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ULTRASENSITIVE SINGLE EXTRACELLULAR VESICLE

DETECTION USING HIGH THROUGHPUT DROPLET
DIGITAL ENZYME-LINKED IMMUNOSORBENT ASSAY

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] The present application claims priority to and the benefit of United States
patent application no. 63/364,281, “Ultrasensitive Single Extracellular Vesicle Detection
Using High Throughput Droplet Digital Enzyme-Linked Immunosorbent Assay” (filed
May 6, 2022). All foregoing applications are incorporated herein by reference in their

entireties for any and all purposes.

GOVERNMENT RIGHTS

[0002] This invention was made with government support under W81 XWH-19-
2-0002 awarded by the Defense Advanced Research Projects Agency, and CA236653
awarded by the National Institutes of Health. The government has certain rights in the

invention.

TECHNICAL FIELD

[0003] The present disclosure relates to the field of microfluidics and to the field

of detection of extracellular vesicles.

BACKGROUND

[0004] Extracellular vesicles (EVs) have attracted enormous attention for their
diagnostic and therapeutic potential. However, it has proven challenging to achieve the
sensitivity to detect individual nanoscale EVs, the specificity to distinguish EV
subpopulations, and a sufficient throughput to study EVs amongst an enormous
background. Accordingly, there is a long-felt need in the art for improves systems and

methods for EV detection.
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SUMMARY

[0005] In meeting the described long-felt needs, the present disclosure provides a
method, comprising: contacting (i) a sample comprising a plurality of extracellular
vesicles (EVs) and (i) a detectable capture modality complementary to a target EV so as
to form a first product; contacting the first product with a detection modality that
associates with the target EV so as to form a second product that comprises a plurality of
the detectable capture modalities; and within a plurality of droplets, contacting the second
product and a substrate that is reactive with the detection modality to produce a detectable
signal indicative of the presence of the second product within the droplet; and optically
interrogating the plurality of droplets.

[0006] Also provided is a system, the system being configured to perform the
method of the present disclosure, e.g., the method of any one of Aspects 1-24.

[0007] Further disclosed is a system, comprising: a droplet generation section
configured to form a plurality of droplets having therein a substrate and a final product
comprising an EV and reactive with the substrate to produce a detectable signal indicative
of the presence of the final product within the droplet; an incubation section in fluid
communication with the droplet generation section and configured to communicate therein
the droplets, the incubation section operable to provide a residence time for the droplets
sufficient to give rise to the detectable signal indicative of the presence of the final product
within the droplet; and a detection section, the detection section configured to
communicate therein the plurality of droplets through at least one channel of a
microfluidic device, illuminate the droplets with a first time-domain modulated sequence

of flashes from a first light source, and capture a plurality of images of the droplets.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] The patent or application file contains at least one drawing executed in
color. Copies of this patent or patent application publication with color drawing(s) will be
provided by the Office upon request and payment of the necessary fee.

[0009] In the drawings, which are not necessarily drawn to scale, like numerals
may describe similar components in different views. Like numerals having different letter

suffixes may represent different instances of similar components. The drawings illustrate
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generally, by way of example, but not by way of limitation, various aspects discussed in
the present document. In the drawings:

[0010] Figure 1A-1C. Illustration of high throughput droplet based extracellular
vesicle assay (DEVA).

[0011] Figure 2A-2D. lllustration of theoretical calculation demonstrating the
benefits of more beads in DEVA.

[0012] Figure 3A-3E. Illustration of high throughput detection schematic for
DEVA.

[0013] Figure 4A-4C. Characterization of human neuron EVs for DEVA.

[0014] Figure SA-5H Benchmarking and characterization of DEVA.

[0015] Figure 6. A photograph of the experimental setup of our DEVA platform

[0016] Figure 7. Excitation laser characterization for DEVA

[0017] Figure 8A-8E. DEVA fluorescence characterization.

[0018] Figure 9A-9D. High throughput droplet generation enabled by
parallelized flow focusing generators.

[0019] Figure 10. SEM images of DEVA.

[0020] Figure 11. Schematics on determining the ratio of CD81+ EVs among the
total human neuron EVs using Qubit protein assays.

[0021] Figure 12A-12B. DEVA optimization on reagent concentration.

[0022] Figure 13A-13B. Supplementary fluorescent microscopic images.

[0023] Figure 14A-14B. Human neuron EVs characterization on conventional

tools.

[0024] Figure 15A-15B. NTA analysis on isolated EVs.

[0025] Figure 16A-16D. Feasibility of measuring endogenous EVs in human
plasma using DEVA.

DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

[0026] The present disclosure may be understood more readily by reference to
the following detailed description of desired embodiments and the examples included
therein.

[0027] Unless otherwise defined, all technical and scientific terms used herein
have the same meaning as commonly understood by one of ordinary skill in the art. In

case of conflict, the present document, including definitions, will control. Preferred
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methods and materials are described below, although methods and materials similar or
equivalent to those described herein can be used in practice or testing. All publications,
patent applications, patents and other references mentioned herein are incorporated by
reference in their entirety. The materials, methods, and examples disclosed herein are
illustrative only and not intended to be limiting.

[0028] The singular forms “a,” “an,” and “the” include plural referents unless the
context clearly dictates otherwise.

[0029] As used in the specification and in the claims, the term "comprising" may
include the embodiments "consisting of" and "consisting essentially of.” The terms
“comprise(s),” “include(s),” “having,” “has,” “can,” “contain(s),” and variants thereof, as
used herein, are intended to be open-ended transitional phrases, terms, or words that
require the presence of the named ingredients/steps and permit the presence of other
ingredients/steps. However, such description should be construed as also describing
compositions or processes as "consisting of" and "consisting essentially of" the
enumerated ingredients/steps, which allows the presence of only the named
ingredients/steps, along with any impurities that might result therefrom, and excludes
other ingredients/steps.

[0030] As used herein, the terms “about” and “at or about” mean that the amount
or value in question can be the value designated some other value approximately or about
the same. It is generally understood, as used herein, that it is the nominal value indicated
+10% variation unless otherwise indicated or inferred. The term is intended to convey that
similar values promote equivalent results or effects recited in the claims. That is, it is
understood that amounts, sizes, formulations, parameters, and other quantities and
characteristics are not and need not be exact, but can be approximate and/or larger or
smaller, as desired, reflecting tolerances, conversion factors, rounding off, measurement
error and the like, and other factors known to those of skill in the art. In general, an
amount, size, formulation, parameter or other quantity or characteristic is “about” or
“approximate” whether or not expressly stated to be such. It is understood that where
“about” 1s used before a quantitative value, the parameter also includes the specific
quantitative value itself, unless specifically stated otherwise.

[0031] Unless indicated to the contrary, the numerical values should be
understood to include numerical values which are the same when reduced to the same

number of significant figures and numerical values which differ from the stated value by
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less than the experimental error of conventional measurement technique of the type
described in the present application to determine the value.

[0032] All ranges disclosed herein are inclusive of the recited endpoint and
independently of the endpoints (e.g., "between 2 grams and 10 grams, and all the
intermediate values includes 2 grams, 10 grams, and all intermediate values"). The
endpoints of the ranges and any values disclosed herein are not limited to the precise range
or value; they are sufficiently imprecise to include values approximating these ranges
and/or values. All ranges are combinable.

[0033] As used herein, approximating language may be applied to modify any
quantitative representation that may vary without resulting in a change in the basic
function to which it is related. Accordingly, a value modified by a term or terms, such as
“about” and “substantially,” may not be limited to the precise value specified, in some
cases. In at least some instances, the approximating language may correspond to the
precision of an instrument for measuring the value. The modifier “about” should also be
considered as disclosing the range defined by the absolute values of the two endpoints.
For example, the expression “from about 2 to about 4” also discloses the range “from 2 to
4" The term “about” may refer to plus or minus 10% of the indicated number. For
example, “about 10%” may indicate a range of 9% to 11%, and “about 1” may mean from
0.9-1.1. Other meanings of “about” may be apparent from the context, such as rounding
off, so, for example “about 1” may also mean from 0.5 to 1.4. Further, the term
“comprising” should be understood as having its open-ended meaning of “including,” but
the term also includes the closed meaning of the term “consisting.” For example, a
composition that comprises components A and B may be a composition that includes A,
B, and other components, but may also be a composition made of A and B only. Any
documents cited herein are incorporated by reference in their entireties for any and all
purposes.

