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Abstract
The molecular heterogeneity of extracellular vesicles (EVs) and the co-isolation of
physically similar particles, such as lipoproteins (LPs), confounds and limits the sen-
sitivity of EV bulk biomarker characterization. Herein, we present a single-EV and
particle (siEVP) protein and RNA assay (siEVPPRA) to simultaneously detectmRNAs,
miRNAs, and proteins in subpopulations of EVs and LPs. The siEVPPRA immobi-
lizes and sorts particles via positive immunoselection ontomicropatterns and focuses
biomolecular signals in situ. By detecting EVPs at a single-particle resolution, the
siEVPPRA outperformed the sensitivities of bulk-analysis benchmark assays for RNA
and protein. To assess the specificity of RNA detection in complex biofluids, EVs
from various glioma cell lines were processed with small RNA sequencing, whereby
two mRNAs and two miRNAs associated with glioblastoma multiforme (GBM)
were chosen for cross-validation. Despite the presence of single-EV-LP co-isolates
in serum, the siEVPPRA detected GBM-associated vesicular RNA profiles in GBM
patient siEVPs. The siEVPPRA effectively examines intravesicular, intervesicular, and
interparticle heterogeneity with diagnostic promise.
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 INTRODUCTION

Extracellular vesicles (EVs) are small membranous vesicles secreted by cells that are trafficked intercellularly and present in var-
ious biofluids (Yáñez-Mó et al., 2015). EVs are involved in various biological processes from immunomodulation to embryonic
development (Kalluri & LeBleu, 2020). In cancer, EVs promote drug resistance (Santos et al., 2018; Zeng et al., 2017), immuno-
suppression (Filipazzi et al., 2012; Yekula et al., 2020), the epithelial-to-mesenchymal transition (Chen et al., 2017; Conigliaro &
Cicchini, 2018), disruption of the blood-brain barrier (Tominaga et al., 2015), and organotropism (Hoshino et al., 2015; Rodrigues
et al., 2019). However, the biomolecular composition of EVs is highly heterogeneous, with proteins, RNAs, DNAs, lipids, and
metabolites reflecting their tissue of origin (Gatto et al., 2021; Westphal & Lamszus, 2015). Despite the potential use of EVs in
the clinic for diagnostics, current methods for isolating and characterizing EVs are technically challenging (Mateescu et al., 2017;
Momen-Heravi et al., 2013; Ramirez et al., 2018), partly due to the co-isolation of physically similar particles present in complex
biofluids, such as lipoproteins (LPs) (Brennan et al., 2020; Tian et al., 2019; Yuana et al., 2014). As such, isolationmethods are cum-
bersome and irreproducible, yielding isolation-dependent vesicular profiles (Koster et al., 2021; Royo et al., 2016; Van Deun et al.,
2014). On the other hand, conventional characterization methods, such as western blot (WB), enzyme-linked immunosorbent
assay (ELISA), quantitative reverse-transcriptase polymerase chain reaction (qRT-PCR), next-generation sequencing (NGS), and
mass spectroscopy (MS) require vesicular lysis to obtain intraluminal contents. Emerging evidence on the complexity of single
EV and particle (siEVP) co-isolates in complex biofluids and cell culture media (Busatto et al., 2020, 2022; Sódar et al., 2016; Tóth
et al., 2021; Wolf et al., 2022), suggests that the lysis of EVPs convolutes the interparticle complexity of biofluids and mutes their
inherent heterogeneity. Therefore, there is an unmet need to develop technologies that provide an accurate and efficient analysis
of the biomolecular content in siEVPs without compromising the structural integrity of the particles.
Several analytical methods are frequently employed to quantify the physical and biomolecular characteristics of intact sin-

gle EVs (siEVs), including optical and non-optical techniques (Hilton & White, 2021; Kwon & Park, 2022; Qiu et al., 2023).
Nanoparticle tracking analysis (NTA), tunable resistive pulse sensing (TRPS), and microfluidic resistive pulse sensing (MRPS)
are routinely used to measure the size and concentration of siEVs, with the minimum detectable size in the 50–100 nm range
(Arab et al., 2021; Thane et al., 2019; van der Pol et al., 2014; Vogel et al., 2021). However, NTA, TRPS, and MRPS integrate
siEVP signals non-specifically due to limitations in phenotyping (Panagopoulou et al., 2020). Atomic force microscopy (AFM),
scanning electron microscopy (SEM), and transmission electron microscopy (TEM) are often utilized to provide morphologi-
cal and mechanical properties of siEVs while surpassing the optical limit of diffraction (Noble et al., 2020; Pascucci & Scattini,
2021; Ridolfi et al., 2020; Yurtsever et al., 2021). Although some distinguishing characteristics amongst the siEVPs are present,
physically similar siEVPs are often undiscernible, and results are user-dependent (Karttunen et al., 2018; Piontek & Roos, 2022;
Rikkert et al., 2019; Zhang et al., 2011). Incorporating immunogold labeling with TEM can provide additional phenotyping of
siEVP surface proteins, but the technique is low throughput, labor intensive, and rarely quantitative (Erdbrügger & Lannigan,
2016). Accordingly, nanoflow cytometry (nFCM), which can detect siEVPs as small as 40 nm, based on the intensity of side-
scattered photons, can identify subpopulations of siEVs via surface protein composition by incorporating fluorescently labeled
antibodies (Tian et al., 2019). However, reduced multiplexed capability, inability to detect low-expressing biomarkers, particle
swarming due to required concentrations, and extensive calibration requirements have limited their use (Kwon & Park, 2022;
Salmond et al., 2021). Optical techniques can also be applied to tunable signal-enhancing surfaces, such as plasmonic and inter-
ferometric surfaces, to examine siEV surface protein composition via immunoselective immobilization (Daaboul et al., 2016;
Yang et al., 2018). Furthermore, antibody-DNA conjugates incorporating random-tag sequences in a proximity barcoding assay
with NGS have been used to improve the simultaneous profiling of surface proteins in siEVs (Wu et al., 2019). Although these
promising technologies have demonstrated their ability to resolve subpopulations of siEVs from different tissues, the complex
intraluminal cargo of siEVs, such as nucleic acids, still requires the same rigor and optimization. On the other hand, evidence
on the bioactivity of LP-transported miRNA (Vickers et al., 2011) and LP-bound proteins (Mackness et al., 1991) has inspired
novel engineering approaches for their quantification (Kumar et al., 2023; Zhang et al., 2022). However, to our knowledge, in situ
biomarker quantification has not been performed at a single LP (siLP) resolution.
Recently, super-resolution microscopy has been applied to detect and quantify fluorescent signals at the sub-vesicular level

affording unprecedented detection limits to aid in interpreting siEV heterogeneity (Panagopoulou et al., 2020). Direct stochastic
optical reconstruction microscopy (dSTORM) has been utilized to spatially locate the presence of proteins on siEVs and recon-
struct siEVs in three dimensions (McNamara et al., 2022). Furthermore, super-resolution microscopy has advanced towards
visualizing siEVs in complex biofluids, such as quantitative single-molecule localization microscopy (qSMLM), which detected
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the protein content of siEVs from plasma (Lennon et al., 2019; Saftics et al., 2023), as well as total internal reflection fluorescence
microscopy (TIRFM), which detected protein, miRNA, andmRNA in siEVs in plasma and serum utilizing liposomal fusion (Hu
et al., 2017; Nguyen et al., 2022; Wu et al., 2013; Zhou et al., 2020). However, using liposomes alters the native structure of siEVs
and can lead to higher background signals due to electrostatic interactions with the liposomes (Hu et al., 2017; Nguyen et al., 2022;
Wu et al., 2013; Zhou et al., 2020). Although the immobilization strategies utilized may insufficiently sort out non-EV particles
and co-isolates (Bonté & Juliano, 1986; Busatto et al., 2020, 2022; Sódar et al., 2016), most of these diagnostic investigations omit
the possible interaction of similar blood-derived particles. Therefore, a facile assay to multiplex protein and RNA in siEVPs from
complex biofluids without altering their native structure while also considering interactions with siLPs is needed.
Herein we describe the siEVP protein and RNA assay (siEVPPRA), capable of multiplexing protein and RNA biomarker detec-

tion at a single-particle resolution. The assay consists of an array of micropatterns surrounded by a non-biofouling polymer
film that can be functionalized with various antibodies to sort and immobilize siEVPs. In this investigation, we targeted ADP-
ribosylation factor 6 (ARF6), annexin A1, CD63, and CD9 as EV-specific epitopes; epidermal growth factor receptor (EGFR)
as a tumor-specific epitope; and apolipoprotein A1 (ApoA1) and apolipoprotein B (ApoB) as LP-specific epitopes to immobilize
and quantify siEVP subpopulations, revealing intervesicular and interparticle heterogeneity. RNA-targeting molecular beacons
(MBs) and fluorescently labeled antibodies generated signals for mRNA, miRNA, and protein on siEVPs, which were then visu-
alized by TIRFM and quantified via automatic image acquisition. By focusing signals via in situ detection at a single-particle
resolution, the siEVPPRA exceeded the detection limit for both qRT-PCR and ELISA by three orders ofmagnitudewithout tedious
lysis and amplification steps. With the enhanced sensitivity of siEVP analyses, we discovered single-LP-EV (siLP-EV) co-isolates
expressing CD63 by subjecting serum-isolated siLPs to CD63/CD9-mediated capture on the siEVPPRA, which were obscured
by bulk-analysis methods. Furthermore, the combinatorial multiplexing of various biomarkers across biomolecular species in
siEVs allowed us to investigate siEV intravesicular heterogeneity. We validated the RNA detection of intact siEVPs in complex
biofluids by performing small RNA sequencing (sRNA-seq) on EVs harvested from six glioma cell lines to identify glioblastoma
multiforme (GBM)-associated RNA and extending the siEVPPRA to profile siEVPs isolated from the serum of GBM patients.
This is the first assay that enables the simultaneous and low-dose profiling of protein, miRNA, and mRNA on siEVPs without
altering their native structure, lending unique applications for liquid biopsies and biomolecular discovery.

