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Abstract

Extracellular vesicles (EVs) play important roles in cell-cell communication but they are highly
heterogeneous, and each vesicle has dimensions smaller than 200 nm thus encapsulates very limited
amounts of cargos. We report the technique of NanOstirBar (NOB)-EnablLed Single Particle Analysis
(NOBEL-SPA) that utilizes NOBs, which are superparamagnetic nanorods easily handled by a magnet or
a rotating magnetic field, to act as isolated “islands” for EV immobilization and cargo confinement.
NOBEL-SPA permits rapid inspection of single EV with high confidence by confocal fluorescence
microscopy, and can assess the colocalization of selected protein/microRNA (miRNA) pairs in the EVs
produced by various cell lines or present in clinical sera samples. Specific EV sub-populations marked by
the colocalization of unique protein and miRNA combinations have been revealed by the present work,
which can differentiate the EVs by their cells or origin, as well as to detect early-stage breast cancer (BC).
We believe NOBEL-SPA can be expanded to analyze the co-localization of other types of cargo molecules,
and will be a powerful tool to study EV cargo loading and functions under different physiological conditions,

and help discover distinct EV subgroups valuable in clinical examination and therapeutics development.
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Extracellular Vesicles (EVs) secreted by cells can mediate cell-cell communication,' and are present
in all biological fluids,* 7 easily accessible with minimal invasion.® They are classified into different
subtypes;”!* and the two smaller (diameter ~40-250 nm) subtypes called exosomes and microvesicles have

1-3, 5, 16

unique biogenesis pathways and diverse types of cargo molecules, attracting great attention in

biomedical research. EVs have been associated with immune responses, viral pathogenicity, cancer

17-20

progression, and cardiovascular or central nervous system-related diseases, supporting their high
potential as diagnostic and therapeutic tools. However, it is very challenging to identify the disease-related
EVs. EVs are highly heterogeneous, different in their sizes, contents, cells of origin, biogenesis pathways,
and functional impacts on recipient cells.?!* While the total EV concentration in the peripheral circulation
canreach 10° vesicles/mL,?* the unique EV sub-populations that carry out specific disease-related functions,

21.25 could be at very low abundance during the

or are derived from cells undergoing pathological transition
early development stage.?® It has been projected mathematically that, for bulk detection, it would need
techniques sensitive enough to accommodate an EV input of ~ 100 EV particles/mL in order to detect those
released by small human tumors (< 1 cm?®), which are curable if caught early.”’” Such a sensitivity
requirement is very difficult if not impossible to be met by the conventional methods of 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 miss the
signals from the distinct sub-populations present at trace levels.

To simultaneously overcome the heterogeneity and sensitivity issues in EV analysis, pioneering works

32, 33

analyzed single EVs using high-resolution FCM,?-! super resolution microscopy, and droplet-based
NGS.** Confocal or total internal reflection fluorescence microscopy (CFM and TIRFM) has also come to
the spot light of single EV analysis because of their relatively lower cost in instrumentation and less
complex operation, while offering direct visualization of the vesicles.** 3¢ As listed in Table S1, the most
state-of-the-art developments using fluorescence microscopy detected either proteins or nuclei acids on

single EVs, confirming the presence of EV sub-populations bearing different phenotypic features and their

premises in marking disease development.’’*! Still, single EV analysis is very difficult, owing to their
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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 turn-around time, limit of detection
(LOD), and sample consumption are yet to be improved to meet the needs in early detection and frequent
disease monitoring.’”*! 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. Analyzing multiple types of cargos in single EVs with comparable
sensitivity as protein detection has not yet been achieved either, which is significant for better understanding
of EV cargo selection and EV functions.*?

