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Fig. 3
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Fig. 7
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Fig. 10B
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Fig. 11A
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Fig. 11B
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Fig. 11C
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Fig. 11D
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OPTICAL ANALYSES OF PARTICLES AND
VESICLES

RELATED PATENT APPLICATIONS

[0001] This patent application 1s a continuation of U.S.
patent application Ser. No. 16/534,854 filed on Aug. 7, 2019,
naming John P. Nolan and Frika Duggan as inventors,
entitled OPTICAL ANALYSES OF PARTICLES AND
VESICLES, and demgnated by attorney docket no. CET-
1001-DV, Wthh 1s a divisional of U.S. patent application
Ser. No. 15/233,723 filed on Aug. 10, 2016, now U.S. Pat.
No. 10,429,302, naming John P. Nolan and Ernika Duggan as
inventors, entitled OPTICAL ANALYSES OF PARTICLES
AND VESICLES, and designated by attorney docket no.
CET-1001-UT, which claims the benefit of U.S. Provisional
Application No. 62/203,594, filed on Aug. 11, 2015, entitled
OPTICAL ANALYSES OF PARTICLES AND VESICLES,
naming John P. Nolan and Ernika Duggan as inventors, and
designated by attorney docket no. CET-1001-PV. The entire
content of the foregoing patent applications 1s incorporated
herein by reference, including, without limitation, all text,
tables and drawings.

[0002] The subject matter claimed 1n this application was
made with government support under Grant Number
EB003824 awarded by the National Institutes of Health. The
United States Government has certain rights 1n this subject
matter.

FIELD

[0003] The technology relates 1n part to optical methods
for analyzing particles and vesicles, including membrane
vesicles such as liposomes and extracellular vesicles.

BACKGROUND

[0004] Optical methods for detecting particles and/or
determining their identity, number, size or origin have long
been 1n use. However, the staiming of particles using opti-
cally detectable labels generally must be accompanied by
one or more washing and/or centrifugation procedures to
remove background interference from unbound label.
[0005] Physical separation procedures, such as Washmg or
centrlfugatlon/ultracentrlfugatlon can lead to inefliciencies
as well as 1naccuracies in the analyses, especially when
analyzing small volumes of sample, due to partial loss of
particles during the separation.

[0006] In addition, the analyses of small particles, i the
range of nanometers 1n diameter or less (e.g., about 100-200
nm or less), pose hurdles. For example, light scatter-based
flow cytometry analyses of extracellular vesicles (EVs),
exemplary of which are biological membrane vesicles that
are released from cell surfaces (ectosomes), internal stores
(exosomes) or as a result of apoptosis or cell death, often
provide incorrect estimates of their size and concentration
when the vesicles are nanovesicles, due to dim light scatter.
Further, detection of the EVs often 1s triggered by coinci-
dence, 1.e., sitmultaneous detection of the presence of more
than one EV in the flow cytometer measurement volume,
leading to incorrect concentration, size and fluorescence
estimates.

[0007] Some optical methods, such as nanoparticle track-
ing analysis (NTA), also are limited in theiwr ability to
measure nanoparticles, due to the particles scattering less
light than the limits of detection. In addition, unlike tlow
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cytometry, where the entire sample containing the particles
passes through the measurement volume, particles can dif-
fuse 1 and out of the probe volume during NTA measure-
ments, resulting 1n over-counting of smaller particles and
under-counting of larger particles. Improved optical meth-
ods are needed for the detection of particles, including
nanoparticles, among which are EVs, which often are 500
nm or less 1n diameter.

SUMMARY

[0008] Provided in certain aspects 1s a method of analyz-
ing particles 1 a sample that includes: (a) contacting a
sample comprising the particles with one or more optically
detectable labels, thereby forming a staining solution,
where: (1) the one or more optically detectable labels include
a surface area probe or volume probe, where the surface area
probe interacts with the particles stoichiometrically with
respect to particle surface area or the volume probe interacts
with the particles stoichiometrically with respect to particle
volume, thereby forming particles that include particle-
associated surface area probe or volume probe, where the
optical signal from the particle-associated surface area probe
or volume probe 1s proportional to the surface area or
volume of the particle, respectively, and/or (11) the one or
more optically detectable labels include a molecular marker-
specific probe, where the molecular marker-specific probe
interacts with a molecular marker of the particle stoichio-
metrically with respect to the number of molecules of the
molecular marker that are associated with the particle,
thereby forming particles that include particle-associated
molecular marker-specific probe, where the optical signal
from the particle-associated molecular marker-specific
probe 1s proportional to the number of molecules of molecu-
lar marker associated with the particle; and (b) without
physical separation or 1solation of the particles, detecting the
optical signal of the one or more particle-associated opti-
cally detectable labels generated in (1) and/or (11), thereby
analyzing the particles 1n the sample.