 MATERIALS ANDMETHODS

. Materials

0.01% (w/v) poly-L-lysine (PLL; MilliporeSigma, Burlington, MA), 5 kDa mPEG-SVA (ThermoFisher Scientific, Waltham,
MA), 0.1 M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer (pH = 8.50; ThermoFisher Scientific), 4-
benzoylbenzyl-trimethylammonium chloride (PLPP; Alvéole, France), NeutrAvidin (NA; ThermoFisher Scientific), bovine
serum albumin (BSA; MilliporeSigma), tris-ethylenediaminetetraacetic acid (TE) buffer (pH = 8.05; ThermoFisher Scientific),
E. coli (VB200815-1011zys), E. coli (VB200815-1012qpx), E. coli (VB200815-1013ugb) (VectorBuilder Inc., Chicago, IL). Capture
and detection antibodies used in the study are provided in Table S1. Capture antibodies (except the select few pre-biotinylated)
were biotinylated using an EZ-Link™micro Sulfo-NHS-biotinylation kit (ThermoFisher Scientific). All MBs used in the study
are provided in Table S2.

. Substrate fabrication

Coverslips were cleaned with ethanol and then deionized (DI) water via sonication for 3 min. The surface of the coverslip was
treated with oxygen plasma for 1 min to activate the surface. A small drop of 0.01% (w/v) PLL was placed onto parafilm on which
the treated coverslipwas then placed for an even distribution of the PLL.After incubating the coverslip for 30min at room temper-
ature, the PLL-coated coverslip was rinsed with DI water and dried with nitrogen flow. Following the same method, 100 mg/mL
of mPEG-SVA diluted in 0.1 MHEPES was evenly distributed on the PLL-coated coverslip. The coverslip was incubated at room
temperature for 1 h before rinsing with DI water and drying with a nitrogen airflow.

. Device fabrication and surface modification

The passivated coverslip was photoetched using the PRIMO optical module (Alvéole) mounted on an automated inverted
microscope (Nikon Eclipse Ti Inverted Microscope System, Melville, NY). Briefly, grayscale images were translated into UV
light via a digital-micromirror device (DMD) that allows for a maskless illumination of different UV intensities correlating to
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the corresponding grayscale values (Strale et al., 2016). Following the passivation of the coverslip, PLPP was diluted in 96%
ethanol to distribute the gel evenly throughout the surface of the coverslip. After the ethanol evaporated, a silicone spacer
(W × L, 3.5 mm × 3.5 mm, 64 wells; Grace Bio Labs, Bend, OR) was placed on the PEG-coated coverslip. A five-by-five array
of 20-μm diameter circles spaced 80 μm center-to-center was exposed onto the coverslip with the PRIMO optical module. To
optimize the relative fluorescence intensities (RFIs) between samples and their controls, micropatterns at different grayscale
values, including 0, 25, 50, 75, 95 and 100% with UV doses, including 10, 20 and 30 mJ/mm2 were examined (Table S3). After the
UV illumination, the photoetched coverslip was washed under a stream of DI water and dried by nitrogen flow. A microscopy
slide (ThermoFisher Scientific) was placed under the coverslip, and the 64-well ProPlate microarray system (Grace Bio Labs)
was placed gently on the photoetched coverslip. The assembled array was secured by delrin snap clips (Grace Bio Labs) to avoid
leakage or potential contamination. The photoetched coverslip was rehydrated in phosphate-buffered saline (PBS) for 15 min
before further functionalizing the micropatterns.

. Cell culture

U251 and Gli36 glioma cell lines were cultured in Dulbecco’s Modified Eagle Medium (DMEM). SF268, SF295, SF539, SNB19,
and SNB75 glioma cell lines were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium. All cell culture media was
preparedwith 10% (v/v) fetal bovine serum (FBS) and 1% (v/v) penicillin-streptomycin.Cell lineswere cultured to 70%confluence
at 37◦C in a 5%CO2 incubator. Before EV collection, cells were washed with PBS three times, after which the cells were incubated
in serum-free media. After two days of cell culture, the EV-enriched cell culture media was collected and centrifuged at 2000 × g
for 10 min at room temperature to separate cell debris before further analysis.

. Human tumor specimen collection

GBM patient serum was obtained under Institutional Review Board (IRB)-approved protocols at MD Anderson Cancer Center
(PA 19-0661) following national guidelines. All patients signed informed consent forms during clinical visits before surgery and
sample collection. Patients did not receive compensation in return for their participation in this study.

. Healthy donor serum and plasma collection

About 10 mL of whole blood from healthy donors was collected into BD Serum Separation Tubes (SST; ThermoFisher Scientific)
and BD Plasma Preparation Tubes (PPT; ThermoFisher Scientific) for serum and plasma collection, respectively. SSTs were
gently placed upright to coagulate for 60 min after being rocked 10 times. PPTs were rocked 10 times. Both SSTs and PPTs were
centrifuged at room temperature at 1,100 × g for 10 min. After centrifugation, the serum and plasma were stored in 1 mL aliquots
at −80◦C. All blood samples were collected under an approved IRB at The Ohio State University (IRB #2018H0268).

. LP isolation

Healthy donor serumwas subjected to the low-density LP/very-low-density LP (LDL/VLDL) and high-density LP (HDL) purifi-
cation kits (Cell Biolabs, San Diego, CA). About 1 mL of serum on ice, a dextran solution, and precipitation solution A was added
and incubated on ice for 5 min. The sample was centrifuged at 6,000 × g for 10 min at 4◦C. The supernatant was removed for
further HDL processing, while the remaining pellet was subjected to further LDL purification. For LDL purification, the pellet
was resuspended in 40 μL of a bicarbonate solution and centrifuged at 6,000 × g for 10 min at 4◦C, whereby the supernatant was
transferred to 1 mL of 1× precipitation solution B and centrifuged at 6,000 × g for 10 min at 4◦C. The pellet was resuspended
with 20 μL of a NaCl solution, added to 1 mL of 1× precipitation solution C, and centrifuged at 6,000 x g for 10 min at 4◦C. The
last process was repeated and after centrifugation, the pellet was resuspended in 20 μL of a NaCl solution. For HDL isolation, the
supernatant was added to 60 μL of a dextran solution and 150 μL of precipitation solution A and was then incubated for 2 h at
room temperature and centrifuged at 16,000× g for 30min at 4◦C. The pellet was resuspended in 500 μL of anHDL resuspension
buffer and centrifuged at 6,000× g for 10min at 4◦C. The pellet was resuspended in 600 μL of a 1×HDLwash solution, incubated
on a rocker for 30 min at 4◦C, and centrifuged at 6,000 × g for 10 min at 4◦C. The HDL supernatant was transferred to 90 μL of
a dextran removal solution, while the LDL resuspension was added to 80 μL of the dextran removal solution. The mixtures were
incubated for 1 h at 4◦C and centrifuged at 6,000 × g for 10 min at 4◦C by which the supernatants were recovered into a 20-kDa
Slide-A-Lyzer® MINI Dialysis devices (ThermoFisher Scientific) and incubated in PBS for 1 day.
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. Engineered-EV RNAmodel system

Cell transfection was conducted via a cellular nanoporation (CNP) biochip (Yang et al., 2020). Briefly, a single layer of Gli36 cells
(∼8 × 106) was spread overnight on a 1 cm× 1 cm 3D CNP silicon chip surface. Individual CNP chips were transfected separately
with cel-miR-39-3p, cel-miR-54-3p and cel-miR-238-3p plasmids at 400 ng/μL concentration in PBS. For multi-plasmid trans-
fection, a weight ratio of 1:1:1 was pre-mixed at a 400 ng/μL concentration each in PBS. The plasmid solutions were injected into
the cells via nanochannels using a 150V electric field for 10 pulses, at 10 ms durations and 0.1 s intervals. EVs were collected from
the cell supernatant 24 h after cell transfection.

. Tangential flow filtration (TFF) EVP purification

TheEV-enriched cell culturemedia and serum sampleswere introduced into aTFF systemas described by our previous technique
to purify EVPs (Zhang et al., 2021). In brief, cell culture media or serum was circulated through a 500 kDa TFF hollow fiber filter
cartridge, where EVPswere retained and enriched in the system (∼5mL),while free proteins andnucleic acids permeated through
the filter. Constant-volume diacycles of PBS were performed until pure EVPs were obtained (350 mL of PBS). The EVPs were
further enriched by centrifuging the sample within a 10 kDa centrifugal unit at 3,000× g at 4◦C until a final volume of 100 μL was
achieved. Protein concentrations were measured using a Micro BCA™ Protein Assay kit (ThermoFisher Scientific), according
to the manufacturer’s protocol.

. Apolipoprotein corona

EVswith apolipoprotein coronawere prepared according to an established protocol (Tóth et al., 2021). Briefly, plasmawas diluted
into PBS 1:1 and passed through a 2-μm filter then a 0.8-μm filter. The filtered plasma was ultracentrifuged at 20,000 × g at 16◦C
for 40min. The supernatant was collected and was ultracentrifuged at 100,000× g at 4◦C for 16 hr. The supernatant was collected
and referred to hereafter as EV-depleted plasma (EVDP). About 60 μL of TFF-purified EVs harvested from Gli36 cells grown in
serum-free conditions were incubated in 500 μL of EVDP for 30min at room temperature. After the incubation, the solution was
purified via size-exclusion chromatography (SEC) with the qEV (Izon Sciences, Boston, MA), according to the manufacturer’s
protocol. The samples were concentrated to 109 particles/mL with a 3 kDa centrifugal unit at 3,000 × g at 4◦C. The purified EVs
with apolipoprotein corona were immediately added to the siEVPPRA.

. Tunable resistive pulse sensing (TRPS)

The qNano Gold (Izon Sciences) was employed to quantify the size and concentration of EVPs via NP100 (50 – 330 nm) and
NP600 (275 – 1570 nm) nanopore membranes. A pressure of 10 mbar and a voltage of 0.48 and 0.26 V was applied for the NP100
and the NP600, respectively. Polystyrene nanoparticles (CPC100 and CPC400) were used to calibrate the samples.

. Designing MBs

MBs (listed 5′−3′) targetingRNAsdetected in this study are provided inTable S2. The designedMBswere custom synthesized and
purified using high-performance liquid chromatography (HPLC; Integrated DNA Technologies, Coralville, IA). Locked nucleic
acid nucleotides (depicted as+) were incorporated into the oligonucleotide strands to improve the thermal stability and nuclease
resistance of the MBs for incubation at 37◦C.