Herein, we report the technique of NanOstirBar (NOB)-EnabLed Single Particle Analysis (NOBEL-
SPA) that employs the multifunctional NOBs to enable detection of both the protein and microRNA
(miRNA) cargos on single EVs relying on the unique structure of NOBs. The NOBs not only act as regular
magnetic particles to facilitate easy handling, but also can spin freely in the rotating magnetic field to speed
up molecular diffusion to the NOB surface and prompt rapid target binding and thorough removal of the
non-specifically adsorbed molecules. Moreover, each NOB has comparable dimensions 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, preventing EV aggregation and diffusion of
the intra-vesicular molecules once the membrane structure is destroyed. The few marker molecules
concentrated on each NOB can be illuminated by the DNA nanoflowers (DNF) grown from rolling circle
amplification (RCA),* making the single EV carrying specific markers easily detected with high
confidence by diffraction-limited confocal fluorescence microscopy. The effectiveness of NOBEL-SPA
was demonstrated through the detection of both tumor protein and miRNA markers in the exosomes
produced by various tumor cell lines or present in the sera samples collected from breast cancer (BC)
patients. Distinct EV sub-populations defined by the colocalization of specific tumor miRNA and protein
markers were found to be able to differentiate EVs by their cells of origin and to differentiate Stage I BC

patients from healthy controls. We believe NOBEL-SPA can be applied to study other sub-micron
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biological particles, help gain more understanding of their cargo loading and functions, and identify specific

sub-populations carrying unique features.

Results and Discussion

NOB: to facilitate single EV counting and yield efficient EV capture. Our previous work*: % have
employed fluorescent DNA nanoflowers (DNF) to amplify the size and signals from surface proteins of
individual EVs so that they can be easily seen by a conventional flow cytometer or a diffraction-limited
confocal microscope. DNF construction is triggered by the binding between a protein marker and an
aptamer probe** or a primer-conjugated antibody.* The binding initiates rolling circle amplification (RCA)
and grows a long ssDNA product, the sequence of which permits self-hybridization to fold into a
nanostructure. We proved that, with each DNF labeled by numerous fluorophores, detection of single EVs
carrying protein markers, like HER2, EGFR, CD44, etc., can be easily done by CFM with an input ~100
EV particles (P)/uL.* But EV capture on the flat glass surface by antibodies, similar to other pioneering
works, is slow and inefficient due to limitation in surface diffusion. Additionally, EVs aggregate easily,
preventing accurate recognition of individual vesicles.

46-48 can be used

In the present work, we discovered that the superparamagnetic, silica-coated nanorods
to enable single EV analysis (Figure 1a). While the NOBs are small (< 200 nm) 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
seconds. 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 x 50 nm and modified their silica
surface with carboxyl groups. Then the NOBs were conjugated with the mixture of antibodies against the
exosomal markers of CD63/CD9/CD8]1 to specifically capture exosomes (Fig. 1b and S1) from a standard
EV sample purchased commercially. We stained the NOB-bound exosomes with the membrane-bound dye

DiB (Aex353 nm/Acm 442 nm) and evaluated the total number of vesicles detected by CFM after various

capture durations.
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Figure 1. NOB to facilitate single vesicle analysis. a) Scheme of NOBEL-SPA. b) SEM images of the individual NOB,
exosome, and the antibody-modified NOB with the bound exosome (pointed by the arrows). Scale bar: 100 nm. c-d)
Box plots for the counts of DiB-stained exosomes captured by c) the antibody-conjugated NOBs under no-spinning or
spinning condition,; and d) the no-antibody conjugated NOBs after washing with or without spinning the NOBs. The
box is determined by the 25th and 75th percentiles, with the line in the box representing the median value, and the
whiskers determined by the 5th and 95th percentiles. e) WB results for detection of CD63 and CD81 in the exosomes
pulled down by the NOBs, or the spherical magnetic beads (MBs) with diameters around 1 (MB1) or 0.22 um (MB2),
after 30-min incubation. f) Histograms for the pixel numbers of the fluorescent particles detected after exosome lysis
and cargo crosslinking, with the exosomes captured on the glass slide surface (no NOB) or by the NOBs (inset images:
10 um x 10 um). ***: p < 0.001; ***: p < 0.0001.