[0009] Also provided in certain aspects 1s a method of
detecting, 1dentifying, quantifying and/or determining the
size of at least a first particle species in a sample that
includes at two distinct particle species by: (a) contacting a
sample containing at least two distinct particle species,
where the distinct particle species difler from one another by
s1ize and/or by least one molecular marker associated with
cach particle species, with one or more optically detectable
labels comprising a surface area probe or volume probe,
where the surface area probe or volume probe interacts with
at least a first particle species stoichiometrically with respect
to particle surface area or volume, respectively, thereby
forming particles that include particle-associated surface
area probe or volume probe, where the optical signal from
the particle-associated surface area probe or volume probe 1s
proportional to the surface area or volume, respectively, of
the first particle species; and/or (b) contacting the sample
with one or more optically detectable labels that include a
molecular marker-specific probe, where the molecular
marker-specific probe interacts with a molecular marker of
at least the first particle species stoichiometrically with
respect to the number of molecules of the molecular marker
that are associated with the particle, thereby forming par-
ticles that include particle-associated molecular marker-
specific probe, where the optical signal from the particle-
associated molecular marker-specific probe 1s proportional
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to the number of molecules of the molecular marker that are
associated with the first particle species; (¢) detecting an
optical signal from the particle-associated surface area probe
or volume probe and/or detecting an optical signal from the
particle-associated molecular marker-specific probe, thereby
obtaining an optical signal mtensity from the particle-asso-
ciated surface area probe or volume probe and/or the par-
ticle-associated molecular marker-specific probe; (d) based
on the optical intensity of the particle-associated surface
area probe or volume probe obtained 1n (¢), determining the
surface area or volume of at least the first particle species,
thereby detecting and/or determining the size of at least the
first particle species 1n the sample; and/or (e) based on the
optical intensity of the particle-associated molecular marker-
specific probe obtained in (¢), determining the type and/or
number of molecular markers associated with at least the
first particle species, thereby detecting, 1dentifying and/or
quantifying at least the first particle species 1n the sample. In
certain aspects of the method, the particle species are
nanoparticle species.

[0010] The terms “associated,” “associated with” or
“interact,” as used herein interchangeably with “bound” or
“containing,” e.g., “lipid-containing particle,” can refer to a
variety of different types of contact between, for example, a
particle and its components (lipids, proteins, nucleic acids,
carbohydrates, glycoprotemns, glycolipids, phospholipids,
phosphosphingolipids, etc.) or between a particle and an
optically detectable label that can include, but 1s not limited
to, covalent bonds or non-covalent interactions, non-limiting
examples of which include van der Waals interactions,
hydrogen bonding, ionic interactions, electrostatic interac-
tions and/or hydrophilic or hydrophobic interactions. In
embodiments, the molecule that 1s the probe 1s also an

optically detectable label, e.g., di1-8-ANEPPS.

[0011] With respect to the interaction of membrane
vesicles, liposomes, extracellular vesicles and other lipid
bilayer or lipid membrane containing particles, the terms
“associated,” “associated with” or “interact,” as used herein,
also can refer to intercalation of the optically detectable
label into the membrane, or binding of the optically detect-
able label to a molecular marker within or at the surface of
the membrane vesicles, liposomes, extracellular vesicles and
other lipid bilayer or lipid membrane containing particles.
The term “ifree” or “unbound,” as used herein, refers to
molecules, including optically detectable labels, which are
not 1n contact with the particle. “Free” or “unbound™ opti-
cally detectable label, e.g., 1 the staining solution, generally
1s detected as a background signal or no signal, relative to
the higher signal intensity of the optically detectable label
when 1t 1s associated with a particle (1.e., a particle-associ-
ated surface area probe or volume probe, or a particle-
associated molecular marker-specific probe).