. siEVP capture using the siEVPPRA

0.1 mg/mL of NA was added to the chip and allowed to adsorb onto the photoetched micropatterns for 30 min. The chip was
washed with PBS thoroughly to remove excess NA. A blocking solution of 3% BSA and 100 mg/mL of mPEG-SVA was added to
avoid unwanted non-specific binding. Subsequently, a cocktail of biotinylated anti-CD63 and anti-CD9 were added at 10 μg/mL
each and allowed to sit overnight at 4◦C. For subpopulation-based sorting, anti-CD63, anti-CD9, anti-EGFR, anti-ARF6,
anti-annexin A1, anti-ApoA1, anti-ApoB, and IgG were added separately at 20 μg/mL each or at 10 μg/mL each for cocktails,
and allowed to sit overnight at 4◦C. 3% BSA was added for 1 h to further block after washing away the capture antibodies. A
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concentration of 109 particles/mL (apart from dilution experiments, which employed 0–1011 particles/mL) was then added and
allowed to tether to the antibodies for 2 h at room temperature. Unbounded EVPs were washed away with PBS and further
blocked with 3% BSA for 1 h.

. siEVP protein and RNA staining

About 10 μg/μL of MBs diluted in a 1× TE buffer were added to the immobilized siEVPs for 1 h at 37◦C. As for protein detection,
0.4 μg/mL of the fluorescently labeled antibodies were diluted into a solution of 1% BSA was added to the EVP sample for 1 h
at room temperature. Residual detection probes were washed away with PBS before imaging. For single biomarker analysis, sole
detection probes were added. To analyze multiple proteins or RNAs, the probes were added sequentially, fluorescently labeled
antibodies were added first, followed by MBs.

. Image analysis

Images of fluorescently labeled siEVPs were obtained by TIRFM (Nikon Eclipse Ti Inverted Microscope System) with a 100×
oil immersion lens. An automatic algorithm was used to quantify the TIRFM images by detecting all bright signals determined
via the defined outline of each bright signal by localizing the fluctuating fluorescence intensities throughout the image. The
background noise was removed using a Wavelet de-noising method, and the net signal for all bright signals was obtained. The
sum of all the bright signals within each micropattern was employed to calculate the total fluorescence intensity (TFI) of the
sample alongside distributions of fluorescence intensity of the siEVPs. The TFI of samples was normalized to the average TFI of
the negative controls as the RFI (Nguyen et al., 2022).

. ELISA

EGFR protein expression levels in Gli36-derived EVs were quantified using an EGFR Human ELISA kit (ThermoFisher Sci-
entific). EVs were spiked in healthy donor serum at concentrations ranging from 0 to 1011 particles/mL while maintaining the
serum-derived EVP concentration at 109 particles/mL. EGFR concentrations were quantified according to the manufacturer’s
instructions.

. qRT-PCR

cel-miR-39-3p levels within the engineered EVs were quantified using qRT-PCR. EVs were spiked in healthy donor serum at
concentrations ranging from 0 to 1011 particles/mL while maintaining the serum-derived EVP concentration at 109 particles/mL.
Total RNA from the EVPs was isolated and purified using an RNeasy Mini kit and a miRNeasy Serum/Plasma kit (Qiagen,
Hilden, Germany), respectively, according to the manufacturer’s instructions. cDNA was synthesized from the total RNA using
a High-Capacity cDNA Reverse Transcription kit (Applied Biosystems, Foster City, CA) on a thermal cycler (Veriti 96-Well
Thermal Cycler; Applied Biosystems). cel-miR-39-3p expression was quantified using a TaqMan Gene Expression assay (Assay
Id: Hs01125301_m1; ThermoFisher Scientific) on a Real-Time PCR System (Applied Biosystems).

. Immunoblotting

Gli36 cells, Gli36-derived EV, serum-isolated VLDL/LDL, serum-isolated HDL, unprocessed serum, and TFF-purified serum
samples were lysed in radioimmunoprecipitation assay (RIPA) buffer (ThermoFisher Scientific) with the addition of Pierce pro-
tease and phosphatase inhibitor (ThermoFisher Scientific) for 15min on ice. Protein concentrationswere quantified using aMicro
BCA™ProteinAssay kit (ThermoFisher Scientific), according to themanufacturer’s protocol. Equivalent amounts of sample pro-
teins in a Laemmli buffer with 2-mercaptoethanol (MilliporeSigma) were electrophoresed on 4%–20%Mini-PROTEAN® TGX
Stain-Free gels (Bio-Rad, Hercules, CA) and then transferred onto polyvinylidene fluoride (PVDF) membranes (Bio-Rad). The
membranes were blocked and then probed with primary antibody diluted in tris-buffered saline with 0.1% Tween® 20 (TBS-T)
overnight at 4◦C and then with horseradish peroxidase (HRP)-conjugated secondary antibodies for 1 h at room temperature
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(Table S1). Immunoreactivity was determined using enhanced chemiluminescence solutions (Bio-Rad) and visualized using a
Bio-Rad ChemiDoc™MP imaging system.

. Single-particle interferometric reflectance imaging sensing (SP-IRIS)

Silicon chips coated with tetraspanins (Unchained Labs, Boston, MA) were incubated for 1 h at room temperature with 5 ×
108 Gli36-derived EVs diluted in a final volume of 60 μL of incubation buffer A. After the incubation, the silicon chips were
washed 3 times for 3 min on an orbital plate shaker with wash solution B. The chips were scanned with the ExoView™ R200
reader (Unchained Labs) with the ExoScanner software (Unchained Labs). The particle size was allowed to scatter from 50 nm
to 200 nm. The data was analyzed using ExoViewer software (Unchained Labs).

. Scanning electron microscopy (SEM)

Gli36-derived EVs were immobilized to the micropatterned coverslip overnight at 4◦C. The immobilized siEVs were fixed in a
2% glutaraldehyde (MilliporeSigma) and 0.1 M sodium cacodylate solution (ElectronMicroscopy Sciences, Hatfield, PA) for 3 h.
EVs were incubated in 1% osmium tetraoxide (ElectronMicroscopy Sciences) and 0.1 M sodium cacodylate for 2 h after washing
with a 0.1 M sodium cacodylate solution. Subsequently, the sample was dehydrated with increasing ethanol concentrations (50,
70, 85, 95, and 100%) for 30min each. Later, the CO2 critical point dryer (Tousimis, Rockville,MD)was applied to dry the sample.
Lastly, a∼2 nm layer of gold coating was deposited on the surface using a sputteringmachine (Leica EMACE 600, Buffalo Grove,
IL) and was imaged using an SEM (Apreo 2, FEI Company, Hillsboro, OR).

. Transmission electron microscopy (TEM)

Two 20-μLDI water droplets and two 20-μL droplets of UranyLess EM contrast stain (ElectronMicroscopy Science) were placed
on parafilm. TEM grids were plasma treated for 1 min before 10 μL of Gli36-derived EVs and serum-isolated LPs were drop cast
onto the treated surface. The samples were incubated on the TEM surface for 1 min and then blotted away with filter paper. The
TEM grids were washed immediately by dipping into the DI water droplet, blotting with filter paper, and repeating with the other
droplet. The same technique was repeated for the contrast stain with 22 s incubations. The TEM grid was kept in the grid box
overnight to completely dry before imaging. TEM imaging was carried out with a Tecnai TF-20 (FEI Company) operating at
200 kV.

. Cryogenic TEM (Cryo-TEM)

3-μL aliquots of EV samples with and without a 1× TE buffer incubated at 37◦C for 2 h were added to lacey 300-mesh copper
specimen grids (Product #01883; Ted Pella Inc., Redding, CA). Excess liquid was blotted away for 4 s with Whatman™ grade
1 filter papers (ThermoFisher Scientific), after which the grid was immediately plunged into liquid ethane with the Vitrobot
Mark IV system (ThermoFisher Scientific) to rapidly form a thin layer of amorphous ice. The grid was then transferred under
liquid nitrogen to a Glacios™Cryo-TEM (ThermoFisher Scientific). Lastly, images were collected with a Felcon™ direct electron
detector (ThermoFisher Scientific).

. RNA sequencing

RNA, including mRNA and miRNA, was isolated from cells and the cell-derived EVs using the miRNeasy kit (Qiagen). The
RNA was eluted with 50 μL of nuclease-free water and the quality was assessed using an RNA (Pico) chip on an Agilent 2100
Bioanalyzer (Agilent Technologies, Santa Clara, CA). A sRNA-seq library construction method that utilizes adapters with four
degenerated bases to reduce adapter-RNA ligation bias was used to characterize themiRNA (Etheridge et al., 2018). Size selection
was performed using a Pippin HT automated size-selection instrument (Sage Science, Beverly, MA), and library concentrations
were measured with the NEBNext Library Quant kit (New England Biolabs, Ipswich, MA). The libraries were pooled to a final
concentration of 2 nM and run on a NextSeq sequencer (Illumina, San Diego, CA). The sRNA-seq data was analyzed with sRN-
Analyzer (Wu et al., 2017). The quantity of miRNA was determined based on the number of mapped reads that were normalized
with Count Per Mapped Million (CPM). RNA from cells and EVs were analyzed using Agilent Human Whole Genome 8×60
microarrays with fluorescent probes prepared from isolated RNA samples using Agilent QuickAmp Labeling kit according to the
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manufacturer’s instructions (Agilent). Gene expression information was obtained with Agilent’s Feature Extractor and processed
with the in-house SLIM pipeline (Marzolf & Troisch, 2006).

. Colocalization efficiency

An open-source plugin for ImageJ called EzColocalization was employed to visualize and measure the colocalization of EV
biomarkers from acquired TIRFM images (Stauffer et al., 2018).

. Statistical analysis

Statistics were performed using the JMP Pro 14 software (JMP, Cary, NC), whereby statistical significances were inferred with
the satisfaction of p < 0.05. Data are expressed as the mean ± SD.