We found that, with spinning, the NOBs took only 15 min to reach the capture plateau, with the
maximum number of bound exosomes ~20% higher than those obtained from 45 min incubation without
spinning (Fig. 1¢). In addition, spinning the NOBs carrying no antibodies during wash produced at least 2
times lower background signals compared to wash without spinning (Fig. 1d). Moreover, more exosomes
were isolated by the NOBs than the 1- or 0.22-um spherical magnetic microbeads (MB), as confirmed by
testing the exosomal markers of CD63 and CD81 pulled down by the NOBs and the MBs with Western
Blot (Fig. 1e). Quantification of the remaining exosomal proteins in the supernatant by ELISA also
confirmed that > 85% of the exosomes were pulled down by the NOBs, while ~ 60% were captured by the
MBs (Fig. S2). These results well support that, the spinning action of the NOBs can promote molecular

diffusion and thus improve the efficiency of target capture and impurity removal.
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NOB:s to simplify miRNA detection in single vesicle. Most importantly, the NOBs can simplify
single EV counting and facilitate analysis of the intravesicular cargos like microRNAs (miRNAs). Since
the NOBs have the dimensions comparable to those of the EVs, each NOB can capture only few EVs due
to space hindrance. We can further limit the number of EVs captured per NOB by controlling the amount
of antibody (anti-CD63/CD9/CD81) loaded on each NOB. When using a molar ratio of 1 : 10 for NOB :
antibody in the conjugation, either no or just 1 exosome was found on the NOB when viewed by SEM (Fig.
1b). With the individual EVs spatially confined and separated from each other to minimize EV aggregation,
counting 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 breaking down the EV membrane
structures by detergents, allowing analysis of the intravesicular miRNAs (Fig. 1a). We lysed the exosomes
bound to the NOBs by a 10-min treatment of 4% paraformaldehyde (PFA);* and used 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) to crosslink the 5’-phosphate of RNA>® to the EV proteins and
antibodies on the NOBs (Figure S3). In this way, EV cargos would not diffuse to the surrounding area and
maintain their initially high concentrations inside each EV. The exposed EV miRNAs can then hybridize
with a hairpin probe to release the primer region for binding with the circular template that initiates RCA
and grow the fluorescent DNF (Figure S4a, and probe designs in Fig. S4d and S6d). The DNF-labeled
EV supported by a NOB can be imaged as a bright fluorescent particle. The sizes of the fluorescence
particles resulted from the NOB-captured exosomes were much smaller (occupying only 4-8 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. 1f). A size of 4-8 pixels under our imaging condition
is equivalent to a dimension of ~ 250-300 nm, matching well with that of the single exosomes labeled with
the DNS as found in our previous works.**4°

Detection of two potential tumor miRNA markers, miR-155 and miR-122, on single EVs was tested in
the purchased exosome standards. Good detection specificity using the hairpin probes was confirmed: only
the target miRNA (miR-155 or miR-122) yielded positive RCA reaction, but not the ssSRNA with small

sequence variations nor other miRNAs (Fig. S4 and S6). We stained the exosomes with DiB; and labeled
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the DNF grown upon recognition of miR-155 or miR-122 with Alexa633 (Aex 621 nm/ Aem 639 nm) (Fig.
2a). The number of the stained exosomes, Pgyv, and that of the DNF-labeled exosomes, Pmirna, detected by
CFM were both linearly proportional to the input exosome concentration in the range of 200 — 10° EV
particles/uL (P/uL) (sample volume = 10 uL) when plotted in the Log scales (solid lines in Fig. 2b; Fig.
S5 and S6). Using the 36 method, we calculated the LOD for miR-155 and miR-122 being 3.1 P/uL and
18 P/uL, respectively. The LOD differences reflect the differential loading of these two miRNAs in this
exosome sample: as calculated from the miRNA quantity obtained from RT-PCR and the exosome counts
measured by Nanoparticle Tracking Analysis (NTA), at least 3 copies of miR-155 were found in each
exosome; but only ~2 copies of miR-122 were present in ~100 exosomes (Figure S8d). Using Pgy for LOD
calculation yielded a value of 4 P/uL (Figure S5), comparable to that of miR-155 and confirming the high
abundance of miR-155. These LODs are lower than what we previously reported for EV surface protein®
and also that reported by others for analysis of miRNAs in single EVs using lipid vesicle fusion.*>3! The
improvement could be owing to the high EV capture efficiency and the effective preservation of the EV
cargos on NOB.