[0012] Any particle 1n the size range of nm to microns or
larger can be analyzed according to the methods provided
herein. In certain aspects, the particle 1s a nanoparticle of
less than 1 micron 1 diameter. In aspects of the methods
provided herein, the nanoparticles 1n the sample include at
least one particle with a size of about 500 nm or less 1n
diameter, between about 10 nm to about 200 nm 1n diameter,
between about 50 nm to about 200 nm 1n diameter, between
about 50 nm to about 150 nm 1n diameter, between about 10
nm to about 500 nm 1n diameter, between about 50 nm to
about 200 nm 1n diameter, or between about 50 nm to about
150 nm 1n diameter.
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[0013] In certain aspects, the concentration of the particles
in the sample 1s adjusted so the particle 1s optimally stained
with, or associated with, or bound to, the optically detectable
label. In some aspects, the particle concentration can be
adjusted to between about 1x10° particles/ul. to about
110" particles/uL; between about 1x10% particles/uL to
about 1x10"'* particles/uL; between about 1x10” particles/uL
to about 1x10" particles/uL; between about 1x10* particles/
ul. to about 1x10'* particles/uL; between about 1x10°
particles/ul. to about 1x10'* particles/ul; between about
1x10° particles/ul. to about 1x10'' particles/ul; between
about 1x10° particles/ul. to about 1x10'° particles/uL;
between about 1x107 particles/uL to about 1x10'° particles/
ul, between about 1x10° particles/uL to about 1x10"° par-
ticles/uL; or about 1x10” particles/uL.

[0014] In certain aspects, the concentration of the particles
in the sample 1s adjusted using a suitable bufler, such as an
1sotonic buller, whereby the resulting staining solution con-
tamns a bufler. In aspects, the staining solution includes a
surfactant, or a mixture of surfactants. Without being bound
by theory, the surfactant could, in some embodiments,
facilitate staining of the particles in the staining solution,
such as the lipid bilayers of membrane vesicles, liposomes
or extracellular vesicles. In some aspects, the surfactant can
be added to the staining solution in an amount of between
about 0.001% to about 0.5%: between about 0.002% to
about 0.4%:; between about 0.003% to about 0.3%: between
about 0.004% to about 0.2%: between about 0.001% to
about 0.1%; between about 0.005% to about 0.05%:;
between about 0.005% to about 0.04%; between about
0.003% to about 0.02%; or about 0.01%. In aspects of the
methods provided herein, the surfactant can be a nonionic
poloxamer, such as the Synperonics, Pluronics and Kolli-
phor classes of poloxamers. In some aspects, the surfactant
can be a Pluronic poloxamer. In aspects, the Pluronic
poloxamer can be Pluronic-127.

[0015] In aspects of the methods provided herein, analyz-
ing the particles 1 the sample can include detecting the
particles 1n the sample. In general, “analyzing the particles,”
as used herein, refers to the detection and analysis of
individual particles 1n the sample, such as by tlow cytom-
etry. As used herein analyzing the particles “in bulk” means
that the particles are analyzed as a whole, without resolution
of the mdividual particles from one another, such as, for
example, measuring the absorbance of a suspension of
particles 1n a cuvette using a tluorimeter. A bulk analysis can
be distinguished, for example, from the detection and analy-
s1s of individual particles, such as by flow cytometry. In
certain embodiments, a bulk analysis also can include the
detection and analysis of individual particles without dis-
tinguishing the idividual particles from one another, such
as 1dentifying EVs 1n a sample without distinguishing them
according to the cells from which they are derived and/or
signature markers associated with different EVs. In certain
aspects, analyzing the particles in the sample can include
determining the surface area or volume of the particle based
on the detected optical signal of the particle-associated
surface area probe or volume probe, respectively. In some
aspects, the size of the particle can be determined based on
the surface area or volume. In aspects, determining the size
of the particle includes determining the diameter of the
particle.

[0016] In some aspects of the methods provided herein,
analyzing the particles 1n the sample can include determin-
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ing the type and/or number of molecular markers associated
with the particle based on the detected optical signal of the
molecular marker-associated probe. In aspects, the particle
can be 1dentified and/or quantified based on the type and/or
number of molecular markers associated with the particle.

[0017] In certain aspects of the methods provided herein,
the surface area probe or volume probe 1s a fluorescent label.
In some aspects, the molecular marker-specific probe 1s a
fluorescent label. Any fluorescent label can be used in the
methods provided herein including, but not limited to, a
fluorophore, a tandem conjugate between more than one
fluorophore, a fluorescent polymer, a fluorescent protein, or
a fluorophore conjugated to a molecule that interacts with
one or more particles of the sample. In some aspects, the
molecule that interacts with one or more particles of the
sample includes, but 1s not limited to, a protein, an antibody,
a lectin, a peptide, a nucleic acid, a carbohydrate or a glycan.
The molecule can interact with the particle in a manner that
1s proportional to the surface area or volume of the particle,
or can bind or otherwise associate specifically with one or
more molecular markers on the particle.