 RESULTS

. siEVP analysis with the siEVPPRA

The siEVPPRA was fabricated with the PRIMO optical module (Figure 1a). Glass coverslips were coated with poly-L-lysine (PLL)
through physisorption. Methoxy-poly(ethylene glycol)-succinimidyl valerate (mPEG-SVA) was covalently bound to the surface
through N-hydroxysuccinimide (NHS) chemistry, creating a non-biofouling surface. A five-by-five array of 20-μm diameter
circles was photoetched from the mPEG monolayer via UV projections translated by a digital-micromirror device (DMD) in
the presence of 4-benzoylbenzyl-trimethylammonium chloride (PLPP) as a photoactivator (Figure 1a-i). The photoetching of
the mPEG monolayer promotes the adsorption of proteins (Strale et al., 2016), such as NeutrAvidin (NA), that can further be
functionalized via biotinmotifs. Therefore, biotinylated antibodies against surface proteins expressed on EVPswere immobilized
strictly within the micropatterns to selectively sort siEVPs (Figure 1a-ii). siEVP proteins were tagged with fluorescently labeled
antibodies, while RNA species, includingmRNAs andmiRNAs, were tagged withMBs (Figure 1a-iii). Lastly, TIRFMwas utilized
to visualize the signals from immobilized siEVPs, as TIRFM produces an exponentially decaying electromagnetic wave that only
excites fluorophores near the glass surface. The micropattern-based design thus allows for a facile multiplexed analysis of siEVPs
by immediately identifying and colocalizing signals in different regions of the glass surface.
The photoetching level correlates to the grayscale value of a digital template and the UV dose (Strale et al., 2016). Therefore,

various configurations of grayscale and dose were tested to generate micropatterns to maximize siEVP signals and minimize
noise. EVs were harvested from Gli36 cells, a human glioma cell line, which were grown in serum-free media to minimize LP-
EV interactions during EV collection (Busatto et al., 2022). The collected EVs, purified by tangential flow filtration (TFF) (Zhang
et al., 2021), alongside a negative control, phosphate-buffered saline (PBS), were tested on the various micropattern configura-
tions, whichwere functionalizedwith antibodies targeting CD63 andCD9, commonmembrane proteins constitutively expressed
in various subpopulations of EVs (Kowal et al., 2016). The captured EVs were then detected with a fluorescently labeled anti-
body against CD63. A 50% grayscale value and a 20 mJ/mm2 dose rendered the highest fluorescence intensity on siEVs relative
to the control and minimized the non-specific binding of the fluorescently labeled antibody to the micropatterns (Table S3).
Furthermore, the optimized grayscale value and dose demonstrated the homogenous adsorption of NA with specificity to the
photoetched micropatterns (Figure S1).
To detect the presence of RNA within siEVs tethered to the micropatterns, a fluorescently labeled antibody against CD63

and a MB targeting hsa-miR-21-5p, an abundant vesicular miRNA in GBM (Abels et al., 2019; Akers et al., 2013), were used as
detection probes simultaneously, and visualized via TIRFM. Each green signal represented a siEV expressing CD63, while each
red signal represented a siEV carrying hsa-miR-21-5p in the acquired TIRFM images. Each yellow signal thus demonstrated the
colocalization of both biomarkers. Conversely, fluorescence signals in the control were significantly lower, indicating the ability
of siEVPPRA to selectively multiplex different biomolecular species in siEVs (Figure 1b). Furthermore, the TIRFM images could
be quantified as distributions of fluorescence intensity of the siEVs to analyze the heterogenous expression of biomarkers on
siEVs (Figure 1c) or to quantify and statistically compare various samples utilizing relative fluorescence intensities (RFI; the total
fluorescence intensity of signals detected in the sample divided by the average total fluorescence intensity of signals detected in
PBS within the five-by-five array):

TFI =
25∑
i=1

( n∑
j=1

sj

)
i

RFI =
TFIEVP⟨TFIPBS⟩ (1)
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F IGURE  Detection of siEVPs with the siEVPPRA. (a) A schematic representation of the assay is condensed into three steps: (i) siEVPPRA fabrication in
which coverslips functionalized with poly-L-lysine (PLL) and subsequently methoxy-poly(ethylene glycol)-succinimidyl valerate (mPEG-SVA) are
photoetched into micropattern arrays using a digital-micromirror device (DMD) UV projection system, (ii) single extracellular vesicle and particle (siEVP)
capture in which NeutraAvidin (NA) is physisorbed onto the micropattern arrays to immobilize biotinylated antibodies against epitopes on the surfaces of
siEVP to sort and capture siEVPs, and (iii) detection of multiple biomolecular species on siEVPs in which fluorescently labeled antibodies and molecular
beacons (MBs) are utilized to detect proteins and RNAs, respectively, via total internal reflection fluorescence microscopy (TIRFM). (b) CD63 (green dots) and
hsa-miR-21-5p (red dots) on Gli36-derived single EVs (siEVs) are detected and colocalized (yellow dots) with the siEVPPRA. The control sample
(phosphate-buffered saline; PBS) demonstrates a negligible fluorescence signal. (c) TIRFM images are quantified as distributions of fluorescence intensity to
depict the expression of CD63 and hsa-miR-21-5p at a single-particle level for the different samples. (d) TIRFM images are quantified as bar graphs of relative
fluorescence intensity (RFI) for CD63 and hsa-miR-21-5p in siEVs captured in the device and the negative controls, including PBS, IgG, and scramble (N = 4,
error bars indicate the standard deviation, ****p < 0.0001). (e) Scanning electron microscopy (SEM) of Gli36-derived EVs added to the siEVPPRA confirms the
presence of siEVs immobilized on the micropatterned surface. (f) The size distribution and concentration of Gli36-derived siEVs measured by tunable resistive
sense pulsing (TRPS). All micropatterns were functionalized with an anti-CD63/CD9 antibody cocktail, and all scale bars are 10 μm unless stated otherwise.
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where TFI is the total fluorescence intensity, s is the fluorescence intensity from the jth signal, and n is the number of signals within
the ith micropattern. The RFIs of siEVs for CD63 and hsa-miR-21-5p were 12.28 ± 0.37 and 11.21 ± 1.45, respectively (Dunnett’s
test, p < 0.0001 for CD63 and hsa-miR-21-5p), whereas IgG capture and detection for scramble miRNA produced negligible
signals (Figure 1d; Dunnett’s test, p= 1.00 for IgG and p= 0.60 for scramble). Therefore, CD63/CD9-mediated capture was used
hereafter to test the sensitivity, specificity, and colocalization of signals. After EV immobilization, scanning electron microscopy
(SEM) was performed on the device to further validate the fluorescence signals observed on the micropatterns as originating
from siEVs. The SEM images revealed single, round particles, confirming the presence of siEVs tethered on the micropatterns
(Figure 1e). TRPS measurements on the Gli36-derived EV sample used for the siEVPPRA demonstrated a mean-siEV diameter
of ∼150 nm (Figure 1f), consistent with the size of the vesicles observed by SEM. Thus, the siEVPPRA selectively captures siEVs
within the micropatterns and multiplexes protein and RNA signals via immunoaffinity and MB hybridization.

. Specificity and sensitivity of RNA detection in siEVs

Although various methods are available to detect proteins on siEVPs, detecting RNA at a single-particle resolution without alter-
ing or damaging the integrity of the vesicles remains challenging (Hilton & White, 2021; Mateescu et al., 2017). Therefore, we
aimed to optimize the specificity and sensitivity of RNA detection in siEVs from Gli36 cells with the siEVPPRA. To detect vesicu-
lar RNA, MBs were diluted in a tris-ethylenediaminetetraacetic acid (TE) buffer that is frequently used to solubilize and protect
nucleic acids against degradation. On the other hand, TE contains ethylenediaminetetraacetic acid (EDTA), which electrostat-
ically intercalates into the lipid bilayer causing its fluidization (Prachayasittikul et al., 2007), and a tris buffer, which synergizes
with EDTA (Vaara, 1992). Therefore, we hypothesized that TE buffer may be used to stabilize theMBs and partially permeabilize
the lipid bilayer of siEVs, allowing theMBs to reach the lumen of intact siEVs and hybridize with the desired RNA sequences. To
test this, both the integrity of siEVs and the specificity of probes to intraluminal targets post-treatment with the TE buffer were
quantified. The changes in EV concentration when incubating in the TE buffer and PBS were negligible when incubated at 4◦C
(Student’s two-tailed t-test, p = 0.88) and 37◦C (Student’s two-tailed t-test, p = 0.65), implying the extent of permeabilization
by the TE buffer neither induced aggregation nor dissolved the vesicular structures (Figure S2A). Furthermore, cryogenic TEM
(cryo-TEM) revealed that the TE buffer did not compromise the lipid bilayer present on large and small EVs (Figure S2B). To
ensure the specificity of the MBs to the desired intraluminal RNA targets with the siEVPPRA, hsa-miR-21-5p, a miRNA abundant
in Homo sapiens, and cel-miR-39-3p, a non-human miRNA abundant in Caenorhabditis elegans (Madadi & Soleimani, 2019),
were tested in siEVs derived from Gli36 cells. Gli36-derived siEVs detected with MBs targeting hsa-miR-21-5p exhibited single
fluorescent signals within the micropattern when diluted in the TE buffer (Figure S3A). The MB formulation diluted in the TE
buffer produced a fluorescence signal that was 6.83 ± 0.57 times higher than the formulation without the TE buffer (Tukey’s
HSD, p = 0.0002), indicating the necessity for partial permeabilization. Furthermore, the siEV signals obtained from partial
permeabilization with the TE buffer were 9.57± 0.95 times higher than the negative control (Tukey’s HSD, p= 0.0002), ensuring
the specificity of the MB to intraluminal hsa-miR-21-5p. In contrast, Gli36-derived siEVs detected with MBs targeting cel-miR-
39-3p within the TE buffer and PBS demonstrated a negligible difference when compared to their respective controls (ANOVA,
p = 0.82), thus demonstrating the ability of siEVPPRA to target specific RNA sequences within partially permeabilized siEVs
(Figure S3B). Furthermore, internal protein epitopes were enhanced with partial permeabilization (Student’s two-tailed t-test,
p < 0.0001), while external membrane protein detection after partial permeabilization was significantly similar (Student’s two-
tailed t-test, p = 0.12), indicating that partial permeabilization preserved protein signals necessary for colocalization analyses
(Figure S3C). Therefore, the TE buffer partially permeabilizes the lipid bilayer of siEVs via membrane fluidization ensuring the
integrity of siEVs and the delivery of probes into the lumen of intact siEVs.
To evaluate the robustness of RNA specificity using siEVPPRA, Gli36 cells were transfected via electroporation to express the