[0034] Extracellular vesicles(EVs) are a diverse set of lipid bound
nanomaterials(/), which can be found circulating in blood and carry various molecular
cargo that can be representative of their cells of origin(2, 3). EVs have been discovered to
play an important role in intercellular communication(4) and to have enormous potential
as biomarkers for a wide range of biomedical applications(5—//). Because EVs are
heterogenous, there has been an effort to measure EVs with single particle resolution. This

technological push is analogous to the development of single cell analysis that fueled
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biological discovery in the last decade(/2—1/6). Many of the proposed techniques are based
on imaging(/7-20). While imaging has been successful in resolving individual EVs, it is
fundamentally limited to a number of particles(<10%) several orders of magnitude less than
the quantity of EVs found in clinical samples(10'°EVs/mL, 10°EVs in 10uL of
plasma)(2/). Digital droplet techniques, wherein single EVs are loaded into droplets and
either barcoded for downstream next generation sequencing(NGS) analysis or digital
enzyme-linked immunosorbent assay(dELISA) based fluorescence detection, have been
particularly successfully addressing this challenge(22-25). However, a single platform has
been unable to achieve the sensitivity to detect individual EVs, the specificity to
distinguish particular EV subsets based surface protein expression, at throughputs relevant
to study rare EV subpopulations.

[0035] In this work, we developed a high throughput digital assay to quantify
rare EV sub-populations based on their expression of surface proteins amongst a large
background of EVs(26-28)(FIG. 1A). We call our approach DEVA(Droplet based
Extracellular Vesicle Analysis). DEVA’s ultra-sensitivity and robustness to complex
background comes primarily from two interrelated aspects of the technology: a)The
multiple proteins expressed on a targeted EV surface allows for specific capture and
labeling on microbeads. Due to this specificity, <0.03% of our beads resulted in a false
positive signal, 8-40x lower than typical dELISAs(26-28)(Table 1). b)At such a low false
positive rate, we found that our limit of detection(LOD) was Poisson noise constrained

until the bead number was increased to Npeqq = 0(10°), which corresponded to Ngyop =

0(107) to ensure a digital distribution of beads within droplets(Table 2). Accordingly, we
developed a platform to measure beads at a high throughput (~20million droplets/minute)
by parallelizing droplet generation, processing, and analysis, achieving a throughput
>100x greater than typical in microfluidic systems using only accessible optics (<$1,000)
and soft-lithography fabrication. We evaluated our technology by first quantifying human
neuron derived EVs spiked into PBS and achieved a LOD=9EVs/uL, a >100x
improvement over standard single EV characterization methods(29). Moreover, we
directly demonstrated the value of the throughput of our system by showing that the LOD
of DEVA improved with an increase in the number of beads, up to 10°beads. Additionally,
we evaluated the application of this system for use in clinical samples by quantifying
human neuron EVs spiked in complex media, with a background EVs matched to that of

2uL of human blood and found an LOD=11EVs/pL.
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[0036] Single EV Detection on DEVA

[0037] Our DEVA assay uses fluorescent paramagnetic microbeads(d = 5.4pm)
functionalized with a capture antibody to target EV's subpopulations based on their
expression of a particular surface protein(FIG. 1B). We label the beads with a fluorescence
signal for two key reasons. First, it allows us to calculate the ratio Average EV per Bead
(AEVB) accurately, without having to make an assumption about the number of beads that
have flowed through our system. Secondly, it provides a convenient means to multiplex
our system, wherein the color of the microbead can indicate the capture antibody(30). The
microbeads are first incubated with the sample to capture target EVs. After magnetic
separation and washing, captured EVs are labelled with a biotinylated labelling antibody,
followed by a streptavidin-HRP enzyme, to form an enzyme-linked immunocomplex.
After washing to remove unbound antibodies and enzyme, the beads are mixed with a
fluorescence enzyme substrate (ThermoFisher) and loaded into d = 20pm aqueous
droplets suspended in oil (Bio-Rad) using parallelized droplet generators(FIG. 1C). The
droplets are incubated for Smin on-chip to allow the immunocomplexes to generate a
fluorescent signal. A fluorescent droplet corresponds to a single EV that is positive for
both the protein targeted by the capture antibody and the labelling antibody. Each droplet
is inspected using our microdroplet megascale detector(uMD) platform in two
fluorescence channels(30), one channel to determine whether the droplet contains a
fluorescent bead and the other to interrogate if the droplet is fluorescent. The ratio of
beads that have captured an EV versus the total number of beads is the AEVB. To ensure
the assay is in the digital regime, i.e. there is one or zero EVs per bead and one or zero
bead per droplet, we use >10x as many beads as EVs and >10x as many droplets as beads.

[0038] We perform high throughput fluorescence detection using a digital
camera by modulating the light source in time with a pseudorandom sequence at a rate
>10x the frame rate of the camera, encoding the droplet streak with a pattern that allows it
to be resolved using correlation based detection amongst neighboring droplets(30).
Downstream of the delay line, droplets flow through a detection region that consists of 90
parallelized microfluidic channels, where their fluorescence is measured using two time-
domain modulated laser diodes(3/) and a machine vision camera(Grasshopper)(FIG. 1C,
FIG. 6). In this implementation, a blue laser and a green laser module(Aexpiyue =
457nm, Agxcreen = 528nm, Techhood) were each modulated by an independent

pseudorandom sequence, provided by a microcontroller(Arduino), to excite the
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fluorophores on microbeads and HRP substrate respectively. Each pseudorandom
sequence was an algorithmically generated 63-bit maximum length sequence(MLS),
chosen to be minimally autocorrelated with itself and cross correlated with one
another(3/). Videos from the camera are processed by either a local computer, or on the
cloud. Additional information can be found in United States patent no. 10,809,176, the
entirety of which is incorporated herein by reference for any and all purposes.

[0039] The Benefit of High Throughput Digital EV Detection

[0040] We found that increasing the number of beads until Nyq; = 0(10°) was
a key factor in achieving the LOD and the dynamic range(DR) of our DEV A platform.
The LOD of a digital ELISA is a function of both the background level ALVE», the AEVB

for no target EVs and the standard deviation g, g, across independent measurements of
the background level, such that LOD = AEBy, + 30,55, We were able to achieve a

background level of AEB;, = 2.6 X 10~*, compared with that in typical digital
ELISA(AEB,=[2x107, 2x10"])(Table 1)(27, 32). With such a low false positive rate, if
we had used 25,000 beads, as is typical in digital assays, we would only measure Np = 7

false positive events. With only 7 false positive events, the ggp, of the background level

from shot noise alone is gz, = NE: = 38% , which would dominate the LOD if we

assume the operational variance between experiments was %exw» = 5% Given the
dependence of the variance of AEVB on the number of beads Nbead, the LOD can be
improved by increasing the number of beads in an experiment until Poisson noise is no
longer greater than the operational variance(FIG. 2A). As conventional bead-based digital
ELISA detects beads within wells on a statically micromachined chip, the total number of
beads in an experiment is usually between several thousands to tens of thousands(22, 26,
32, 33), which fundamentally sets the background level AVEByb to be ~0.2%, below which
it would make no further improvement to the LOD. For our platform, we found that LOD
could be improved by increasing beads up to Ny.qq = 0(10%), resulting in Ngrop =
20Npeqa, 2x107(FIG. 2B). To process Ngro, = 2x107 at typical throughputs of flow
cytometers or microfluidic systems ¢, = 103droplet/sec, it would take approximately 5
hours to process a single experiment.