[0018] In certain aspects of the methods provided herein,
the molecule that interacts with one or more particles of the
sample 1s an antibody, or a molecular marker-binding/
associating fragment thereol. Antibodies bind to specific
antigens and contain two 1dentical heavy chains and two
identical light chains covalently linked by disulfide bonds.
Both the heavy and light chains contain variable regions,
which bind the antigen, and constant (C) regions. In each
chain, one domain (V) has a variable amino acid sequence
depending on the antibody specificity of the molecule. The
other domain (C) has a rather constant sequence common
among molecules of the same class. The domains are
numbered in sequence from the amino-terminal end. For
example, the IgG light chain includes two immunoglobulin
domains linked from N- to C-terminus 1n the order V,-C,,
referring to the light chain variable domain and the light
chain constant domain, respectively. The IgG heavy chain
includes four immunoglobulin domains linked from the N-
to C-terminus 1n the order V,-C,1-C,2-C,3, referring to
the variable heavy domain, contain heavy domain 1, con-
stant heavy domain 2, and constant heavy domain 3. The
resulting antibody molecule 1s a four chain molecule where
cach heavy chain 1s linked to a light chain by a disulfide
bond, and the two heavy chains are linked to each other by
disulfide bonds. Linkage of the heavy chains 1s mediated by
a flexible region of the heavy chain, known as the hinge
region. Fragments of antibody molecules can be generated,
such as for example, by enzymatic cleavage. For example,
upon protease cleavage by papain, a dimer of the heavy
chain constant regions, the F¢ domain, 1s cleaved from the
two Fab regions (1.¢. the portions containing the variable
regions).

[0019] In humans, there are five antibody 1sotypes classi-
fied based on their heavy chains denoted as delta (8), gamma
(v), mu (p), and alpha (a) and epsilon (s), giving rise to the
IgD, IgG, IgM, IgA, and IgE classes of antibodies, respec-
tively. The IgA and IgG classes contain the subclasses IgAl,
IgA2, I1gGG1, 1gG2, 1gG3, and IgG4. Any such antibody that
1s Tull length or a portion thereof that 1s less than full length,
¢.g., containing a heavy chain, light chain, Fab, Fab2, Fv, or
Fc, 1s contemplated for use 1n the methods herein. In some
aspects, the portion of an antibody can be a single chain
variable fragment (scFv) of an antibody. In some embodi-
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ments, the antibody 1s a camelid single domain antibody. In
certain aspects, the antibody or portion thereot 1s conjugated

to a fluorophore. In aspects, the antibody 1s selected from
among anti-CD61, anti-CD171, anti-CD325, anti-CD130,

anti-GLAST, anti-EGFRvVIII, anti-EGFR, anti-CD133, anti-
CD15, anti-CD63, anti-CD9, anti-CD41, anti-CID235, anti-
CD54, ant1-CD45 and anti-IgG. In some aspects, the fluo-
rophore 1s selected from among DyLight488, a Brilliant
Violet dye (exemplary of which are BV-421, BV-510,
BV-605 and the like), Pacific Blue, Chrome Orange, Bril-
liant Blue 515, PE, FITC, PE-Cy5.5, PE-Cy7, APC,
Alexa64’7, APC-Alexa700 and APC-Alexa750.

[0020] In certain aspects of the methods provided herein,
at least one particle of the sample includes a lipid bilayer. In
aspects, the particle containing a lipid bilayer can be a
membrane vesicle, a lipoprotein, a liposome or an extracel-
lular vesicle.

[0021] The optically detectable labels associated with the
particles 1n the samples analyzed according to the methods
provided herein can be detected using a number of methods
including, but not limited to, visual inspection, microscopy,
spectroscopy, fluorescence spectroscopy, fluorescence imag-
ing, imaging flow cytometry or flow cytometry. In certain
aspects, the detection 1s by flow cytometry and the samples
are analyzed by flow cytometry.