non-human miRNAs: cel-miR-39-3p, cel-miR-54-3p, and cel-miR-238-3p (Figure S4A) (Mitchell et al., 2008; Vigneron et al.,
2016). siEVs harvested from the transfected cells were then detected with MBs targeting cel-miR-39-3p, cel-miR-54-3p, and cel-
miR-238-3p. The engineered siEVs enriched with non-human miRNAs were successfully detected as single fluorescent signals
within the micropatterns with MBs targeting the corresponding miRNA, while control samples showed a negligible number
of signals (Figure 2a). To ascertain a lack of cross-reactivity between the MBs and the other non-human miRNA, the three
different engineered siEVs were tested against all the MBs targeting the non-human miRNA. Only the MBs targeting the corre-
sponding non-human miRNA enriched within the engineered siEVs could be detected, whereas all disparate MBs presented a
background level of signals (Figure S4B). Similarly, siEVPs purified from healthy donor serum presented few signals utilizing the
MBs targeting non-humanmiRNA (Figure S4B). Specifically, cel-miR-39-3p-enriched siEVs detected byMBs targeting cel-miR-
39-3p exhibited a RFI of 9.10 ± 2.07, while serum-derived siEVPs and the disparate MBs produced an average RFI of 1.08 ± 0.11
(Figure 2b; Dunnett’s test, p < 0.0001 for the corresponding MB, p = 1.00 for serum-derived siEVPs and all disparate MBs);
cel-miR-54-3p-enriched siEVs detected by MBs targeting cel-miR-54-3p exhibited a RFI of 9.43 ± 1.68, while serum-derived
siEVPs and the disparate MBs produced an average RFI of 1.14± 0.15 (Figure 2b; Dunnett’s test, p< 0.0001 for the corresponding
MB, p > 0.96 for serum-derived siEVPs and all disparate MBs); and cel-miR-238-3p-enriched siEVs detected by MBs targeting
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F IGURE  Specificity and sensitivity of RNA and protein detection in siEVs. (a) siEVs enriched with cel-miR-39-3p, cel-miR-54-3p, and cel-miR-238-3p
are detected by the corresponding MBs targeting cel-miR-39-3p (green), cel-miR-54-3p (red), and cel-miR-238-3p (blue), whereas control samples
demonstrate negligible fluorescence signal. (b) Bar graphs of the RFIs of siEVs with cel-miR-39-3p, cel-miR-54-3p, and cel-miR-238-3p with their
corresponding MBs are higher than the different control conditions tested, including siEVs detected with unmatched MBs (a/b/c2, a/b/c3), siEVPs from human
serum (a/b/c4), and PBS (a/b/c5). The denotations are provided in Figure S4 (N = 3, error bars indicate the standard deviation, ****p < 0.0001). (c) The RFI for
the detection of cel-miR-39-3p in the engineered siEVs increases with increasing concentrations of the cel-miR-39-3p plasmid transfected into the cells (N = 3,
error bars indicate the standard deviation). (d) The siEVPPRA is compared against standard qRT-PCR for cel-miR-39-3p from the engineered EVs secreted

(Continues)
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F IGURE  (Continued)
from transfected Gli36 cells with a plasmid concentration of 400 ng/μL (N = 3, error bars indicate the standard deviation). The dotted line illustrates the linear
fitting of the linear range (R2

= 0.92; ANOVA, p = 0.0026). Representative images and distributions of fluorescence intensity are provided in Figure S5. (e) The
siEVPPRA is compared against a standard ELISA for detecting EGFR from EVs isolated from Gli36 cells (N = 3, error bars indicate the standard deviation). The
dotted line illustrates the linear fitting of the linear range (R2

= 0.98; ANOVA, p= 0.0001). Representative images and distributions of fluorescence intensity are
provided in Figure S6. All micropatterns were functionalized with an anti-CD63/CD9 antibody cocktail, and all scale bars are 10 μm unless stated otherwise.

cel-miR-238-3p exhibited a RFI of 8.73 ± 2.52, while serum-derived siEVPs and the disparate MBs produced an average RFI of
1.03 ± 0.10 (Figure 2b; Dunnett’s test, p < 0.0001 for the corresponding MB, p = 1.00 for serum-derived siEVPs and all disparate
MBs). Furthermore, the siEVPPRA could discriminate between the siEVs secreted from cells transfected with varying plasmid
concentrations with the EV concentration held at a constant 109 particles/mL insofar as the RFI of the siEVs correlated positively
with increasing plasmid concentrations (Pearson’s correlation coefficient, p < 0.0001 for r = 0.90), demonstrating the sensitivity
of the assay to quantify nucleic acid concentrations within siEVs (Figure 2c).

Provided the high sensitivity for detecting vesicular RNA, we compared the siEVPPRA against the benchmark method for bulk
RNA detection, qRT-PCR. EVs harvested from Gli36 cells enriched with 400 ng/μL of the cel-miR-39-3p plasmid were diluted
serially into EVPs isolated from healthy donor serum and were detected with the siEVPPRA and qRT-PCR for cel-miR-39-3p.
The siEVPPRA exhibited a linear range at 106−1011 vesicles/mL (R2

= 0.92; ANOVA, p = 0.0026), outperforming qRT-PCR,
which became undetectable below a concentration of 109 vesicles/mL (Figure 2d). Events of non-specificity of the siEVs were
observed outside the micropatterns only at the higher end of the dilutions, likely due to saturation of the micropattern (Figure
S5A). Furthermore, the maxima in the fluorescence intensity distributions of the siEVs remained consistent across the dilution,
indicating the decrease in RFI as a direct measurement of the dilution of siEVs (Figure S5B). Similarly, the sensitivity of the
siEVPPRA for protein detection in siEVs was compared to ELISA, the benchmark bulk-analysis method. Gli36-derived EVs were
diluted serially into EVPs isolated from healthy donor serum and were detected with both methods for a cytoplasmic epitope of
EGFR, a transmembrane protein upregulated in GBM-associated EVs with external and intraluminal epitopes (Reátegui et al.,
2018). Again, the siEVPPRA exhibited a linear range at 106−1011 vesicles/mL (R2

= 0.98; ANOVA, p = 0.0001), whereas ELISA
could not detect EGFR below a concentration of 109 vesicles/mL (Figure 2e) with similar observations to RNA detection (Figure
S6A,B). Thus, the ability of the siEVPPRA to focus intact siEVs and highlight biomarkers of interest at minimal concentrations
affords a unique ability to colocalize biomolecular species on siEVs and explore intravesicular heterogeneity, which cannot be
realized by bulk-analysis methods.

. Simultaneous detection of various biomolecular species in siEVs

To first determine the ability of the siEVPPRA tomultiplex various probes at a single-particle resolution, a tetraspanin analysis was
performed on the siEVs, a commonplace procedure for in situ screening of siEVs (Han et al., 2021; Lee et al., 2018; Mizenko et al.,
2021; Rima et al., 2022; Spitzberg et al., 2023). Therefore, Gli36-derived siEVs were screened for CD63, CD9, and CD81 with
fluorescently labeled antibodies targeting the respective tetraspanins, whereby each antibody was chosen to excite at distinct
wavelengths. The fluorescence signals were pseudo-colored as the primary colors of light such that the colocalization of two
detection probes could be visualized as magenta, cyan, and yellow signals, while white signals illustrated the colocalization of all
detection probes (Figure 3a). Furthermore, the fluorophores only emitted light when matched by their corresponding excitation
wavelengths (Tukey’s HSD, p < 0.0001 for the matched channels with siEVs only), ensuring the validity of the colocalization as
originating from the co-expression of the tetraspanins (Figure S7). Figure 3b shows the colocalization efficiencies for CD63 and
CD9 (20.08 ± 2.09%), CD81 and CD9 (19.31 ± 1.59%), CD63 and CD81 (20.84 ± 2.52%), and all three proteins (2.16 ± 0.58%).
As mentioned earlier, various methods exist to simultaneously detect proteins on siEVs, such as single-particle interferometric
reflectance imaging sensing (SP-IRIS) (Arab et al., 2021; Breitwieser et al., 2022; Deng et al., 2022). Therefore, we compared
the siEVPPRA with a commercial SP-IRIS, the ExoView. Both the siEVPPRA and the ExoView produced similar signals whereby
the colocalization of the tetraspanins was illustrated as yellow, magenta, cyan, and white (Figure S8A). Similar to the siEVPPRA,
the ExoView differentiated positive signals from their isotype control at lower signal-to-noise ratios due to high levels of non-
specificity (Figure S8B). Although the colocalization profiles are higher on the ExoView, interestingly, the highest frequency
of colocalization tends to be the complementary color to the antibody used to capture the siEVs; specifically, CD9+/CD81+
siEVs forCD63-mediated capture, CD63+/CD81+ siEVs forCD9-mediated capture, andCD9+/CD63+ siEVs forCD81-mediated
capture (Figure S8C). Using an antibody cocktail as performed with the siEVPPRA appears to normalize the bias to the capture
antibody (Figure 3b; Levene’s test, p = 0.0049). While the colocalization frequencies are higher on the ExoView, the siEVPPRA
provides higher signal-to-noise ratios for protein detection (∼12 for the siEVPPRA vs.∼3 for the ExoView), an ability to colocalize
with nucleic acid cargo, working concentrations one order of magnitude lower, and multiple technical replicates for a reliable
colocalization analysis.
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F IGURE  Multiplexed detection of siEVs across various biomolecules. (a) The colocalization of tetraspanins on Gli36-derived siEVs via multi-protein
detection with the siEVPPRA show siEVs expressing CD63 (green), CD9 (red), CD81 (blue), CD63 and CD9 (yellow), CD9 and CD81 (magenta), CD81 and
CD63 (cyan), and all three tetraspanins (white). (b) Bar graphs of the quantification of the colocalization rates of the tetraspanins are depicted with respect to
their additive colors (N = 3, n = 25, error bars indicate the standard deviation). (c) The colocalization of multiple RNA species within Gli36-derived siEVs via
multi-RNA detection with the siEVPPRA show siEVs expressing AXL-1 (green), hsa-miR-9-5p (red), hsa-miR-21-5p (blue), AXL-1 and hsa-miR-9-5p (yellow),
hsa-miR-9-5p and hsa-miR-21-5p (magenta), hsa-miR-21-5p and AXL-1 (cyan), and all three RNA species (white). (d) Bar graphs of the quantification of the
colocalization rates of the multiple RNA species are depicted with respect to their additive colors (N = 3, n = 25, error bars indicate the standard deviation). (e)

(Continues)
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F IGURE  (Continued)
The colocalization of multiple biomolecular species within Gli36-derived siEVs via protein-RNA co-detection with the siEVPPRA show siEVs expressing CD63
(green), hsa-miR-9-5p (red), hsa-miR-21-5p (blue), CD63 and hsa-miR-9-5p (yellow), hsa-miR-9-5p and hsa-miR-21-5p (magenta), hsa-miR-21-5p and CD63
(cyan), and all three biomolecular species (white). (f) Bar plots of the quantification of the colocalization rates of the multiple biomolecular species are depicted
with respect to their additive colors (N = 3, n = 25, error bars indicate the standard deviation). (g) Insets of the colocalization of protein, mRNA, and miRNA
within Gli36-derived siEVs with the siEVPPRA show siEVs expressing CD63 (green), AXL-2 (red), hsa-miR-21-5p (blue), CD63 and AXL-2 (yellow), AXL-2 and
hsa-miR-21-5p (magenta), hsa-miR-21-5p and CD63 (cyan), and all three biomarkers (white). The representative images from which the insets were derived
and the quantifications thereof are presented in Figure S11. All micropatterns were functionalized with an anti-CD63/CD9 antibody cocktail, and all scale bars
are 10 μm unless stated otherwise.