[0041] In addition to improving LOD, increasing the bead number also improve
the dynamic range(DR) for DEVA. The upper value of the DR of a digital assay is limited

by partitioning error 7 , which becomes significant when the number EVs becomes similar
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to the number of beads Neeads ~ NEvs | making it increasingly probable that there will be

more than one EV bound to each positive bead (1 > 1, A is the average number of EVs

per bead). This partitioning error (&;) is modeled based on the binomial process(34) and is

e“l+zcaE

expressed as &, = %ln ( ), where Z.=1.96 for 95% confidence interval and oy =

e Az.0p

\/ e (1 — e1) /Npeqq(FIG. 2C). Incorporating more beads into our assay thus improve
the LOL, by keeping partitioning error low (*»<10% of final readout) for increasing
quantities of target EV(FIG. 2D). Leveraging our system’s high throughput to measure
large numbers of beads, both the LOD and the LOL can be improved, resulting in an
expanded dynamic range for target EVs. From a user's perspective, if the number of EVs
falls below the LOD or over the LOL, the system would report accordingly.

[0042] Microfluidic Integration of Our High Throughput Bead Analysis

[0043] Building on our previous work on high throughput detection of droplets
using time-domain-encoded optofluidics(30), we developed a high throughput single EV
analysis platform by parallelizing droplet generation, processing, and analysis to achieve a
throughput >100x greater than typical in microfluidic systems(FIG. 1C). We updated our
previous platform to be applied to DEVA in two main aspects. First, we used a digital
camera, which uses a global shutter instead of rolling shutter(35), to prevent uncertainty in
the phase of the time domain modulated fluorescent streaks across the image’s 90
parallelized microfluidic channels. Second, we optimized the image processing algorithms
and applied GPU acceleration for image analysis. The resulting calculations for each
experiment decreased from 1000min to Smin.

[0044] The workflow of our detection modality is described below. A machine
vision camera (Grasshopper3) with a macro lens(Computar) records the fluorescence
signal from all 90 microfluidic channels for image analysis(FIG. 3A, FIG. 3C). The
dimensions of each detection channel is 40x45um?, and the entire detection region
occupies a space of 15x9mm?. A multiband pass filter (4,,,; = 485 £+ 10nm, 559.5 +
12.5nm; Semrock) is incorporated between the camera and the device to block scattered
excitation light. The fluorescence signal from bead and substrate are chosen to have
spectrally separated absorption spectra so they can be independently excited by our blue
laser (Aexpiue = 457nm) and the green laser (Apxcreen = 528nm)(FIG. 7), respectively.
Each laser is modulated by a unique 63-bit MLS sequence(FIG. 3B) so they can be
resolved via correlation detection(FIG. 3D)(3/, 36). The velocity of the droplets and



WO 2023/215820 PCT/US2023/066593

-10 -

exposure time of our camera(45ms) is chosen to match the 63-bit MLS pattern with a
droplet's imaged streak of Smm, which can be resolved by our optical system that has a
resolution of 30um. A threshold is chosen to identify beads and positive droplets from the
correlation signal of both the bead and fluorescence channel, by choosing a threshold that
equals 3 standard deviations above the noise floor in the correlation signal. Additionally,
we analyze the fluorescence signal of droplets with beads versus those without, and
droplets with an enzyme versus those without, in FIG. 8. We find that we can separate
droplets with beads versus those without with an AUC=1(N=41droplets) and droplets with
and without enzyme with an AUC=1(N=118droplets). Further details of our
multidimensional correlation analysis were reported previously(30). An example of raw
imaging data, and the corresponding correlation analysis, of a typical signal of a droplet
containing a microbead that has and has not captured a single EV appear in FIG. 3E. To
characterize this approach, we spiked known quantities of fluorescent microbeads into our
detection platform and quantified the number of measured beads(FIG. 8)(R*=0.989). To
match the throughput of our fluorescence detection, we integrated high throughput droplet
generation (20million droplets/min, d = 19.5um) by parallelizing 10 flow focusing
droplet generators onto a single chip(FIG. 9). We used a three-dimensional ladder
geometry to uniformly distribute fluids to each droplet generator and collect each
generator's output(335).

[0045] Development and characterization of assay conditions for ultrasensitive
single EV detection

[0046] As a model system to evaluate DEVA, we used EVs isolated from a
human neuronal cell line(37)(SI). From this cell culture media, we isolated EVs using a
commercial total-exosome isolation kit(ThermoFisher). We chose human neuron-derived
EVs because neuronal EVs participate in neuron-glial communication, neuroinflammation,
and propagation of pathogenic proteins such as amyloid-beta(38—40). These processes
help create the neurodegenerative microenvironment of evolving traumatic brain injury
pathology, along with other chronic neurologic disease pathologies(9). Moreover, as EVs
can cross the blood-brain-barrier while remaining intact, they have great potential as
biomarkers to monitor central nervous system injury and recovery(4/).

[0047] We characterized the EVs from this model system using Scanning
Electron Microscopy (SEM), nanoparticle tracking analysis(NTA), and Nanoview which

is a commercial platform for EV concentration, phenotype, and biomarker colocalization
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analysis. SEM demonstrated that, qualitatively, our antibody functionalized magnetic
microbeads were capturing single EVs(FIG. 4A, FIG. 10). NTA analysis was used to
quantify the concentration of our cell culture derived EVs(1.4x10°EV/mL) and their size
distribution(d = 155nm)(FIG. 4B). We used Nanoview to determine which antibody to
use to capture and to label EVs in our model system. With Nanoview, we quantified the
heterogeneous protein expression on the EVs' surface. In this assay, EVs are first captured
on antibody coated chips, then labelled with antibodies (CD9/CD63/CD81) conjugated
with different fluorophores(FIG. 4C). By counting the fluorescent events in each channel,
we found that CD81 showed significant higher expression than CD63 or CD9 on our
human neuron derived EVs(p<0.05, p<0.0001), which was also significantly higher than
the MIgG negative control(p<0.0001). Hence, we chose to functionalize our beads with
anti-CD81 as capture antibody in DEVA. After EV capture, we used 1% SDS to lyse the
captured CD81" EVs and compared their protein cargo to the total EV input. The result
showed 11%:(9.6%-12.4%) of all EVs expressed at least one CD81 marker on their
surface(FIG. 11). Among CD81" EVs, we found that 67%(64.3%-69.8%) of EVs co-
expressed another copy of CD81 that could be labelled with a fluorophore-conjugated
antibody. Consistent with the observation of others, we found heterogeneity among EV’s
surface protein “pan-EV” markers even though they were derived from the same cell
line(/8, 42, 43). We chose to use CD81 for capture and labelling, rather than neuron
specific surface markers, because this protein could be characterized using established
Nanoview assay kits, allowing us to quantify and benchmark the performance of DEVA.
To improve the performance of DEVA assay required optimization in a multi-dimensional
parameter space, including the concentration of several reagents and blocking conditions.
For instance, we evaluated the concentration of the labelling antibody and HRP enzyme to
balance tradeoff between nonspecific and specific labeling(FIG. 12). The concentration of
labelling antibody(6.6nM) and HRP(1nM) achieved the current performance that allowed
us to validate our technology, and we believe that even better performance may be
possible by further optimization.

[0048] Evaluation of the performance of DEVA for single EV analysis

[0049] We initially evaluated the performance of DEVA by quantifying human
neuron EVs spiked into PBS at known concentrations. We first evaluated the assay
qualitatively by examining the droplets under a microscope(Leica)(FIG. SA, FIG. 13).

Assays run with increasing quantities of EV's showed an increase in the number of droplets
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that contain beads and that fluoresced red, each of these instances indicating a single
detected targeted EV. Subsequently, we quantitatively analyzed the performance of DEVA
by measuring the response of our uMD system to a serial dilution of human neuron EVs
from 0-10°EV/uL spiked into 100uL PBS(FIG. 5B). The background level, when no EVs
were spiked in, was AEB, = 0.026%, which is 8-40 times lower compared with typical
dELISA(28, 33). We quantified the LOD of DEVA for detecting targeted EVs in PBS as
LOD = 9EVs/uL. Within the dynamic range(DR, 9 — 5 X 10°EVs/ulL), DEVA showed
good linearity(FIG. 5C,R*=0.9976).