Interestingly, we found that, in the same exosome sample, the Pmirna/Pev ratio for the same miRNA
did not change significantly with different EV inputs (dash lines in Fig. 2b), but were distinct between two
miRNAs: for miR-155 it was > 60%, but for the low-abundant miR-122 it was only ~20%. We then
designed specific stem-loop probes for various miRNAs (Figure S7-8), and confirmed that indeed the
Pmirna/Pey ratio varied among different miRNAs, and was positively correlated with the Log (miRNA
moles per particle) quantified by RT-PCR and NTA (R? = 0.8591) (Fig. 2¢). These results prove that, the
Pmirna/Prv ratio is reflective to the abundance of miRNAs in the EV samples. By staining the EVs to count
the total EVs captured by the NOBs, NOBEL-SPA can accurately compare the miRNA expression levels
in different EV samples without the need to quantify the total EVs or total EV RNAs. Detection of each
miRNA marker by our method requires an EV input < 2,000 particles, but > 107 particles are needed by
RT-PCR. Our method can work directly with unprocessed samples without RNA extraction, thus is much

more efficient and faster.
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Figure 2. NOBEL-SPA for analysis of EV miRNAs associated with individual EVs. a) Representative images of the
DiB-stained exosomes captured by NOBs (top panel) and illuminated by the DNF labels for miR-155 detection (bottom
panel) collected with no (left panel) or 2 % 10° P/uL (right panel) exosomes. Scale bar: 20 um. b) Calibration curves
(solid lines) for miR-155 and miR-122 obtained by plotting the Log of the PmiRNA counts vs. the Log of the input EV
concentration;, and the ratios of Puirna/Pev (dash lines) detected at various EV concentrations. c) The ratio of
Prirna/Pey for various miRNAs positively correlated with the Log (miRNA concentration) detected by RT-PCR and
NTA. d) Pgy and Pruirn4/Pev detected in the culture medium from MCF-104, MCF-7, and MDA-MB-231 cells after 48
hrs EV harvest. e) Spider web plot comparing the ratios of Puirna/PEy obtained in the sera of 3 BC patients (red) and
3 healthy controls (green), with the EVs captured via recognition of the surface protein of CD63, HER2, CD44, or
CD24, and respectively detecting the EV-associated miR-155, miR-21, or miR-122. f) The ratio of Puirn4/Pry found in
the sera of 8 BC patients (magenta columns) and 9 healthy controls (green columns), with the EVs captured by the
anti-exosomal markers NOBs and detecting the EV-associated miR-122. All particle counts and counts ratio were the
average values taken from two repeat measurements per sample. In each repeat, the particle counts were the total
value taken from 10 images, and the ratio was the average ratio from 10 images.

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.
Five puL culture medium of MCF-10A (non-tumor), MCF-7 (low metastatic tumor), and MDA-MB-231
(metastatic tumor) cells were sampled at various time points (0 — 48 hrs) during EV harvest. These cell
lines are widely studied to advance our understanding of the biology of breast cancer (BC).32** We found
that, the number of exosomes, i.e. Pry, steadily increased with the harvest time but exhibited no significant
difference among the cell lines (Fig. 2d and Figure S9). On the other hand, the Pmirna/Pev ratio obtained

by staining the EVs and labeling the enclosed miR-122 varied significantly between cell lines (Fig. 2d),
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with the EVs from MDA-MB-231 exhibiting the highest ratio and those from MCF-10A showing the lowest
ratio. This result agrees with the previous findings on the specific loading of miR-122 in the exosomes from
metastasis BC cell lines like MDA-MB-231.5%-%7

