μM recognition probe, 1 μl of 0.5× DiB, and 
6 μl of deionized water was added and incubated for 30 min at 
room temperature on the magnetic stir plate (360 rpm) to recog-
nize the target miRNA and stain the captured EVs. After that, 1 μl 
of 200 μM deoxynucleotide triphosphate (dNTP), 1 μl of 2.5 μM 
biotin–deoxyadenosine triphosphate, and 1 μl of phi29 DNA 
polymerase (2.5 U/ml) were added to the well and incubated at 
37°C for 30 min. Last, 1 μl of 2.5 μM streptavidin-modified Alexa 
633 was added, and the solution was incubated for 30 min. After 
washed with 1× PBS three times and dispersed in 10 μl of 1× PBS, 
the NOBs were ready for CFM.

Dual-marker NOBEL-SPA followed a similar procedure with 
some modifications: (i) RCA used a mixture of two circular probes, 
1 μl of each at 0.05 μM, and target recognition probes for the protein 
and miRNA markers, 1 μl of each at 0.25 μM; (ii) the RCA reaction 
buffer contained 1 μl of 1 mM dNTP; and (iii) after RCA, a mixture 
of detection probes (Alexa 488 for miRNA and Alexa 647 for surface 
protein) was added, each supplied at 1 μl of 2.5 μM and incubated 
for 30 min.

In the RNase treatment tests, the EVs captured by the NOBs were 
treated by 40 U of RNase If in 11-μl NEBuffer 3 at 30°C for 20 min 
(44). After washing the RNase-treated EVs with 1 × PBS for three 
times, general NOBEL-SPA for miRNA detection was carried out.
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Confocal microscopy and image analysis
Fluorescence imaging was performed on a Zeiss 880 Inverted 
Confocal Microscope using an ultraviolet laser with λex = 330 nm, 
an Argon laser with λex = 488 nm, and a HeNe laser at λex = 633 nm 
for fluorescence from DiB, Alexa 488, and Alexa 633 (or Alexa 647), 
respectively. All CFM images were collected at a resolution of 
512 × 512 pixels. The viewing area was 100 μm by 100 μm. For each 
sample, 10 images were acquired at 10 different locations from a 
single well. The raw data obtained from CFM were exported to the 
tiff format via ZEN 3.2 (blue edition). The images were processed by 
CellProfiler with a lab-built pipeline. In this pipeline, the clumped 
cluster was divided by the intensity, and the size smaller than 
20 pixels was regarded as one spot. The number of particles, the size, 
and fluorescence intensity detected on each particle were automati-
cally collected by the pipeline. More details can be found in the 
Supplementary Materials.

Statistical analysis
Data plots, statistical analysis, and CDA were carried out by Origin 
2021. Differences with P < 0.05 were considered as statistically sig-
nificant. The t-SNE was performed to reduce the dimensionality 
of complex data by Python 3.9 (64-bit) with the following parame-
ters: n_components = 2, init = “pca,” verbose = 1, random_
state = 123, perplexity = 15, learning_rate = “auto,” n_iter = 5000. 
The two-dimensional data were plotted by the matplotlib.pyplot. 
Feature selection and classification were performed with Python 3.9 
(64-bit), using StandardScaler for data standardization, SVM-RFE 
to select the top five sensors according to weight vectors by the 
iteration process of the backward removal of features, and RFE 
[estimator = svm.SVC (kernel = &#39; linear&#39), n_features_to_
select  =  5]. Performance metrics for the classification evaluation 
were calculated by using RepeatedStratifiedKFold (n_splits  =  10, 
n_repeats = 3) for cross-validation and with svm.SVC (kernel = &#39; 
linear&#39) as the estimator. For the power analysis, analysis.solve_
power (effect_size = effect_size, power = 0.8, alpha = 0.05) was used, 
and the effect_size was calculated based on the observed_accuracy 
and baseline_accuracy (1/3). For the k-fold cross-validation with 
SVM as the model, SVC (probability  =  True, decision_function_
shape = “ovr,” class_weight = “balanced,” cache_size = 2000) and 
RepeatedStratifiedKFold (n_splits  =  10, n_repeats  =  5, random_
state = 123) were used.

Supplementary Materials
This PDF file includes:
Supplementary Text
Figs. S1 to S32
Tables S1 to S5
Legends for data S1 and S2

Other Supplementary Material for this manuscript includes the following:
Data S1 and S2
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