[0050] We directly evaluated the role of the number of beads used in a DEVA
assay to reduce the Poisson noise in the measurement and thus improve the LOD. Using
the same assay conditions, we calculated the AEVBs by analyzing 10° to 10° beads. As
expected, analyzing more beads decreased the standard deviation of the measurement of
the response to a blank input AEVBb, which decreased the LOD of DEVA(FIG. 5D). We
also compared the performance of DEVA with conventional EV characterization
platforms NTA and Nanoview, using aliquots of the same samples processed by our
uMD(FIG. 14). NTA is a common tool for EV quantification and has been shown to
analyze surface proteins(29). We found, consistent with the literature, the LOD for NTA is
~O(10*EV/uL) with limited DR(10*-2x10°EV/uL). Nanoview provides a multiplexed
surface protein profiling of individual EVs. We quantified the LOD of Nanoview to be ~0
(10°EV/uL) and the DR to be 2.3 log range, similar with their commercial
characterization(2.8 log). In comparison to these technologies, DEVA showed a 100x
better LOD and a 200x better DR for single EV characterization(FIG. SE).

[0051] Characterization of Background Invariance of DEVA

[0052] We evaluated the performance of DEVA to quantify rare EVs in the
presence of complex media. To this end, we spiked human neuron EVs into fetal bovine
serum(FBS) that contained 2x10” bovine EVs as background(FIG. 15), similar to the
number of human EVs present in a 2ulL blood from a typical finger prick. We chose FBS
because it models a complex background but does not contain any EVs positive for hum-
CD81(24, 30). We analyzed the performance of DEVA by measuring the response of our
uMD system to a serial dilution of human neuron EVs from 0-10° EV/uL spiked into
100uL FBS(FIG. 5F). The LOD of DEVA in complex media is 11EVs/uL. DEVA
demonstrated good linearity within the dynamic range(FIG. 5G,R?=0.9996). We found that
the bovine EV background did not have a significant effect on the LOD of DEVA
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compared to measurements with no background in PBS(FIG. 5H), demonstrating the value
of this technology to be applied to detecting rare EVs in clinical samples. Additionally, we
demonstrated the feasibility of quantifying endogenous EVs in human plasma, using
isotope antibodies for capture and labelling as a negative control(FIG. 16).

[0053] Our DEVA platform, with its high sensitivity(LOD=9EVs/uL), and its
high droplet throughput(20M droplets/min), make it possible to quantify sparse EV
subpopulations in complex media. The key to our device's sensitivity is its processing of
tens of millions of droplets, and its capability to scale its processing rate only at a cost in
computation. While in this first demonstration we performed a single-plex assay to
quantify EVs based on CD81/CD81 expression, we can combine our droplet throughput
and a multicolor detection approach to analyze multiple EV subpopulations
simultaneously. Multiplexing can be increased by running assays in parallel, using
microbeads barcoded with distinct ratios of concentrations of multiple dyes to antibody
that they are functionalized with, as has been done by Luminex for non-digital ELISA(44).
Alternatively, or in combination, the sample can be divided to be mixed with different
panels of microbeads in individual sets of channels of the n = 90 detection channels. By
combining these two approaches, it is possible for DEVA to achieve > 100 multiplexed
EV assays. Recently, a growing number of studies has shown the clinical value of
measuring <8 of EV subpopulations(3, 7, 45—49). In prior work, a duplex proteins assay
provides a starting point(30). In addition to EVs, our approach can be applied to other
nanoscale objects, such as mitochondria to study their dysfunction in Alzheimer’s
disease(50) or HIV virus to study transfection mechanisms(5/). Additionally, we are
encouraged by recent advances in digital assays, which either obviate the need for droplets
by replacing enzymatic amplification with rolling circle amplification directly on beads or
obviate the need for microfluidics by using beads that template droplets(28, 52). These
techniques, incorporated with DEVA, could provide a further 10x improvement in
throughput and using a simpler implementation, which can be leveraged to increase
multiplexing, further improve sensitivity, and allow point-of-care use. In addition to
improving the LOD, the throughput of our system can be leveraged to increase the LOL
by reducing partitioning error at high concentrations of EVs, resulting in an increased
dynamic range. By applying high throughput digital droplet detection to single EV

analysis, the uMD would allow the ultrasensitive, multiplexed EV detection in complex
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media, opening a broad range of new possibilities for clinical diagnostics and biological
inquiry.
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later was then patterned via standard photolithography process: UV exposure,
development, and baking. Afterwards, the wafer with patterned SU8 was silanized to
complete the mold fabrication process. PDMS was well mixed with curing agent at a 10:1
ratio, poured onto the wafer with the SU8 mold, and degassed until there was no visible air
bubbles. Then the PDMS was placed into a 65°C over for at least 1 hour. The PDMS piece
was eventually cut off from the mold. Holes for inlet and outlets were punched by a
1.5mm disposable biopsy punch (INTERGRA). The assembly of the PDMS microfluidic
device was conducted in the University of Pennsylvania's Nanofabrication facility, The
Singh Center. First, conventional soft lithography was used to fabricate Si/SU-8 molds and
PDMS replicates with microfluidic droplet generators. Also using conventional soft
lithography, we fabricated Si/Su-8 molds and PDMS replicates that contain with
microfluidic droplet generators and channels for droplet incubation and fluorescence
detection. The design files are included separately. The two PDMS pieces and a glass
substrate were subsequently treated with an oxygen plasma (Anatech SCE-106 Barrel
Asher) at 100 W for 30 seconds, aligned, and bonded. Alignment was done manually
under a stereoscope. To make the ufluidic channel hydrophobic, we treated the devices
with 1% silane (Trichloro(1H,1H,2H,2H-perfluorooctyl)silane; Sigma) diluted in HFE
7500 Engineering Fluid (3M) for 1 hour and then flush the channel by HFE 7500
Engineering Fluid.

[00110] Optical setup

[00111] DEVA’s detection device is placed in a laser-cut acrylic chip(1/8”)
holder that aligns the chip under the RGB machine vision camera (Grasshopper3 USB3,
GS3-U3-23S6C-C; FLIR). The chip is illuminated by blue and green lasers housed in an
RGB laser module (AexBlue =457 nm, 3.66 W; AexGreen = 528 nm, 1.25 W; Techhood), in
which laser beams are guided by dichroic mirrors to exit through a single aperture. The
collinear laser beams pass through a 20° circle tophat diffuser (ED1-C20-MD,; Thorlabs)
as they exit the module, creating a ~20 mm diameter spotlight that illuminates the entire
15x9 mm? field of view uniformly. The emitted light from the detection device passes
through a multi-bandpass filter (Aewi= 485 + 10 nm, 559.5 £ 12.5 nm, FFO01-
387/485/559/649-25; Semrock) and a C-mount macro zoom lens (MLM3X-MP;
Computar) as it reaches the camera. The light sources are driven using a TTL module and
a microcontroller (Arduino Mega2560) that modulates each laser according to its unique

MLS pattern and triggers the camera to begin exposure in phase with the MLS. The MLS
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patterns were selected as described previously(Z, 2). The videos of flowing droplets are
taken using the FlyCap2 software (2.11.3.121; Point Grey Research) and stored locally for
subsequent processing and analysis.