[0022] In aspects, the optically detectable labels used 1n
the analysis by flow cytometry are fluorescent labels. In
some aspects, one or more of the particles analyzed accord-
ing to the methods provided herein includes membrane
vesicles, lipoproteins, liposomes, extracellular vesicles or
other particles contaiming a lipid bilayer membrane, or
combinations thereof. In aspects, the surface area probe or
volume probe that interacts with the particle containing a
lipid bilayer membrane 1s selected from among di-8-
ANEPPS, di-4-ANEPPS, F2N12S, FM-143, Cell Mask
Orange, Cell Mask Green, Cell Mask Deep Red, a carbo-
cyanine dye or a PKH dye. In some aspects, the surface area
probe or volume probe intercalates into the bilayer mem-
brane. In aspects, the surface area probe 1s di-8-ANEPPS.

[0023] In certain aspects of the methods provided herein,
the surface area probe or volume probe 1s added i an
amount such that the ratio of the amount surface area probe
or volume probe (P) relative to the amount of lipid (L) 1n the
particle, P/L, 1s adjusted whereby the surface area probe or
volume probe interacts with the particles stoichiometrically
with respect to particle surface area or volume, respectively.

In some aspects, the P/L ratio 1s between about 0.1 to about
0.25.

[0024] In some aspects of the methods provided herein,
the molecular marker-specific probe 1s a fluorophore conju-
gated to a protein. In some aspects, the protein 1s selected

from among annexin V, cholera toxin B-subunit, anti-CD61,
ant1-CD 171, anti-CD325, anti-CD130, anti-GLAST, anti-

EGFRvIII, anti-EGFR, anti-CD133, anti-CD13, anti-CD63,
ant1-CD9, anti-CD41, anti-CD235, anti-CD54 and anti-
CD45. In certain aspects, the tluorophore conjugated to the
protein conjugates 1s selected from among Dylight488, a
Brilliant Violet dye, Pacific Blue, Chrome Orange, Brilliant
Blue 515, PE, rhodamine, FITC, PE-Cy3.5, PE-Cy7, APC,
Alexa64’7, APC-Alexa700 and APC-Alexa750.

[0025] In aspects of the methods provided herein, physical
separation or 1solation of the particles includes filtration,
washing the particles or precipitating the particles out of the
sample or solution containing the particles. In some aspects,
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physical separation or 1solation of the particles includes
centrifugation or ultracentrifugation of the particles.

[0026] In aspects of the methods provided herein, the tlow
cytometer has a configuration whereby light 1s collected
from one side of the flow cell. In some aspects, the tlow
cytometer has a configuration whereby light 1s collected
from both sides of the flow cell. In certain aspects, the
detection range of the flow cytometer 1s between about 1
fluorescent molecule per particle to about 5, 10, 13, 20, 30,
50, 60, 70, 80, 90, 100, 200, 300, 400, 500, 600, 700, 800,
900, 1000, 1500 or 2000 or more fluorescent molecules per
particle. In some aspects, the resolution threshold of the flow
cytometer 1s less than 200 fluorescent molecules per particle.
In aspects, the resolution threshold of the flow cytometer 1s
between about 1, 2, 3,4, 5, 6,7, 8,9, 10, 11, 12, 13, 14, 15,
16, 17, 18, 19 or 20 fluorescent molecules per particle to
about 50, 100 or 150 fluorescent molecules per particle.

[0027] In certain aspects of the methods provided herein,
the particle 1s an extracellular vesicle, and, based on the
detected optical signal of the molecular marker-specific
probe, the type of molecular marker associated with the
extracellular vesicle 1s determined. In some aspects, the cell
and/or tissue of origin of the extracellular vesicle 1s 1denti-
fied based on the type of molecular marker associated with
the extracellular vesicle.

[0028] In some aspects of the methods provided herein,
one or more optical standard particles can be used to provide
improved accuracy in determining the optical intensity of
the optically detectable labels associated with the particles.
In certain aspects, the optical standard particle can be a
particle whose surface area or volume or diameter 1s pre-
determined by a method that does not use an optically
detectable label, such as NTA, tunable resistive pulse sens-
ing (TRPS), electron microscopy (EM) or other methods. In
aspects, the optical standard particle 1s capable of binding to
or otherwise associating with an optically detectable label
that 1s a surface area probe or a volume probe. The optical
standard particle can then be contacted with an optically
detectable label that 1s a surface area probe or volume probe
and the intensity of the label associated with the optical
standard particle obtained, thereby providing a correlation
between surface area or volume, respectively, and optical
intensity.