Although there are various methods to co-detect proteins on siEVs in situ, to our knowledge, the colocalization of RNAs in
siEVs has not yet been achieved. Therefore, different regions of an mRNA strand were detected simultaneously within siEVs.
Given the length of mRNA strands, three MBs were designed to emit distinct wavelengths when hybridized to different regions
of the receptor tyrosine kinase AXL mRNA, which is abundant in GBM (Hutterer et al., 2008; Sadahiro et al., 2018). All three
regions of the AXL mRNA were detected in siEVs as single fluorescent signals, which, similar to multi-protein detection, were
pseudo-colored to reveal yellow, magenta, cyan, and white signals as colocalization events (Figure S9A). The distributions of
fluorescence intensity for the single AXL regions detected by the MBs were similar (Figure S9B). Moreover, the RFIs of the three
different regions on the AXLmRNAwere negligibly different (ANOVA, p= 0.51), demonstrating a uniform and noncompetitive
affinity of the MBs to the different regions of the mRNA strand (Figure S9C). Figure S9D shows the colocalization efficiencies
for AXL-1 and AXL-2 (26.89 ± 2.61%), AXL-2 and AXL-3 (28.57 ± 3.24%), AXL-1 and AXL-3 (23.05 ± 6.21%), and all three
regions (2.87 ± 1.03%). Having shown the ability to colocalize signals on the same RNA biomarker in siEVs with the siEVPPRA,
we aimed to detect multiple distinct miRNAs and thus utilized the engineered EVs. Therefore, siEVs harvested from Gli36
cells transfected with cel-miR-39-3p, cel-miR-54-3p, and cel-miR-238-3p plasmids were detected by their respective MBs as
was previously performed, but in conjunction, revealing the co-expression of multiple miRNAs within the same siEV (Figure
S10A). Figure S10B shows the colocalization efficiencies for cel-miR-39-3p and cel-miR-54-3p (32.94 ± 1.47%), cel-miR-54-3p
and cel-miR-238-3p (31.10 ± 1.03%), cel-miR-238-3p and cel-miR-39-3p (31.26 ± 2.90%), and all three miRNAs (5.51 ± 0.51%).

To add further complexity to the multiplexed RNA detection, multiple RNA species were screened in Gli36-derived siEVs.
AXL-1, hsa-miR-9-5p, and hsa-miR-21-5p were colocalized in various siEVs revealing the co-expression of mRNA and miRNA
(Figure 3c). Figure 3d shows the colocalization efficiencies for AXL-1 and hsa-miR-9-5p (21.15 ± 2.29%), hsa-miR-21-5p and
hsa-miR-9-5p (22.62 ± 1.08%), AXL-1 and hsa-miR-21-5p (20.67 ± 2.58%), and all three RNA biomarkers (2.95 ± 0.18%). We
then used the two methods of detection, immunoaffinity and MB hybridization, together to test the ability of the siEVPPRA
to multiplex proteins and RNA simultaneously. Therefore, CD63, hsa-miR-9-5p, and hsa-miR-21-5p were screened in Gli36-
derived siEVs, revealing colocalization (Figure 3e). Figure 3f shows the colocalization efficiencies for CD63 and hsa-miR-9-5p
(19.30 ± 1.05%), hsa-miR-21-5p and hsa-miR-9-5p (22.52 ± 1.90%), hsa-miR-21-5p and CD63 (20.71 ± 2.23%), and all three
biomarkers (2.12 ± 0.48%). Lastly, we aimed to detect protein, mRNA, and miRNA expression in Gli36-derived siEVs. The
siEVPPRA successfully detected the co-expression of the three biomolecular species on siEVs (Figure 3g, Figure S11A). Figure
S11B shows the colocalization efficiencies for CD63 and AXL-2 (21.49 ± 5.78%), hsa-miR-21-5p and AXL-2 (14.16 ± 2.84%),
CD63 and hsa-miR-21-5p (13.68 ± 2.72%), and all three biomolecular species (0.43 ± 0.19%). Therefore, the marriage of the two
detection methods on intact siEVs with the siEVPPRA broadens the horizon of current in situ methods, illustrating a rare display
of siEV intravesicular heterogeneity with various biomolecular species.

. Sorting siEVPs into subpopulations

Tailoring the surface chemistry of themicropatterns enables the examination of intervesicular heterogeneity by first sorting siEVs
into subpopulations based onmembrane-protein composition. Although constitutively expressed, CD63 and CD9 are expressed
in higher quantities in small EVs (Kowal et al., 2016) and are considered "classical" exosomal biomarkers due to their enrichment
and involvement in cargo loading (Buschow et al., 2009; Chairoungdua et al., 2010; Escola et al., 1998; Théry et al., 1999; van
Niel et al., 2011) despite being present in some ectosome subpopulations (Mathieu et al., 2021). On the other hand, ARF6 and
annexin A1 are considered ectosomal biomarkers due to their enrichment and contribution towards the budding of vesicles from
the plasma membrane (Clancy et al., 2019; Jeppesen et al., 2019; Muralidharan-Chari et al., 2009; Rogers et al., 2020). Moreover,
Cetuximab, a chimericmonoclonal antibody, was utilized to capture tumor-specific siEVs, which targets the extracellular domain
of EGFR and efficiently immobilizes tumor-derived EVs from GBM patients (Reátegui et al., 2018). WB analyses confirmed that
tetraspanins CD63, CD9 and CD81 were enriched in the TFF-purified EVs fromGli36 cells when compared to their cellular con-
centrations. Conversely, EGFR, annexin A1, and ARF6 were upregulated in Gli36 cells, but were still present in the TFF-purified
EVs (Figure 4a). Therefore, separate micropatterns were decorated with antibodies targeting CD63, CD9, annexin A1, ARF6, and
EGFR with IgG as a negative isotype control for siEV capture. Two miRNAs (hsa-miR-21-5p and hsa-miR-9-5p), two mRNAs
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F IGURE  Single intervesicular and interparticle heterogeneity analysis. (a) Western blot (WB) analyses on CD63, CD9, CD81, EGFR, annexin A1, and
ARF6 on cell and EV lysates. (b) Radar plots of the multidimensional data analysis of RFIs across multiple micropatterns functionalized solely with antibodies
targeting CD9, CD63, annexin A1, ARF6, and EGFR with IgG as an isotype control, demonstrate variable detection levels for CD63, CD9, CD81, EGFR,
hsa-miR-9-5p, hsa-miR-21-5p, GAPDH, AXL-2, p. (c) A heatmap of the multidimensional data analysis after linear discriminant (Figure S11) and biogenesis
pathways is condensed to demonstrate expression across clustered subpopulations, including “classical” exosomes, ectosomes, tumor-derived EVs, and an
isotype control. (d) Single lipoproteins (siLPs) and siEVs are sorted on micropatterns functionalized with an anti-ApoB/ApoA1 antibody cocktail and detected
for ApoA1 (red), ApoB (green), and CD63 (pink). (e) TIRFM images are quantified as bar graphs of the RFIs of the siEVPs for the ApoB+/ApoA1+

(Continues)
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F IGURE  (Continued)
subpopulation (N = 3, error bars indicate the standard deviation, ****p < 0.0001). (f) siLPs and siEVs are sorted on micropatterns functionalized with an
anti-CD63/CD9 antibody cocktail and detected for ApoA1 (red), ApoB (green), and CD63 (pink). (g) TIRFM images are quantified as bar graphs of the RFIs of
the siEVPs for the CD63+/CD9+ subpopulation (N = 3, error bars indicate the standard deviation, ****p < 0.0001, ***p < 0.001, *p < 0.05). All scale bars are
10 μm unless stated otherwise.