EVs present in human sera and their enclosed miRNAs were also analyzed by NOBEL-SPA. The
samples were collected from BC patients and healthy controls. We captured the EVs via different surface
proteins: the exosomal marker of CD63, and the tumor marker CD44, CD24, and HER2, to explore the
loading of various tumor miRNAs (miR-21, miR-122, and miR-155) in these different EV sub-populations.
A 24-microwell chip was fabricated on top of the cover glass to improve analysis throughput, with each
well (max. volume = 10 uL) loaded with one type of the antibody-conjugated NOBs. Liquid mixing in each
well was facilitated by the spinning function of the NOB; and the NOB can be immobilized by a magnet
during washing and solution exchange. The highly abundant CD63" exosomes required only 1 pL serum
for detection, and 5 pL serum was used for capturing the EVs carrying each of the tumor proteins. A small
set of clinical samples (n = 3 for each cohort of healthy controls or BC patients) was firstly analyzed (Fig.
2e and Figure S10). We found that, neither the particle counts (Pgy) nor the ratio of Pmirna/Pev of the
CD24* EVs showed noticeable differences between BC patients and healthy controls (Fig. S10a). In
contrast, a significantly higher Pgv was detected in BC patients for other EVs; and the CD44" or HER2"
EVs showed larger differences between patients and healthy controls than the CD63" EVs (Fig. S10b-d).
Additionally, a much higher Pyirna/Pev ratio of miR-122 or miR-21 was found in the CD63", CD44" or
HER2" EVs (Fig. 2¢). But for miR-155, Pmirna increased along with Pgy, resulting in comparable Pmirna/Pev
ratio found in patients and controls. These results indicate that, secretion of miR-122- or miR-21 to the
CD63", CD44" or HER2" EVs was enhanced in BC patients, but the higher number of the miR-155-bearing
EVs found in patients was just due to more total EVs present in the sera. Since a larger difference in the
Pmirna/Pev values between BC patients and healthy controls was found for miR-122 than for miR-21 within
this small sample set, we analyzed the miR-122-associated CD63" EVs in more clinical samples (n =9 for
each cohort). Indeed, not only Pgyv and Pmir-122 increased in the samples from BC patients (Figure S11), but

also the Puir-122/Prv ratio was significantly higher (p < 0.0001) in patients (Fig. 2f), agreeing with the
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previous reports on the higher amounts of exosomal miR-122 found in BC patients and the contribution of
miR-122 to BC metastasis.*® 3° These results well justify the necessity of detecting the individual miRNA-
associated EVs rather than the bulk EV quantity for recognition of unique EV sub-populations valuable for
disease diagnosis.

Assessment of colocalization of tumor proteins and miRNAs in EVs. The results discussed above
point out that, miRNA loading in EVs carrying different surface markers could vary. Thus, it could be
significant to detect both protein and miRNA simultaneously on the same EV. This is reasonable because
the protein cargos are related to EV biogenesis pathways and reflective to the complex physiological states
of the cells of origin,?! and the miRNAs could contribute to their roles in cell-cell communication.'® Dual-
marker detection can be achieved by labeling each EV captured by the NOB with two fluorescent DNFs.**
45 Five aptamer-containing ssDNA probes were designed to target the protein markers of CD63, CD44,
HER2, EGFR, or MUCI. Each of these probes was paired with one of the four ssDNA probes containing
the complementary sequence of miR-122, miR-21, let-7a, or miR-155 to assess their colocalization with
the target proteins (Figure S12a). The upregulation of CD44, HER2, EGFR, and MUCI1 has been widely
reported in BC cells and tissues and in the EVs isolated from BC patients;**** and the miRNA targets also
can regulate proliferation, migration, and invasion of breast cancer cells.®> ® The ssDNA probes are 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 exhibited very low crosstalk: mixing the
mismatched primer and circular template did not initiate RCA (Fig. S12b-k).