[00112] Human Neuron Cell Culture

[00113] Human iPS cells were differentiated into neurons using an established
protocol(3). Briefly, iPS cells were infected with two lentiviral vectors: TetO-mNgn2-
T2A-PuroR and Ubig-rTTA. Neuronal differentiation was initiated by exposure to 2ug/ml
doxycycline (Sigma), followed 24hrs later by Sug/ml puromycin (Sigma) selection for
cells that possessed these two lentiviral vectors. Differentiating cells were then plated on a
deformable silicone membrane (0.002-in. thickness, Specialty Manufacturing) at a density
of 60,000 cells/ml, that was precoated with Matrigel (Sigma) (4). Cells were grown in
Neurobasal-A medium (Gibco) with B27 (Life Technologies), glutamax (Life
technologies), 5 mM glucose, 10 mM sodium pyruvate, 10 ng/ml NT-3 (Peprotech),
10 ng/ml Brain-derived neurotrophic factor (Peprotech), and 2 ug/ml doxycycline.
Differentiated neurons were cultured for 18 days. Doxycycline was discontinued on day
10. Media was changed every 3 or 4 days where it was collected and stored at -20°C.

[00114] Preparation of Antibody Coated Magnetic Microbeads and Detection
Antibody Biotinylation

[00115] Capture antibody (anti-human CD81 antibody, 130-124-538, Miltenyi)
was coated on the surface of 5.4 pm Fluorescent Yellow Carboxyl Magnetic Particles
(FCM-5052-2, Spherotech) following the protocol from PolyLink Protein Coupling Kit
(24350-1, Polyscience). Briefly, we activated the carboxyl groups on the microbeads by
water soluble carbodiimide (EDAC). The carbodiimide reacts with the carboxyl group and
creates an active ester that is reactive towards primary amines on the capture antibody.

[00116] Detection antibodies were biotinylated following the protocol of one-
step antibody biotinylation kit (Miltenyi). Briefly, anti-human CD81 antibody (130-124-
538, Miltenyi) was prepared at the concentration of 100 pg/mL in PBS. 100 pL of CD81
detection antibody was added into one Miltenyi well containing lyophilized powder. The
solution was suspended repeatedly to mix the lyophilized powder thoroughly. The mixture
was incubated at room temperature for 24 hours before usage.

[00117] Video Processing and Analysis

[00118] This droplet detection workflow relies on modulating the excitation

sources with a pseudorandom sequence at a rate greater than the frame rate of the camera,
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which enables the moving fluorescent beads and droplets to be imaged as patterned
streaks. Correlating the fluorescence signal of the patterned droplet with the expected
sequence results in a distinct peak and enables an individual droplet to be resolved
amongst neighboring droplets, with a minimum separation of 3.5 times the droplet
diameter(2). Simulation experiments and subsequent receiver operator characteristic
(ROC) analysis, in which the number of droplets per channel is gradually increased from
N=1 to N=27, reveal that as many as 20 patterned droplets can be detected in a single
channel with an area under the curve (AUC) > 0.95 (2). The length of the droplet streak
Lstrear 18 set to be 1/3 of the channel length according to the equation Lstreak = v X Texp,
where v is the velocity of the droplet and 7esp 1s the exposure time of the camera. As such,
for a given velocity v, the optimal exposure time is determined to image the droplet at least
twice as it moves (2).

[00119] Based on this mechanism described above. The acquired videos were
processed with a custom workflow developed in MATLAB 2021a (Mathworks, Inc.) and
computationally accelerated with a graphical processing unit (Nvidia GeForce ABC) to a)
identify droplets containing microbeads, and b) determine if the substrate encapsulated
within the droplet was enzymatically activated (Figure 3). First, each frame of the
collected RGB videos was separated into red and blue color components, corrected for
optical aberrations, and segmented by fluidic channel. Each segmented channel was then
converted into a 1D intensity profile, Si?% where i is the index for the channel and B
corresponds to the blue component of the image and R the red component of the image, by
subtracting the frame background and integrating along the cross-section of the channel.
Finally, the presence of beads and droplets within a channel was determined by analyzing
the peaks in the cross correlation of S/#% with the corresponding MLS pattern scaled to
match the streak length of the beads and droplets in each frame. Proper scaling of the MLS
pattern for a channel, equivalent to identifying the velocity within that channel, was
accomplished by finding the maximum of the cross correlation between Si#% and the
corresponding MLS patterns when scaled for streak lengths ranging from 1.6 mm to 9.6
mm. The subsequent peak detection algorithm was modified based on the Matlab
findpeaks function. The thresholds for peak detection in the bead channel and the substrate
channel were determined by flowing a) control samples without beads and 4) control
samples containing beads but not EVs respectively. A peak in the blue channel but not the

red channel indicated a droplet with a bead without an EV, and a peak in both the blue and
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red channels indicated a positive droplet, i.e. a bead bound to a single EV. These quantities
are stored for downstream AEVB calculations.

[00120] 10-Channel droplet microfluidics device

[00121] A droplet microfluidic device with 10 parallel flow-focusing generators
is fabricated using “double-sided imprinting” method, as previously reported(5). The
microfluidic device contains four 200pum deep delivery channels, through which the fluids
are distributed to individual droplet generators. The droplet generators are connected to the
delivery channels by through-PDMS vias, with a depth of 150um. The flow-focusing

generators are designed to be 30 um deep, matching the dimension of the flow-focusing

nozzle. The channel dimensions are designed to satisty the design criteria: 2N ( Ra ) <

dev

0.01 , where N is the number of the parallel devices, Ra and Raevthe fluidic resistance of

the delivery channel and the device, respectively. The fluidic resistance of the channel can
-1

) (1 —0.63 (%)) _where 1 is the viscosity of the fluid,

wh3

be calculated from R = 12 (

and w,h,L are the width, height, and length of the channel, respectively. The design
criteria ensure even fluid distribution throughout the devices since the fluidic resistance in
the delivery channel is negligible, compared to that of the device channel.

[00122] Calculation of partitioning error

[00123] If we define m as the number of targets in sample, # as the total number
of partitions, 4 as the average number of targets per partition. Then we have

_m
[00124] A==

[00125] If we define the percentage of empty partitions (E), based on binominal
distribution (6) we could get
A=—In(E)
[00126] Partitioning errors occur as targets may distribute differently among
partitions from one experiment to the next. In a set of experiments, the number of empty

partitions E would have variance that propagates to a corresponding variance in the

. .. Am A —Ami n(d —Ami
calculated concentration A (6). The partition error u,, = — = —=—"% = Gmax—Amin)
p m A ni

E(1-E)
n

Based on the model from Dube et al (7), Ay = —In (E + Zc

) while 4,4, =

—In (E — Zc E(lT_E)). If we consider gy = |o—t)

). Then we get

n
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[00127] Up = m A o ni o /’Lln (E—ZCO'E)
1 Number of
Assay Target Platform LOD (uL™) AEVBy beads Reference
iFN SIMOA, 210 1% 25,000 8)
Quanterix
CD9-CD63 SIMOA, .
EVs Quanterix 34 0.6% 25,000 )
iFN Customized 18 0.2-1% 60,000 (8)
microarray
CD63-GPC1 Cqstomlzed 10 Did not 45,000 (10)
EVs microarray report
CD81-CD81 | DEVA, uMD 9 0.023% 1,000,000 This work
[00128] Table 1
[00129] Comparing technical features of DEVA with commercial or research-

based platforms to perform digital ELISA assays. Benefiting from its high throughput,
DEVA can analyze a larger number of beads and achieves a low background level
(AEVBD).

Method Number of Number of single EVs Reference
compartments analyzed per assay
ddPCR N/A 1,100 (11)
dELISA, SIMOA 25,000 microwells 2,500 (8, 12)
dELISA, customized 20,000 microwells
microarray 1,000,000 droplets 4,500-10,000 (10, 13)
Droplet based .
JELISA 10,000,000 droplets 100,000 This work
[00130] Table 2
[00131] Comparing DEVA and typical commercial or research-based single EV

analysis platforms that used digital assays. Based on DEV A’s high throughput, more
single EVs could be analyzed in one assay.
[00132]
[00133]

Measuring human plasma EV using DEVA
We tested the feasibility of detecting endogenous EVs in a human
plasma sample using DEVA (FIG. 16). Due to the presence of endogenous CD81+/CD81+

EVs in human plasma, we cannot do spike in experiments of known concentrations of
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target EVs into a background that contains no target EVs. Instead, we have validated the
feasibility of detecting EV's in plasma by quantifying the number of CD817/CD817 EVs in
human plasma at various dilutions. To validate the specificity of DEVA in human plasma,
we compared these results to a negative control in which we replace the CD81 capture and
label antibodies with an isotype antibody control (human IgG1, Miltenyi Biotec). In our
measurements on DEVA, the isotype control showed consistent background at
AEVB=0.134% (CV=15%) over three orders or magnitude of human plasma EV spiked-in
the experiment.