[0029] In some aspects, the optical standard particle 1s a
particle containing molecular marker molecules that can be
bound to or otherwise associated with one or more optically
detectable labels that are molecular marker-specific probes.
The optical intensity of the molecular marker-specific probe-
associated optical standard particle can be standardized
against the measured optical intensity of a known external
standard, thereby providing a correlation between optical
intensity and the number of molecules of molecular marker
associated with a particle.

[0030] In certain aspects, the optical standard particle 1s a
liposome or other lipid-containing particle. In aspects, the
amount ol lipid in the lipid-containing optical standard
particle 1s known. In some aspects, the optical standard
particle 1s a silica particle. In aspects, the silica particle
includes a lipid bilayer. In some aspects, the optical standard
particle 1s a bead. In some aspects, the bead can capture
ligands that can bind to one or more molecular markers
associated with a particle. In aspects, the ligand 1s an
antibody. In certain aspects, the ligand 1s conjugated to an
optically detectable label.
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[0031] In some aspects, the optical standard particle 1s 1n
a collection or preparation of optical standard particles that
include a size distribution of optical reference particles,
whereby a regression correlation between a distribution of
s1zes/surface area and optical intensities of the optical stan-
dard particles associated with an optically detectable label
can be obtained. In aspects, the optical standard particle 1s 1n
a collection or preparation of optical standard particles that
include a distribution of numbers of molecular markers
associated with each particle in the preparation, whereby a
regression correlation between a distribution of numbers of
molecules of molecular marker per optical standard particle
and the optical intensities of the optical standard particles
associated with an optically detectable label can be obtained.

[0032] In certain aspects, the optical standard particles can
be used for the analysis of particles according to the methods
provided herein. In some aspects, the analysis 1s by flow
cytometry. In aspects, the optical standard particle 1s a
liposome, or a silica particle that includes a lipid bilayer. In
some aspects, the optically detectable label associated with
the liposome or the lipid bilayer of the silica particle 1s
di-8-ANEPPS or fluorescently labeled (e.g., with
DyLight488) annexin V. In certain aspects, the optical
standard particle 1s a bead that can bind to or otherwise
associate with a ligand.

[0033] In aspects, the ligand 1s an antibody. Any antibody
as known and as described herein with respect to any aspect
of the methods provided herein can be used as a ligand. In
some aspects, the antibody 1s labeled with a fluorophore. In

aspects, the antibody 1s selected from among anti-CD61,
ant1-CD 171, anti-CD325, anti-CD130, anti-GLAST, anti-

EGFRvIII, anti-EGFR, anti-CD133, ant1-CD135, ant1-CD63,
ant1-CD9, anti-CD41, ant1-CD235, anti-CD354, ant1-CD45
and anti-IgG. In some aspects, the tluorophore 1s selected

from among DyLight488, a Bnlliant Violet dye, Pacific
Blue, Chrome Orange, Brilliant Blue 5135, PE, FITC, PE-

Cy3.5, PE-Cy7, APC, Alexa647, APC-Alexa700 and APC-
Alexa750.

[0034] In certain aspects, the methods provided herein are
for simultaneously analyzing a plurality of particles of
different size and/or having different molecular markers. In
some aspects, the diflerent molecular markers can simulta-
neously be detected according to the methods provided
herein, using optically detectable labels that are distinct
from one another for each of the different molecular mark-
ers. In aspects, for multispectral analysis of a plurality of
particles having a plurality of molecular markers, provided
herein 1s a panel of optical standard particles, each associ-
ated with a distinct molecular marker conjugated to a
distinct optically detectable label whereby, based on the
measured optical intensities of the panel of optical standard
particles, the optical intensities of the corresponding opti-
cally detectable labels associated with the molecular mark-
ers of the particles are measured with improved accuracy
(e.g., by Tacilitating “‘spectral unmixing™). In some aspects,
the analysis 1s by flow cytometry. In aspects, the panel of
optical standard particles includes fluorescent beads. In
some aspects, the panel of optical standard particles includes
beads that can bind to or otherwise associate with ligands,
which 1n turn can be labeled with a fluorophore. In aspects,
the ligand 1s an antibody. In aspects, the antibody 1s selected
from among anti-CD61, anti-CD171, anti-CID325, anti-
CDI130, anti-GLAST, anti-EGFRvIII, anti-EGFR, anti-
CD133, anti-CD15, anti-CD63, anti-CD?9, anti-CD41, anti-
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CD2335, anti-CD54, anti-CD45 and anfti-IgG. In some
aspects, the fluorophore 1s selected {from among
DyLight488, a Brilliant Violet dye, Pacific Blue, Chrome
Orange, Brilliant Blue 515, PE, FITC, PE-Cy3.5, PE-Cy7,
APC, Alexa647, APC-Alexa700 and APC-Alexa750.
[0035] The size of an optical standard particle for use 1n
the methods provided herein can be between about 20 nm to
about 1, 2, 3, 4, 5, 10 or more microns. In some aspects, the
s1ze of the optical standard particle 1s between about 20 nm
to about 5 microns, about 30 nm to about 3 microns, about
40 nm to about 2 microns, about 50 nm to about 1 micron,
about 50 nm to about 500 nm, about 50 nm to about 450 nm,
about 50 nm to about 400 nm, about 100 nm to about 450
nm, or about 100, 110, 120, 130, 140, 150, 160, 170, 180,
190, 200, 210, 220, 230, 240, 250, 260, 270, 280, 290, 300,
310, 320, 330, 340, 350, 360, 370, 380, 390, 400, 410, 420,
430, 440, 450, 460, 470, 480, 490 or 500 nm.