Figure 3a displays the representative images obtained from dual detection of CD63 and miR-122 in
the exosome standard (from COLO-1 cells) by NOBEL-SPA. We employed CellProfiler
(https://cellprofiler.org/) for image analysis. This program recognizes the center of the fluorescence
intensity of each fluorescent spot to determine the positive hits (i.e. one spot having only one exosome),
counts the number of fluorescent spots in each channel, and measures their fluorescence intensities. Using
the fluorescence intensity of Alexa633 (Lprorin) and Alexad88 (Lnirna), We can easily tell apart the exosomes

carrying only the protein (red arrows in Fig. 3a, Luirna= 0), only the miRNA (green arrows, Lprowin=0), and
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both markers ( ). Only a small proportion of the CD63" exosomes were 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 miRNA; and the Pmirna counts obtained using the single-
(for miRNA) and the dual-marker (for CD63 and miRNA) detection systems exhibited a high Pearson

Correlation Coefficient of 0.9777 (Figure S13).
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Figure 3. Dual-marker detection on single EVs. a) Representative CFM images for dual-marker detection of CD63
and miR-122 by NOBEL-SPA. Red, green, and yellow arrows point towards the particles emitting signals from only
CD63, only miR-122, or both. b-d) Density distribution profiles of the fluorescence intensity ratios detected for the
pair of CD63/miR-122 in 5 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).

The above results from standard exosomes prove the success of dual-labeling and low interference
between the two DNF labels. Then we applied dual-label NOBEL-SPA to analyze the exosomes harvested
from 5 cell lines: A549, HeLa, MCF-10A, MCF-7, and MDA-MB-231. A total of 20 protein/miRNA
combinations were constituted from pairing 5 proteins and 4 miRNAs. In each EV sample from the same
cell line, 2.4 x 10° EVs were captured by ~ 107 NOB particles that target CD63/CD9/CD81; and 20 images
were taken for each protein/miRNA pair. We plotted the density distribution profile of the ratio of
Luirna/(Iprotein + Imirna) for all the fluorescent 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

comparable amounts of protein and miRNA. We compared the distribution profiles of the same


https://doi.org/10.1101/2023.04.17.536958

bioRxiv preprint doi: https://doi.org/10.1101/2023.04.17.536958; this version posted April 18, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

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 (Figure S14-S18). They well reflect the heterogenous nature of the
EVs. Taking the CD63/miR-122 as one example (Fig. 3b), we found that while miR-122 was not in the
CD63" exosomes from MCF-10A cells, it was detected in the exosomes from MCF-7, MDA-MB-231 and
HeLa cells. But even in these exosomes, miR-122 was only found in a very small proportion of the
population. The colocalization situations of different protein/miRNA pairs in the exosomes derived from
the same cell line were different as well. For example, slightly higher population densities were found for
the MDA-MB-231 exosomes having miR-122 located with CD63, CD44, and MUCI (i.e. the intensity
ratios in the range of 0.4-0.6), compared to HER2 and EGFR (Fig. 3¢); and a large proportion of the MCF-

7 exosomes had let-7a with CD44, EGFR or MUCI1, but not with HER2 or CD63 (Fig. 3d).
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Figure 4. Differentiation of EVs by cells of origin based on the profiles of protein/miRNA combination. a) Heat
map of the proportions of the protein*/miRNA" exosomes among the total population detected in the EVs from different
cells lines. b-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.

We segregated the exosomes into three categories: protein-only (Zmirna /(Iprotein + Imirng) = 0), miRNA-

only (Lnirna /(Lprotein + Imirna) = 1), or dual-marker ( 0 < Lyirna /(Iprotein + Imirna) < 1), counted the numbers
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of exosomes in each category, and calculated the proportion of each category among the total detected
exosomes (sum of the particles found in all 3 categories). Fig. 4a is the heat map of the average (from 20
images) proportions of the dual-marker category detected in the EVs derived from 5 cell lines (5 columns),
testing 20 protein/miRNA combinations (20 rows). Subjecting the proportions of the dual-marker category
detected for each protein/miRNA pair (as one variable) in each image (as one repeat) to Canonical
Discriminant Analysis (CDA), excellent classification of the exosomes by their cells of origin was achieved
(Fig. 4b), with an error rate of 1% (Figure S19). The separation effect was worse if the proportions of the