[00134] Figures

[00135] Figure 1. High throughput droplet based extracellular vesicle assay
(DEVA). (A) Detecting specific EVs at single particle level is challenging, as there exists
enormous EV background (108) in just 10 uL. of human plasma. (B) Bead based digital
ELISA assay for single specific EV detection. i. Paramagentic, fluorescent beads were
coated with capture antibody. ii. Antibody-coated beads are added to a sample containing
target and background EVs. iii. After Bead-EV incubation, unbounded EVs are washed
away. iv. Biotinylated detection antibody is added to label the captured EVs. v.
Streptavidin-HRP is then added and bond with biotinylated detection antibody to form an
enzyme-labeled immunocomplex. vi. The beads are mixed with HRP substrate and then be
partitioned into droplets. Droplets that contain one immunocomplex become fluorescent
due to enzyme-substrate reaction. (C) i. Miniaturized microfluidic platform for DEVA that
integrates the droplet generation section, incubation section, and detection section. ii. All
droplets flow through a delay line chamber for incubation. Afterwards, all droplets flow
through a detection section consisting of 90 parallelized microfluidic channels. iii. Based
on Poisson statistics, droplet number should be 10 times the bead number to ensure that
droplets have at most one bead. A parallelized flow focusing droplet generator was
developed to meet this requirement. iv. The EV-bead immunocomplex turns the droplet
fluorescent during the incubation in the delay line. v. A machine vision camera records the
encoded fluorescent signal of 90 parallelized microfluidic channels and transfers the video
to cloud computation for image analysis. S is short for substrate while B is short for beads.
S+ | B+ means a droplet expresses signal from both substrate and bead. S- | B+ means a
droplet only contains bead signal. S- | B- means blank droplet.

[00136] Figure 2. Theoretical calculation demonstrating the benefits of more

beads in DEVA. (A) When background level is low, analyzing more beads is essential to
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minimize the imprecision coming from Poisson noise and to achieve a low limit of
detection (LOD). Inlet shows the schematic of LOD in a typical digital assay. LOD is
calculated based on mean background level (AEVBD) plus three times the standard
deviation. (B) Shows the number of beads that can sufficiently minimize Poisson noise
(1dB) at different background levels. (C) Shows relative partition error ( €_p, the ratio of
error over readout) will impair signal readout when there exists multiple target analyte per
microbead ( A>1). Different bead numbers are indicated by different colors: purple 10k;
brown 30k; red 100k; navy 300k; magenta 1M. (D) More beads enable a higher limit of
linearity (LOL) by keeping the partition error less than 10% of output signal. Upper left
inlet shows the schematic of limit of linearity at high EV concentrations.

[00137] Figure 3. High throughput detection schematic for DEVA. (A) A
schematic revealing the DEVA detection section. A microcontroller synchronizes the laser
excitation and the camera recording. A diffuser is used to ensure uniform excitation across
the chip. Multipass filters between the detection chip and the camera reduces background
signal. The video is transmitted to cloud that uses parallelized computation for our
intensive image processing. (B) The fluorescent signal from the substrate and bead will be
encoded by different lasers respectively. Truth table showing the interpretation on the
fluorescent signal. S, substrate. B, bead. (C) Demonstration of a real frame recorded by the
camera. (D) Decoding fluorescent signal in the bead and substrate channels respectively.
The 3D surface function demonstrates the high correlation signal for bead or substrate
identification during image process. (E) Example figures show we can identify signal from
a bead only (left) and a bead that has captured a single EV (right). Schematics and real
camera frames are shown respectively, followed by the correlation signal in the bead
channel as well as the substrate channel.

[00138] Figure 4. Characterization of human neuron EVs for DEVA. (A) SEM
shows an EV being captured on antibody coated microbeads. Scale bar shows 300nm. (B)
NTA analysis shows the size distribution as well as the concentration of human neuron
derived EVs. (C) 1. Schematic of Nanoview to reveal EV surface protein profiling by
immunocapture and immunolabeling. Red stands for CD63, Green stands for CD81, Blue
stands for CD?9. ii. Fluorescent image recorded by Nanoview showing the surface protein
profiling on captured EVs. iii. Nanoview chip captured most human neuron EVs on the
anti-CD81-coated chip. * indicates p<0.05, *** indicates p<0.001. iv. 11% of human

neuron EVs express at least one CD81 protein based on immunoisolation and protein
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calibration. v. Surface protein profiling of CD81+ EVs revealed by Nanoview. Each
marker group represents a distinct EV subpopulation with no overlap. vi. Among the
CD81+ EVs, 67% of them expressed at least one other CD81 protein.

[00139] Figure 5. Benchmarking and characterization of DEVA.

[00140] (A) Fluorescent microscopic images showing DEVA assay on serial
diluted human neuron EVs. (B) Calibration curve for DEVA detecting CD81/CD81
human neuron EVs spiked into PBS. Inset shows the detailed characterization. Error bars
were calculated from experimental replicates (N=3). (C) Signal over background for the
calibration curve in A. Inlet shows the zoomed-in view of signal-over-background(y-axis)
from 0 to 4000 EVs/(x-axis). (D) Analyzing more beads improves DEVA LOD by
minimizing the background imprecision coming from Poisson noise. Inlet shows that
increasing the number of beads analyzed decreases the variance of the AEVBb
measurement. Although the background level remains similar, a higher background
variance impairs the LOD of DEVA. (E) Comparing the sensitivity and the dynamic range
of DEVA, NTA, and Nanoview. The dynamic range of DEVA was calculated based on
expectation. (F) Calibration curve for DEVA detecting CD81/CD81 human neuron EVs
with background(bcg) EVs (background EV concentration in final sample volume is
indicated by grey bar). Inlet shows detailed characterization. Error bars were calculated
from experimental replicates (N=3). (G) Signal over background for the calibration curve
for DEVA in complex media. Inlet shows the zoomed-in view from 0 to 5000 EVs/uL.
(H) DEVA shows no significant difference (student t test) on the background level
(AEVBD) in PBS or complex media.

[00141] Figure 6. A photograph of the experimental setup of our DEVA platform

[00142] Figure 7. Excitation laser characterization for DEVA

[00143] A blue laser (AexBlue =457 nm) was used to excite the signal from
fluorescent microbeads while a green laser (AexGreen = 528 nm) was used to excite the
signal from fluorescent enzyme substrate.

[00144] Figure 8. DEVA fluorescence characterization.

[00145] A. DEVA quantification of spiked-in beads, showing excellent linearity
(R?=0.989) over a large dynamic range (10>-107). B. Comparison of the fluorescence
intensity between droplets with beads versus those without (N=41). Welch’s t-test was
used to calculate the significance. C. Histogram showing the fluorescence intensity of

droplets with and without fluorescent beads (N=41). D. Comparison of the fluorescence
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intensity between droplets with enzyme versus those without (N=118). Welch’s t-test was
used to calculate the significance. E. Histogram showing fluorescence intensity of droplets
with and without enzyme (N=118).

[00146] Figure 9. High throughput droplet generation enabled by parallelized
flow focusing generators.