(GAPDH and AXL-2), four proteins (CD63, CD9, CD81, and EGFR), and a control for RNA detection (p), a gene downregu-
lated in GBM (McGillicuddy et al., 2009; Zhang et al., 2018), were screened individually across the several subpopulations. The
expression profiles indicated variable levels across the subpopulations (Figure 4b), with IgG unable to immobilize siEVs indepen-
dent of the detection probe utilized (ANOVA, p= 0.14 for RFI, p= 0.97 for the probe) and p detection demonstrating negligible
signals independent of the subpopulation analyzed (ANOVA, p = 0.34 for RFI, p = 0.92 for the subpopulation). Furthermore,
linear discriminant analysis on the expression of the nine biomarkers demonstrated vast heterogeneity across the subpopulations
with similarities amongst ARF6+ and CD9+ siEVs (Figure S12A). However, by combining the biomarkers into their respective
biomolecular species, the linear discriminant analysis revealed similarities between CD63+, CD9+, and EGFR+ siEV profiles,
while ARF6+ and annexin A1+ siEVs demonstrated similarities (Figure S12B). Therefore, the average RFI of the nine biomarkers
was analyzed with respect to biogenesis pathways and the clustering from the linear discriminant analysis as "classical" exosomes
(CD63+/CD9+ siEVs), ectosomes (ARF6+/annexin A1+ siEVs), tumor-derived siEVs (EGFR+ siEVs), and an isotype control
(IgG), exhibiting an enrichment of most biomarkers in CD63+/CD9+ siEVs (Figure 4c). Therefore, an anti-CD63/CD9 antibody
cocktail was utilized for the remainder of the investigation to immobilize siEVPs.
Given that particles present in the blood are abundantly LPs (Simonsen, 2017), cholesterol-transporting particles that are

often co-isolated with EVs due to their similar sizes and densities (Simonsen, 2017; Sódar et al., 2016; Yuana et al., 2014), we next
examined the interaction of the siEVPPRA with LPs. First, we tested whether TFF, a size-exclusion purification process that was
utilized on the Gli36-derived EVs, could remove LPs from healthy donor serum. While efficient at removing soluble proteins
and retaining particles (Figure S13A,B), the composition of the particles was uncertain. Accordingly, high-density LPs (HDL)
and a mixture of very-low-density LPs (VLDL) and low-density LPs (LDL) were separated from the same healthy donor serum
via dextran-based precipitation (Burstein et al., 1970). The isolated LPs demonstrated an absence of annexin A1, ARF6, CD63,
and CD9, and an abundance of ApoA1 in the HDL fraction and ApoB in the VLDL/LDL fraction (Figure S13C), which are
absent in Gli36 cells and their EVs (Figure S13D). Furthermore, the isolated LPs demonstrated dense morphologies as opposed
to the classical “cup shapes” of EVs observed in TEM (Figure S13E). TFF on the healthy donor serumdemonstrated enrichment of
CD63, annexin A1, and ApoB and retention with a slight loss of ARF6, CD9, and ApoA1 (Figure S13C) indicating the co-isolation
of LPs and EVs after TFF purification. Therefore, Gli36-derived EVs and a mixture of the two LP isolates were deposited on the
siEVPPRA functionalized with an anti-ApoB/ApoA1 antibody cocktail and screened for ApoA1, ApoB, and CD63. Positive single
fluorescent signals for the ApoA1+/ApoB+ siEVP subpopulation were obtained solely in the siLP mixture for ApoA1 (Dunnett’s
test, p < 0.0001 for siLPs, p = 0.61 for siEVs) and ApoB (Dunnett’s test, p < 0.0001 for siLPs, p = 0.97 for siEVs), while CD63
was absent in all siEVP formulations (ANOVA, p = 0.83), indicating the specificity of ApoB and ApoA1 to siLPs (Figure 4d,e).
Interestingly, the micropatterns functionalized with an anti-CD63/CD9 antibody cocktail yielded positive signals for ApoB in
siLPs (Dunnett’s test, p = 0.0006 for siLPs, p = 0.89 for siEVs) and CD63 in siLPs and siEVs (Dunnett’s test, p = 0.016 for siLPs,
p < 0.0001 for siEVs), indicating the complete specificity of Gli36-derived siEVs to the micropatterns functionalized with an
anti-CD63/CD9 antibody cocktail and the rare presence of CD63-expressing siLPs with an affinity for CD63/CD9-mediated
capture, which are obscured by the majority of LPs (Figure 4f,g). The presence of a rare subpopulation of siLPs is confirmed by
the absence of CD63 in the siEVPPRA analysis of the ApoA1+/ApoB+ siLP subpopulation, representing the majority of siLPs, and
the absence of CD63 and CD9 in theWB analysis of HDL and VLDL/LDL samples. However, the ability to enrich these complex
subpopulations of siLPs via immunopositive selection, which are possibly EV-LP hybrids (Busatto et al., 2022; Busatto et al., 2020;
Sódar et al., 2016) or co-isolated serum-derived EVswith apolipoprotein corona (Tóth et al., 2021;Wolf et al., 2022), highlights the
benefit of the siEVPPRA for probing interparticle heterogeneity at minuscule quantities that are lost with bulk-analysis methods.
Due to the extensive characterization of apolipoprotein corona on EVs (Tóth et al., 2021), we investigated their presence with

the siEVPPRA as a possibility for the observed siLP-EV co-isolates. Therefore, TFF-purified EVs harvested from Gli36 cells cul-
tured in serum-free media were incubated in EV-depleted plasma (EVDP) and subsequently purified to remove soluble proteins
and enrich the EVswith apolipoprotein corona (Figure S14A). The EVs incubated in EVDPwere then introduced to the siEVPPRA
with CD63/CD9-mediated capture and detected for ApoA1 and ApoB. While siEVs that were not incubated in EVDP produced
negligible fluorescence signal utilizing the same conditions (Figure 4f,g) with RFIs of 0.78± 0.22 for ApoA1 (Student’s two-tailed
t-test, p = 0.19) and 0.80 ± 0.26 for ApoB (Student’s two-tailed t-test, p = 0.29), siEVs incubated in EVDP produced positive
fluorescence signals for ApoA1 and ApoB reminiscent of siEVP signals (Figure S14B). Furthermore, siEVs incubated in EVDP
produced RFIs of 8.95 ± 2.33 for ApoA1 (Welch’s two-tailed t-test, p = 0.0274) and 41.19 ± 11.63 for ApoB (Welch’s two-tailed
t-test, p = 0.0265), confirming the ability for apolipoproteins to adhere onto the EV surface (Figure S14C). Given the complete
specificity of siEVs to anti-CD63/CD9 functionalized micropatterns and the rarity of the siLP-EV co-isolates that may simply be



ZHANG et al.  of 

siEVs disguised with apolipoprotein corona, we advanced the investigation to test the ability of the siEVPPRA to detect vesicular
RNA in a complex biofluid notwithstanding the observed complexity of biological samples.

. Profiling siEVP RNA in glioma cell lines and GBM patient serum

To demonstrate the translational potential of siEVPPRA and incorporation of vesicular RNA biomarkers, we performed transcrip-
tomic analyses on six different glioma cell lines (SF268, SF295, SF539, SNB19, SNB75 and U251) and their corresponding EVs
collected from serum-free media and purified by TFF, via sRNA-seq and microarrays (Crouser et al., 2021; Etheridge et al., 2018;
Fallen et al., 2018; Ghai et al., 2017; Giraldez et al., 2018; Wu et al., 2017). To represent the pathological heterogeneity of gliomas,
we included astrocytoma, gliosarcoma, and glioblastoma cell lines. Several RNAs exhibited high concentrations in both cells and
EVs withmiRNA showingmore differential expression (Figure 5a). Among the high-expressing RNAs analyzed, four transcripts,
two mRNAs (NSF andNCAN) and two miRNAs (hsa-miR-9-5p and hsa-miR-1246-5p) were selected for further analysis, due to
their previous association with GBM (Lou et al., 2019; Qiu et al., 2021; Su et al., 2017; Zottel et al., 2020). In general, the concentra-
tions measured via microarrays of the four selected transcripts across the different glioma cell lines showed less variability than
their corresponding EVs (Levene’s test, p = 0.0002 for NSF, p = 0.33 for hsa-miR-9-5p, p = 0.0008 for NCAN, p = 0.013 for hsa-
miR-1246-5p), indicating the differential packing of the RNA species across the cell lines (Figure 5b). The heterogeneity of these
transcripts in EVs was further explored with the siEVPPRA at a single-particle resolution (Figure 5c). The RFI determined by the
siEVPPRA correlated positively with the concentration of the transcripts in the EVs derived from the different glioma cell lines
(Pearson’s correlation coefficient, p= 0.0001 for r= 0.70); however, failed to correlate with the cellular concentrations (Pearson’s
correlation coefficient, r= 0.16). The discrepancywas also observed between cellular and vesicular concentrationswith bulk RNA
measurements (Pearson’s correlation coefficient, r = 0.01), indicating the ability of siEVPPRA to coincide with bulk RNA detec-
tion. However, an advantage the siEVPPRA exhibits, which bulk RNAmeasurements cannot achieve, is quantifying the variability
of biomolecular expression in siEVPs via fluorescence profiles. The distributions of siEV fluorescence intensity demonstrated
a more homogeneous expression for the mRNAs than the miRNAs across the six cell lines (Figures S15–S18). Specifically, hsa-
miR-9-5p cargo from SF268-, SF295-, SF539- and SNB75-derived siEVs indicated more heterogeneous profiles with distribution
maxima shifted to the right (Figure S17). Similarly, hsa-miR-1246-5p cargo from SF268-, SNB75-, and SNB19-derived siEVs also
demonstrated a heterogeneous expression with distribution maxima shifted to the right (Figure S18).
Having validated the GBM-associated vesicular RNA biomarkers across various cell lines, the siEVPPRA was used to charac-

terize siEVPs from TFF-purified serum fromGBM patients. For each individual, 20 μL of the purified serumwas processed with
the siEVPPRA. A cohort of 10 GBM patients and 10 age-matched healthy individuals were chosen for the investigation (Table
S4). Although we demonstrated the presence of siLP-EV co-isolates in serum, higher frequencies of positive signals for NSF,
hsa-miR-9-5p, NCAN, and hsa-miR-1246-5p were obtained from purified GBM patient serum in comparison to healthy donor
serum (Figure 6a). Furthermore, RFIs of siEVPs from GBM patients were significantly higher for NSF, NCAN, hsa-miR-9-5p,
and hsa-miR-1246-5p RNAswhen compared to the siEVPs from purified healthy donor serum (Figure 6b;Mann-WhitneyU test,
p = 0.0002 for NSF, NCAN and hsa-miR-9-5p, p = 0.0022 for hsa-miR-1246-5p). Comparing the distributions of fluorescence
intensity for the different RNA species revealed that siEVPs expressing NSF and NCAN presented more homogeneous fluores-
cence signals. In contrast, the distributions of fluorescence intensity for siEVPs expressing hsa-miR-9-5p and hsa-miR-1246-5p
yielded broad distributions of fluorescence intensity with distributionmaxima shifted to the right (Figure 6c), which agreed with
our previous observation on the siEVs across the glioma cell lines. These findings confirm the ability of siEVPPRA to measure the
intravesicular heterogeneity of RNA in siEVPs from complex biofluids, specifically serum, and its ability to discriminate GBM
patients from healthy donors while conserving vesicular profiles. The success of this work and the tunability of the siEVPPRA
opens the possibility for its potential application in liquid biopsy for cancer diagnoses in GBM and other diseases.