[0036] In aspects of the methods provided herein, an
optical standard particle that 1s not associated with an
optically detectable label can be used, thereby improving
accuracy by correcting the background optical signal
obtained from the particle alone. In certain aspects, the
optical standard particle 1s a bead. In aspects, the bead 1s
coated with, bound to, or otherwise associated with a
molecule. In some aspects, the molecule 1s a polymer. In
certain aspects, the polymer 1s polyethylene glycol (PEG). In
aspects, the polymer 1s a protein that does not associate with
an optically detectable label. In certain aspects, the protein
1s BSA.

[0037] Certain embodiments are described further in the
following description, examples, claims and drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0038] The drawings illustrate embodiments of the tech-
nology and are not limiting. For clarity and ease of 1llustra-
tion, the drawings are not made to scale and, in some
instances, various aspects may be shown exaggerated or
enlarged to facilitate an understanding of particular embodi-
ments.

[0039] FIGS. 1A to 1F show the detection of fluorescently
labeled particles by flow cytometry using a fluorescent
trigger (FIGS. 1A to 1C) or a side scatter trigger (FIGS. 1D
to 1F).

[0040] FIG. 1A and FIG. 1D depict the 488 SSC peaks
corresponding to 0.53 um and 0.11 um fluorescent beads.
FIG. 1B and FIG. 1E depict the Nile Red fluorescence peaks
corresponding to 0.53 um and 0.11 um fluorescent beads.
FIG. 1C and FIG. 1F depict a plot of the 488 SSC peaks

against the Nile Red fluorescence peaks.

[0041] FIGS. 2A to 2H show a comparison of size distri-
bution profiles of vesicles using fluorescence intensity his-
tograms obtained by flow cytometry (FIGS. 2A to 2D) or
using nanoparticle diameter population histograms obtained
by nanoparticle tracking analysis (NTA) (FIGS. 2E to 2H).
FIG. 2A and FIG. 2E depict fluorescence intensity histo-
grams ol di-8-ANEPPS stained vesicles prepared by extru-
sion through polycarbonate membrane filters with average
pore sizes of 200 nm. FIG. 2B and

[0042] FIG. 2F depict fluorescence intensity histograms of
di-8-ANEPPS stained vesicles prepared by extrusion
through polycarbonate membrane filters with average pore
sizes of 100 nm. FIG. 2C and FIG. 2G depict fluorescence
intensity histograms of di-8-ANEPPS stained vesicles pre-
pared by extrusion through polycarbonate membrane filters
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with average pore sizes of 80 nm. FIG. 2D and FIG. 2H
depict fluorescence intensity histograms of di-8-ANEPPS
stained vesicles prepared by extrusion through polycarbon-
ate membrane filters with average pore sizes of 50 nm.
[0043] FIG. 3 1s a graph depicting the relationship
between fluorescence intensity of a fluorescent probe asso-
ciated with vesicles, and vesicle surface area.

[0044] FIGS. 4A to 4F show the measurement of extra-
cellular vesicles (EVs) 1n rat plasma by NTA (FIGS. 4A to
4C) or fluorescence triggered flow cytometry (FIGS. 4D to
4F), with their diameter calibrated using synthetic liposomes
as reference particles. FIG. 4A,

[0045] FIG. 4B and FIG. 4C depict nanoparticle popula-
tion size distributions of three diflerent rat plasma samples
using NTA. FIG. 4D, FIG. 4E and FIG. 4F depict nanopar-
ticle population size distributions of the three different rat
plasma samples using tlow cytometry. FIG. 4G shows
plasma nanoparticle (EV) concentrations as measured by
NTA and flow cytometry for eight animals.