[00147] Micrograph of a parallelized droplet generators in a ladder architecture
fabricated in PDMS. Scale bar: 500um. Navy box indicates the single droplet generator
shown in B. (B) A micrograph of a single droplet generator making water in oil emulsions.
Scale bar: 200um. (C) A micrograph of the droplets generated by the ten parallelized
droplet generators. Scale bar: SOum. (D) A histogram of the diameter of the droplets
collected from the parallelized droplet generation device. The flow rate for the combined
aqueous phase is 4.6mL/hr and for the continuous flow rate of 60mL/hr.

[00148] Figure 10. SEM images of DEVA.

[00149] SEM images showing immuno-captured single EV on bead

[00150] Figure 11. Schematics on determining the ratio of CD81+ EVs among
the total human neuron EVs using Qubit protein assays.

[00151] Isolated human neuron derived EVs were first lysed using 1% SDS
buffer to measure the total EV protein cargo. Meanwhile, anti-CD81-coated beads were
incubated with the same isolated human EVs to capture CD81" EVs. After isolation and
washing, CD81" EVs that were captured on beads were lysed and measured using the
same condition. After comparison, captured CD81" EVs consist 11% of the protein cargo
of human neuron derived EVs.

[00152] Figure 12. DEVA optimization on reagent concentration.

[00153] A. Several concentrations of HRP enzyme and detection antibody were
evaluated for DEVA assay optimization. Each assay condition was applied to an EV-
inputted and a blank sample, and a resulting SNR was calculated based on the number of
positive droplets detected in the EV-inputted versus the blank sample. B. At 1nM HRP
concentration, several detection antibody concentrations were added into blank samples
without EVs to minimize unspecific binding. Error bars indicate standard deviation from
replicates.

[00154] Figure 13. Supplementary fluorescent microscopic images.

[00155] A. Additional fluorescent microscopic images showing the DEVA assay

on serially diluted human neuron EVs. Each experiment had over 30 images analyzed for
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AEVB calculation. B. Quantitative analysis of AEVB from fluorescent microscope
images.

[00156] Figure 14. Human neuron EVs characterization on conventional tools.
A. Isolated human neuron EVs characterized on Nanoparticle tracking analysis (NTA). B.
Isolated human neuron EVs characterized on Nanoview platform. Error bars indicate
standard deviation on both figures.

[00157] Figure 15. NTA analysis on isolated EVs.

[00158] A. NTA characterization on FBS EVs. B. NTA characterization on
healthy human plasma EVs. EV number was calculated based on NTA result then spiked-
in DEVA experiments.

[00159] Figure 16. Feasibility of measuring endogenous EVs in human plasma
using DEVA. A. Schematic of the measurements carried out on Nanoview to quantify the
surface proteins expressed on human plasma EV by immunocapture and immunolabeling.
r stands for CD63, g stands for CD81, b stands for CD9. Nanoview chip was coated by
anti-CD81 antibody. B. We found that 15% of human plasma EVs express at least one
CDS8I1 protein based on immunoisolation and protein calibration. C. Surface protein
profiling of CD81" EVs in human plasma by Nanoview. Among the CD81" EVs, 8% of
them expressed at least one other CD81 protein. D. A titration curve for DEVA when
endogenous human CD81/CD81 EVs are measured at various dilutions of 20uL. of human
plasma into 100uL sample volume. The x axis was estimated using NTA to measure
human plasma (1.2x10'*/mL), of which we assumed 1% were EVs based on prior
literature(/4). Our estimate of 1.2x10'° EVs/mL agrees with what has been previously
reported in literature(/4, 15). Error bars indicate standard deviations from replicates.
Some error bars are too small to be seen on the figure.

[00160] Aspects

[00161] The following Aspects are illustrative only and do not limit the scope of
the present disclosure or the appended claims. Any part or parts of any one or more
Aspects can be combined with any part or parts of any one or more other Aspects..

[00162] Aspect 1. A method, comprising: contacting (i) a sample comprising a
plurality of extracellular vesicles (EVs) and (ii) a detectable capture modality
complementary to a target EV so as to form a first product; contacting the first product
with a detection modality that associates with the target EV so as to form a second product

that comprises at least one — and can comprise a plurality of — detectable capture
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modalities; and within a plurality of droplets, contacting the second product and a
substrate that is reactive with the detection modality to produce a detectable signal
indicative of the presence of the second product within the droplet; and optically
interrogating the plurality of droplets.

[00163] As shown elsewhere herein (e.g., FIG. 1), a detectable capture modality
can be a bead (which bead can be attractable by a magnetic field), which bead can also be
associated with an antibody — which can be termed a capture antibody — that is
complementary to an EV of interest. A detection modality can be (e.g., FIG. 1) an
antibody that is complementary to an EV of interest. The detection modality — which can
itself be an antibody — can also be associated with an enzyme, which enzyme can react
with a substrate within a droplet and evolve a detectable signal, as shown in FIG. 1.

[00164] Aspect 2. The method of Aspect 1, wherein the second product is
loaded into the plurality of droplets, the droplets having the substrate therein.

[00165] Aspect 3. The method of any one of Aspects 1-2, wherein the detectable
capture modality comprises a bead associated with an antibody complementary to a first
protein of the target EV, the bead optionally being a paramagnetic bead and/or a bead
having a fluorescent signal. Example proteins include, without limitation, proteins which
are found on exosomes, such as CD9, CF61, CD83. Other proteins can be, e.g., tissue
specific proteins, such as EpCAM or EGFR for tumor tissue, NCAM1 for neurons, or
GLAST for astrocytes.

[00166] Aspect 4. The method of any one of Aspects 1-3, wherein the detection
modality comprises an antibody complementary to a protein of the target EV.

[00167] Aspect 5. The method of any one of Aspects 1-4, wherein the detection
modality comprises an enzyme that reacts with detection modality, and wherein the signal
is a color or a fluorescence.

[00168] Aspect 6. The method of any one of Aspects 1-5, wherein the method
has a limit of detection (LOD) of about 9 EV/uL.

[00169] Aspect 7. The method of any one of Aspects 1-6, wherein a number of
droplets is about 10 times a number of capture modalities, the number of droplets
optionally being at least 10 times a number of capture modalities.

[00170] Aspect 8. The method of any one of Aspects 1-6, wherein a number of

droplets is about 20 times the number of capture modalities.
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[00171] Aspect9. The method of any one of Aspects 1-8, further comprising:
communicating the plurality of droplets through at least one channel of a microfluidic
device; illuminating the droplets with a first time-domain modulated sequence of flashes
from a first light source.

[00172] Aspect 10. The method of Aspect 9, wherein the first light source is
configured to evolve the detectable signal indicative of the presence of the second product
within the droplet.

[00173] Aspect 11. The method according to Aspect 9, wherein the first time-
domain modulated sequence is a pseudorandom sequence.

[00174] Aspect 12. The method according to Aspect 9, wherein the first time-
domain modulated sequence is a minimally correlating maximum length sequence

[00175] Aspect 13. The method according to Aspect 12, wherein the maximum
length sequence comprises a beginning sequence and an end sequence and wherein the
beginning sequence differs from the end sequence.

[00176] Aspect 14. The method according to Aspect 13, wherein the beginning
sequence differs from the end sequence by at least 10%.

[00177] Aspect 15. The method according to Aspect 14, wherein the beginning
sequence differs from the end sequence by at least 10%, and the middle sequence differs
from the beginning and end sequences by at least 10%.

[00178] Aspect 16. The method according to Aspect 13, wherein the maximum
length sequence further comprises a middle sequence, and the middle sequence differs
from the beginning sequence and the end sequence.

[00179] Aspect 17. The method according to Aspect 12, wherein the maximum
length sequence is 1/30 sec or less.

[00180] Aspect 18. The method according to Aspect 17, wherein the maximum
length sequence is 1/60 sec or less.

[00181] Aspect 19. The method according to any one of Aspects 9-18, further
comprising illuminating the droplets with a second time-domain modulated sequence of
flashes from a second light source, the second time-domain modulated sequence differing
from the first time-domain modulated sequence, the method further optionally comprising
illuminating the droplets with a third time-domain modulated sequence of flashes from a
third light source, the third time-domain modulated sequence differing from the first time-

domain modulated sequence and the second time-domain modulated sequence.
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[00182] Aspect 20. The method of Aspect 19, wherein the second light source is
configured to evolve the detectable signal indicative of the presence of the detectable
capture moiety but not the second product within the droplet.