 DISCUSSION

The enhanced sensitivity of siEVP methods, the tunability of surface chemistry within the micropatterns, and the ability to
multiplex across various biomolecular species realized by the siEVPPRA lends unique opportunities to investigate intravesicu-
lar, intervesicular, and interparticle heterogeneity at a single-particle resolution. Due to the inherent heterogeneity of EVPs and
the abundance of LPs in circulation, it is necessary to decode the molecular profile of EVPs and advance technologies to dis-
tinguish EVs from LPs. Highly tunable multiplexed approaches, such as the siEVPPRA, can aid in the precise deconvolution of
siEVPs. Various novel siEV technologies have adopted an in situ approach to characterize siEVs to visualize intravesicular het-
erogeneity via colocalization analyses (Arab et al., 2021; Breitwieser et al., 2022; Deng et al., 2022; Han et al., 2021; Lee et al., 2018;
Mizenko et al., 2021; Rima et al., 2022; Spitzberg et al., 2023). The siEVPPRA is the first assay to demonstrate intravesicular hetero-
geneity across multiple biomolecular species with colocalization analyses, including protein and RNA, which was realized with
a facile incubation with a TE buffer that stabilizes MBs, ensures the integrity of intact siEVs, preserves external epitopes, and



 of  ZHANG et al.

F IGURE  Sequencing of cellular and vesicular RNA in glioma cell lines and validation with the siEVPPRA. (a) Cellular and vesicular mRNA (left) and
miRNA (right) are sequenced across six glioma cell lines, including SF268, SF295, SF539, SNB19, SNB75, and U251, revealing the upregulation of NSF,
hsa-miR-9-5p, NCAN, hsa-miR-1246-5p in cells and EVs. (b) NSF, hsa-miR-9-5p, NCAN, and hsa-miR-1246-5p are profiled in EVs (solid line) and cells (dash
line) from the six different glioma cell lines by bulk RNA characterization. (c) Bar graphs of the RFIs of NSF, hsa-miR-9-5p, NCAN, and hsa-miR-1246-5p in
siEVs from the six different glioma cell lines with the siEVPPRA, showing comparable RNA expression trends (N = 3, error bars indicate the standard
deviation). Representative images and distributions of fluorescence intensity are provided in Figure S15–S18. All micropatterns were functionalized with an
anti-CD63/CD9 antibody cocktail.
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F IGURE  Differential expression of GBM-associated vesicular RNA species in siEVPs from GBM patient serum. (a) Representative TIRFM images of
siEVPs expressing NSF, hsa-miR-9-5p, NCAN, and hsa-miR-1246-5p in TFF-purified serum from GBM patients and healthy donors characterized with the
siEVPPRA. (b) Box plots of the RFIs for NSF, hsa-miR-9-5p, NCAN, and hsa-miR-1246-5p in GBM patients and healthy donors (N = 10, ***p < 0.001,
**p < 0.01). (c) Representative distributions of fluorescence intensity for the siEVP detection of NSF, hsa-miR-9-5p, NCAN, and hsa-miR-1246-5p in
TFF-purified serum from patient and healthy donors, indicate variable expression and homogenous profiles amongst mRNAs and heterogeneous profiles
amongst miRNAs. All micropatterns were functionalized with an anti-CD63/CD9 antibody cocktail, and all scale bars are 10 μm unless stated otherwise.
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delivers detection probes into the lumen of siEVs via partial permeabilization. While the highest colocalization rates were
observed for the engineered siEVs, which is non-trivial due to the induced enrichment of synthetic miRNA species, the second-
highest (highest non-synthetic) colocalization rate was observed for the co-detection of multiple regions of the AXL mRNA
strand. Interestingly, only a small population of siEVs demonstrated the colocalization of all targets, further demonstrating the
observed fragmentation of mRNA strands during packaging (Batagov &Kurochkin, 2013; de Voogt et al., 2021; Dellar et al., 2022;
Hinger et al., 2018; Wei et al., 2017; Zand Karimi et al., 2022), which can compromise highly sensitive assays that require high-
quality RNA, such as qRT-PCR (Antonov et al., 2005). Lastly, interspecies colocalization yielded similar colocalization rates,
indicating consistency across methods, except for the co-detection of protein, mRNA, and miRNA, which demonstrated slightly
lower frequencies of mutual expression. While often utilized for colocalization analyses, we found that colocalization was rela-
tively low for the tetraspanins, which agrees with other reported siEV tetraspanin analyses (Han et al., 2021; Lee et al., 2018; Rima
et al., 2022; Spitzberg et al., 2023). With the siEVPPRA, we could further observe intravesicular heterogeneity for single biomolec-
ular expression as fluorescence intensity distributions. As such, we observed higher miRNA variability than mRNA in the siEVs
secreted from the glioma cell lines and siEVPs in GBM patient serum. Due to the small size of intact miRNA (∼22 nucleotides)
(Dellar et al., 2022) and the fragmentation of mRNA in EVs (Batagov & Kurochkin, 2013; de Voogt et al., 2021; Dellar et al.,
2022; Hinger et al., 2018; Wei et al., 2017; Zand Karimi et al., 2022), the observed variability in miRNA may be a more accurate
illustration of non-genetic single-cellular heterogeneity (Wang et al., 2019). Both methods to profile intravesicular heterogeneity
were lost with bulk-analysis methods, such as WB, ELISA, qRT-PCR, sRNA-seq, and microarrays, indicating the utility of the
siEVPPRA in uncovering intravesicular heterogeneity.

Intervesicular and interparticle heterogeneity were recognized by tuning the surface chemistry on themicropattern within the
siEVPPRA to capture siEVP subpopulations. Testing various capture antibodies and detection probes on Gli36-derived siEVs fur-
ther elucidated intervesicular heterogeneity between subpopulations as a function of biomarker expression.Multivariate analyses
on the grouped biomolecular species revealed similar profilometric trends for CD63+, CD9+, and EGFR+ siEV subpopulations,
which corresponds with the upregulation of EGFR in Gli36-derived “classical” exosomes (Jeppesen et al., 2019). Furthermore,
capturing siEVs by CD63 and CD9 yielded the most holistic signature across all biomolecules tested, which coincides with
immunoselective immobilization strategies for siEVPs from non-small cell lung cancer patient serum (Nguyen et al., 2022).
A possibility for the enhanced capture and detection utilizing an anti-CD63/CD9 antibody cocktail to immobilize siEVs may be
that the cocktail does not discriminate cellular origin and rather captures siEVs from all cells.While originally considered a “clas-
sical” exosomal biomarker, CD9 is present in larger EVs albeit enriched in small EVs (Kowal et al., 2016), and is found on small
ectosomes (Mathieu et al., 2021). Interestingly, our linear discriminant analysis on the single biomarker expression demonstrated
similarities between CD9+ and ARF6+ siEV subpopulations. Therefore, the anti-CD63/CD9 antibody cocktail may capture exo-
somes and ectosomes, thus widening the breadth of capture. However, the antibody cocktail was insufficient in sorting out LPs
as we uncovered CD63+/CD9+ siLP-EV co-isolates, concurring with newer evidence on the complexity of LPs and EVs (Busatto
et al., 2022; Busatto et al., 2020; Sódar et al., 2016; Tóth et al., 2021; Wolf et al., 2022). Specifically, we were able to confirm the
co-expression of ApoA1 andApoB on the surface of EVs as protein coronawith the siEVPPRA (Tóth et al., 2021), whichmaymain-
tain bioactivity and have implications in disease progression (Wolf et al., 2022). Various studies utilize tetraspanins to immobilize
siEVs and assume negligible interactions with LPs. This erroneous assumptionmay result from the dilution of the subpopulation
in bulk-analysis methods, further motivating the necessity for siEVP methods in uncovering interparticle heterogeneity.
Although the siEVPPRA is highly sensitive and capable of discerning heterogeneous subpopulations amongst siEVPs, colocal-

ization is limited to the number of compatible fluorophores, indicating the possibility for siEVP subpopulations immobilized on
themicropattern that downregulate all targets.With the inherent heterogeneity of blood-derivedEVPs, capturing all signals could
lead to a more comprehensive compositional analysis. Advances in spectral microscopy (Valm et al., 2016), sequential labeling
(Chen et al., 2015), and quantum-dot synthesis (Chattopadhyay et al., 2006), to name a few, are strategic methods for overcoming
spectral overlapping in bandpass filters, the applications of which could further increase the scope of targeted siEVPs. Further-
more, SP-IRIS demonstrated higher colocalization rates for the tetraspanin analyses, albeit with high levels of non-specificity. The
use of enhancing methods, such as the incorporation of an interferometric substrate (Daaboul et al., 2010) or surface plasmon
resonating surfaces (Im et al., 2014; Nguyen et al., 2022), can further increase signals but would require complex micropattern
synthesis techniques that may limit their facile distribution and low cost. Lastly, we found a complex subpopulation of siLP-EV
co-isolates, which may competitively interact with the micropatterned surface. While their presence indicated minimal interfer-
ence with the capability of the siEVPPRA to measure GBM-associated vesicular RNA profiles in GBM patient serum, we cannot
dismiss the possible contributions of siLPs as RNA carriers (Vickers et al., 2011). Future investigations aim at a detailed profiling
of the complex subpopulation of siLPs.
Progressing towards a siEVP method circumvented the artifact of dilution often experienced in bulk-analysis methods

(Nguyen et al., 2022; Wu et al., 2013). As such, disease-associated proteins and RNAs were preserved in intact siEVPs thus
enhancing sensitivities and allowing detection at low concentrations and volumes. The feasibility of analyzing RNAs in siEVPs
from the serum of GBM patients unveiled the potential of the siEVPPRA for liquid biopsy applications. Although the current
study focused on GBM vesicular RNA analyses, the siEVPPRA can easily be adapted to other diseases by customizing the surface
chemistry to capture disease-specific epitopes. Furthermore, the multivariate heterogeneity analysis afforded by the siEVPPRA
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can aid in uncovering differences in subpopulation-dependent packaging of biomolecules and illuminate biogenesis pathways.
Lastly, the ability for the siEVPPRA to multiplex across various biomolecular species offers a unique qualitative perspective into
siEVP heterogeneity more comprehensively than previously accomplished.
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