protein-only (Fig. 4c; and Fig. S20-21) or miRNA-only (Fig. S20 and S22) category was used in CDA.
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Figure 5. EV sub-populations for BC diagnosis. a) violin plots of the proportions of the different exosome sub-
populations (protein™/miRNA*, protein®/miRNA", and protein/miRNA") among the total exosomes detected in sera
samples collected from healthy controls and BC patients. b) tSNE scatter plot showing successful differentiation of
BC patients from healthy controls using the population proportions of the exosomes carrying dual markers of
CD44/miR-21, CD44/miR-155, CD63/miR-122, HER2/let-7a, and MUCI1/let-7a. Green dots represent healthy
controls and the pink dots represent BC patients. ¢) Box plots of the proportions of the CD63"/miR-122" exosome
sub-populations among the total exosomes detected in sera samples collected from healthy controls, and Stage I or 11
BC patients.

EVs with dual markers in BC diagnosis. To reveal the most important protein/miRNA pairs for the
differentiation 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.*”- ® To find
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the protein/miRNA combinations suitable for BC diagnosis, we separated the five cell lines separated into
four classes, non-BC tumors (A549 and HeLa), MCF-10A (non-tumor), MCF-7 (non-metastasis BC), and
MDA-MB-231 (metastasis BC). Interestingly, 5 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 5 features are sufficient to classify the
cell lines with satisfactory accuracy (0.800), specificity (0.927), sensitivity (0.800) and AUC (0.957), when
tested by /0-fold cross validation.

To further assess the power of the 5 protein/miRNA combinations found above, which represent 5
exosome sub-populations containing each specific marker pair, we employed NOBEL-SPA to examine
human sera taken from Stage I (n = 11) and II (n = 9) BC patients, and healthy controls (n = 18) with
matching ages. For each protein/miRNA pair, only 1 uL human serum was used to mix with 10 pg NOBs
conjugated with the anti-CD63/CD9/CD81 for exosome capture. Like in the cell line analysis, each CFM
image was considered as one repeated measurement of the clinical sample; and each protein/miRNA pair
considered 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), we found the proportions 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 BC patients compared to healthy controls. The CD63*/miR-122* sub-population
even exhibited continuous and significant increase between healthy controls, Stage I, and Stage II patients
(Fig. 5¢). Such a gradual change was not observed for other sub-populations, although the CD44" or HER2"
exosomes showed significant increase (p < 0.0001) in Stage I patients compared to healthy controls (Fig.
S23). The good marker potential of these two proteins has also been revealed in our previous work.*
Interestingly, the abundance of the HER2"/let-7a” exosomes increased in BC patients but that of the HER2
/let-7a" dropped, which 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). The negative correlation could be related to the functions
of these markers: HER2 can promote the growth of cancer cells, but let-7a can suppress migration and

invasion of breast cancer cells.®® 7° Using the population proportions of the protein/miRNA* exosomes
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observed in all images for #-distributed Stochastic Neighbor Embedding (-SNE), the BC patients can be

well differentiated from the health controls (Fig. 5b).

Conclusions

The present work has shown that NOBEL-SPA can realize easy and rapid single EV analysis and
detect both the protein and RNA markers simultaneously. Its success relies on the unique structures of
NOBs. The magnetic properties of NOBs permit easy handling and promote fast target binding and impurity
removal. In addition, NOBs allow simple spatial separation of individual vesicle to reduce particle
aggregation and enhance the confidence and easiness in single EV analysis. NOBEL-SPA can detect EVs
in biological samples like cell culture medium and serum containing as low as 3-4 EV particles/uL in ~ 4
hrs without any sample pre-processing. By immobilizing the intra-vesicular compounds on each NOB and
visualizing single EVs, NOBEL-SPA can detect the low-abundance EV-enclosed miRNAs, even if fewer
than one copy of the miRNA was found in each EV by RT-PCR; and can assess the colocalization of protein
and miRNA markers in the same vesicle, which cannot be done by current techniques with matching assay
efficiency and sensitivity (Table S1). More importantly, NOBEL-SPA can help unambiguous detection of
the specific sub-populations from a swarm of heterogencous EV in biofluids, which can enhance the
accuracy in disease monitoring. Exploring the colocalization of protein and miRNA by NOBEL-SPA can
also help reveal the loading mechanisms of miRNAs to EVs during disease development, leading to new
therapeutic approaches by studying their production and functions. High heterogeneity ubiquitously exists
in diverse biological particles including cells, bacteria, and viruses. While single particle analysis for those
with dimensions larger than 1 micron can be easily done in instruments like flow cytometry, it remains
challenging to study the cargo compositions in sub-micron particles like viruses and virus-like-particles.
The working principle of NOBEL-SPA can be applied to the study of the sub-micron biological particles
other than EVs to help gain more knowledge of their cargo loading and identify specific sub-populations