[00183] Aspect 21. The method according to any one of Aspects 1-20, further
comprising capturing a plurality of images of the droplets.

[00184] Aspect 22. The method according to Aspect 21, further comprising
correlating an illumination pattern in the plurality of images to (1) the presence of absence
of a detectable capture moiety (e.g., a detectable capture moiety that is not bound to a
target EV) in a droplet and (2) the presence or absence of the second product (for example,
a detectable capture moiety that is bound to a target EV that then effects a color change or
other detectable signal in the droplet) in the droplet.

[00185] Aspect 23. The method of Aspect 22, further comprising correlating the
presence or absence of the second product (e.g., a bead bound to target EV that then
causes color change or other detectable signal within the droplet) to a condition of a source
of the sample. Such a condition can be, e.g., a disease state, such as a cancer state.

[00186] Aspect 24. The method of Aspect 23, wherein the condition is a disease
state.

[00187] Aspect 25. A system, the system being configured to perform the
method of any one of Aspects 1-24.

[00188] Aspect 26. A system, comprising: a droplet generation section
configured to form a plurality of droplets having therein a substrate and a final product
comprising an EV and reactive with the substrate to produce a detectable signal indicative
of the presence of the final product within the droplet; an incubation section in fluid
communication with the droplet generation section and configured to communicate therein
the droplets, the incubation section operable to provide a residence time for the droplets
sufficient to give rise to the detectable signal indicative of the presence of the final product
within the droplet; and a detection section, the detection section configured to
communicate therein the plurality of droplets through at least one channel of a
microfluidic device, illuminate the droplets with a first time-domain modulated sequence
of flashes from a first light source, and capture a plurality of images of the droplets.

[00189] Aspect27. The system of Aspect 26, wherein the detection section is
configured to illuminate the droplets with a second time-domain modulated sequence of

flashes from a second light source.
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[00190] Aspect 28. The system of any one of Aspects 26-27, the system further
configured to correlate an illumination pattern in the plurality of images with an expected
pattern based at least on the first time domain modulated sequence to determine a number
and/or position of droplets containing the final product.

[00191] Aspect 29. The system of any one of Aspects 26-28, further comprising
a treatment section, the treatment section configured to contact (1) a sample comprising a
plurality of extracellular vesicles (EVs) and (ii) a detectable capture modality
complementary to a target EV so as to form a first product;

[00192] Aspect 30. The system of Aspect 29, wherein the treatment section is
further configured to contact the pre-product with a detection modality that associates with
the target EV so as to form the final product.
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What is Claimed:

1.

A method, comprising:

contacting (i) a sample comprising a plurality of extracellular vesicles (EVs) and
(i1) a detectable capture modality complementary to a target EV so as to form a

first product;

contacting the first product with a detection modality that associates with the target
EV so as to form a second product that comprises at least one detectable capture

modalities; and

within a plurality of droplets, contacting the second product and a substrate that is
reactive with the detection modality to produce a detectable signal indicative of the

presence of the second product within the droplet; and
optically interrogating the plurality of droplets.

The method of claim 1, wherein the second product is loaded into the plurality of

droplets, the droplets having the substrate therein.

The method of any one of claims 1-2, wherein the detectable capture modality
comprises a bead associated with an antibody complementary to a first protein of
the target EV, the bead optionally being a paramagnetic bead and/or a bead having

a fluorescent signal.

The method of any one of claims 1-2, wherein the detection modality comprises an

antibody complementary to a protein of the target EV.

The method of any one of claims 1-2, wherein the detection modality comprises an
enzyme that reacts with detection modality, and wherein the signal is a color or a

fluorescence.

The method of any one of claims 1-2, wherein the method has a limit of detection

(LOD) of about 9 EV/uL.



WO 2023/215820 PCT/US2023/066593

10.

11.

12.

13.

14.

15.
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The method of any one of claims 1-2, wherein a number of droplets is about 10
times a number of capture modalities, the number of droplets optionally being at

least 10 times a number of capture modalities.

The method of any one of claims 1-2, wherein a number of droplets is about 20

times the number of capture modalities.
The method of any one of claims 1-2, further comprising:

communicating the plurality of droplets through at least one channel of a

microfluidic device;

illuminating the droplets with a first time-domain modulated sequence of flashes

from a first light source.

The method of claim 9, wherein the first light source is configured to evolve the
detectable signal indicative of the presence of the second product within the

droplet.

The method according to claim 9, wherein the first time-domain modulated

sequence is a pseudorandom sequence.

The method according to claim 9, wherein the first time-domain modulated

sequence is a minimally correlating maximum length sequence

The method according to claim 12, wherein the maximum length sequence
comprises a beginning sequence and an end sequence and wherein the beginning

sequence differs from the end sequence.

The method according to claim 13, wherein the beginning sequence differs from

the end sequence by at least 10%.

The method according to claim 14, wherein the beginning sequence differs from
the end sequence by at least 10%, and the middle sequence differs from the

beginning and end sequences by at least 10%.
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21.
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25.
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The method according to claim 13, wherein the maximum length sequence further
comprises a middle sequence, and the middle sequence differs from the beginning

sequence and the end sequence.

The method according to claim 12, wherein the maximum length sequence is 1/30

sec or less.

The method according to claim 17, wherein the maximum length sequence is 1/60

sec or less.

The method according to claim 9, further comprising illuminating the droplets with
a second time-domain modulated sequence of flashes from a second light source,
the second time-domain modulated sequence differing from the first time-domain
modulated sequence, the method further optionally comprising illuminating the
droplets with a third time-domain modulated sequence of flashes from a third light
source, the third time-domain modulated sequence differing from the first time-

domain modulated sequence and the second time-domain modulated sequence.

The method of claim 19, wherein the second light source is configured to evolve
the detectable signal indicative of the presence of the detectable capture moiety but

not the second product within the droplet.

The method according to any one of claims 1-2, further comprising capturing a

plurality of images of the droplets.

The method according to claim 21, further comprising correlating an illumination
pattern in the plurality of images to (1) the presence of absence of a detectable
capture moiety in a droplet and (2) the presence or absence of the second product

in the droplet.

. The method of claim 22, further comprising correlating the presence or absence of

the second product to a condition of a source of the sample.
The method of claim 23, wherein the condition is a disease state.

A system, the system being configured to perform the method of any one of claims

1-2.
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30.
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A system, comprising:

a droplet generation section configured to form a plurality of droplets having
therein a substrate and a final product comprising an EV and reactive with the
substrate to produce a detectable signal indicative of the presence of the final

product within the droplet;

an incubation section in fluid communication with the droplet generation section

and configured to communicate therein the droplets,

the incubation section operable to provide a residence time for the droplets
sufficient to give rise to the detectable signal indicative of the presence of the final

product within the droplet; and

a detection section, the detection section configured to communicate therein the
plurality of droplets through at least one channel of a microfluidic device,
illuminate the droplets with a first time-domain modulated sequence of flashes

from a first light source, and capture a plurality of images of the droplets.

The system of claim 26, wherein the detection section is configured to illuminate
the droplets with a second time-domain modulated sequence of flashes from a

second light source

The system of any one of claims 26-27, the system further configured to correlate
an illumination pattern in the plurality of images with an expected pattern based at
least on the first time domain modulated sequence to determine a number and/or

position of droplets containing the final product.

The system of any one of claims 26-27, further comprising a treatment section, the
treatment section configured to contact (i) a sample comprising a plurality of
extracellular vesicles (EVs) and (ii) a detectable capture modality complementary

to a target EV so as to form a first product;

The system of claim 29, wherein the treatment section is further configured to
contact the pre-product with a detection modality that associates with the target EV

so as to form the final product.
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