defined by cargo combinations for diagnostic and therapeutic purposes.
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Experimental Section

Preparation of bioconjugated NOBs: The magnetic Fe;O04@SiO; nanorods were synthesized according
to the reported protocol (Supporting Information).”! Then they were incubated with the carboxyl-modified
(3-Aminopropyl)triethoxysilane (APTES) in dimethylformamide (DMF) at RT for 36 h, ready for antibody
conjugation were done via EDC/NHS coupling. The remaining NHS ester on the surface will be deactivated
by glycine. The obtained NOBs were redispersed in 1x PBS at a concentration of 1 mg/mL and stored at

4°C.

NOBEL-SPA: The wells for the assay were firstly blocked by 0.1% BSA in 1x PBS overnight to reduce
nonspecific adsorption. Ten pL of 10 ng/mL NOBs was added to each well and mixed with 10 pL 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 1x PBS, then sequentially mixed with 4%
paraformaldehyde 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 pL
10x phi29, 1 uL 0f 0.125 mg/mL BSA, 1 uL of 0.05 pM circular probe, 1 pL of 0.25 uM recognition probe,
1 uL 0.5x DiB, and 6 pL DI water were added and incubated for 30 min at room temperature on the
magnetic stir plate (360 rpm) to recognize the target miRNA and stain the captured EVs. After that, 1 uL
of 200 uM dNTP, 1 puL of 2.5 uM biotin-dATP, and 1 pL phi29 DNA polymerase (2.5 Units/mL) were
added to the well and incubated at 37 °C for 30min. At last, 1 pL of 2.5 uM streptavidin-modified Alexa
633 was added and the solution was incubated for 30 min. After washed with 1x PBS three times and
dispersed in 10 L 1x PBS, the NOBs were ready for CFM. Dual-marker NOBEL-SPA followed a similar

procedure, the details of which can be found in Supporting Information.

Confocal microscopy and image analysis: Fluorescence imaging was performed on a Zeiss 880 Inverted
Confocal Microscope using a UV laser with A = 330 nm, an Argon laser with Acx = 488 nm, and a HeNe

laser at Aex = 633 nm for fluorescence from DiB, Alexa 488, and Alexa 633 (or Alexa 647), respectively.
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All CFM images were collected at a resolution of 512 x 512 pixels. The viewing area was 100 pm x 100
um. 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 pixel was regarded as one spot. The number of particles, the size and
fluorescence intensity detected on each particle were automatically collected by the pipeline. More details

can be found in Supporting Information.

Statistical analysis: Data plots, statistical analysis, and canonical classification were carried out by Origin
2021. Differences with p < 0.05 were considered as statistically significant. The #-Distributed Stochastic
Neighbor Embedding (--SNE) was performed to reduce the dimensionality of complex data by Python 3.9
(64-bit) with the following parameters: n_components=2, init='pca', verbose=1, random_state=123,
perplexity=15, learning rate="auto', n_iter=5000. The two dimension data was plotted by the
matplotlib.pyplot. Feature selection and classification were performed with Python 3.9 (64-bit), using
StandardScaler for data standardization, Support Vector Machine-Recursive Feature Elimination (SVM-
RFE) to select the top 5 sensors according to weight vectors by the iteration process of the backward
removal of features, 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. All data points derived from each experiment was collected with multiple repeats.
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