[0046] FIGS. 5A to 3D show the measurement of surface
molecular markers of EVs 1n plasma from control plasma or
ionophore-treated platelet rich plasma stained with di-8-
ANEPPS and DyLi1ght488-Annexin V or Dylight488-anti-
CD61. FIG. SA shows the measurement of surface molecu-
lar markers of EVs 1n control plasma stained with di-8-
ANEPPS and DyLight488-Annexin V. FIG. 5B shows the
measurement of surface molecular markers of EVs 1n con-
trol plasma staimned with di-8-ANEPPS and DyLight488-
ant1-CD61.

[0047] FIG. 5C shows the measurement of surface
molecular markers of EV's 1in 1onophore-treated platelet rich
plasma stained with di-8-ANEPPS and DyLight488-An-
nexin V.

[0048] FIG. 5D shows the measurement of surface
molecular markers of EVs 1n 1onophore-treated platelet rich
plasma stained with di-8-ANEPPS and DyLight488-anti-
CD61.

[0049] FIG. 6 depicts fluorescence staining of polystyrene
antibody capture beads coated with anti-lambda IgG and
stained with a DyLight 488 conjugated antibody.

[0050] FIG. 7 depicts specific fluorescence staining of
synthetic liposomes containing phosphatidylserine (PS) 1n a
population containing a mixture of synthetic liposomes that
contain or do not contain PS.

[0051] FIG. 8 shows fluorescence staining of silica
spheres coated with a lipid bilayer.

[0052] FIGS. 9A to 9F show measurement of a fluores-
cence spectral shift to measure saturation of a lipid-contain-
ing particle using a membrane dye. FIGS. 9A to 9E depict
measurements performed on synthetic liposomes having
known amounts of associated lipid, and FIG. 9F depicts
measurements performed on a sample of platelet-poor
plasma (PPP). FIG. 9A 1s a fluorescence spectrum of bulk

suspensions of di-8-ANEPPS (500 nM) in bufler alone
(HBS; 150 mM NaC(Cl, 10 mM HEPES pH 7.4) or builer plus
two concentrations of synthetic lipid vesicles (50 uM and 3
uM). FIG. 9B 1s a normalized representation of the mea-
surements depicted 1 FIG. 9A. FI1G. 9C depicts the ratio of
intensities at 690 to 610 nm measured at several different
probe to lipid ratios. FIG. 9D depicts histograms of the
population distributions of the ratio of intensities of the
synthetic vesicles measured through the 690/50 nm and
610/20 nm filters (690/610 ratio), for high (0.16) and low
(0.01) probe to lipid ratios. FIG. 9E depicts the ratio of
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intensities at 690 to 610 nm measured by flow cytometry of
synthetic vesicle preparations having several diflerent probe
to lipid ratios. FIG. 9F depicts the median 690/610 ratio at
two dilutions of human PPP.

[0053] FIGS. 10A to 10E depict measurement of light

scatter 1n samples containing vesicles, using a tluorescence-
based detection approach. FIG. 10A depicts buller alone,
FIG. 10B depicts buller+probe, FIG. 10C depicts a sample
preparation containing synthetic vesicles stained with probe,
FIG. 10D depicts the sample preparation of FIG. 10C with
added detergent (Triton X-100; TX100), FIG. 10E depicts a
platelet-free plasma preparation staimned with dye, and FIG.
10F depicts the sample preparation of FIG. 10E with added
detergent (Triton X-100; TX100).

[0054] FIGS. 11A to 11D depict the analysis of EVs 1n
human plasma using multiple markers. FIG. 11A depicts
measurements performed on synthetic liposomes, FIG. 11B
depicts measurements performed on synthetic liposomes to
which detergent 1s added (Triton X-100; TX100), FIG. 11C
depicts measurements performed on platelet-rich plasma
(PRP) supernatant and FIG. 11D depicts measurements

performed on platelet-rich plasma (PRP) supernatant to
which detergent 1s added (Triton X-100; TX100).

DETAILED DESCRIPTION

[0055] Provided herein are optical methods for analyzing
particles or vesicles with improved efliciency and accuracy.
The methods provided herein can be used to analyze par-
ticles or vesicles of size ranging from about 1 nm 1n diameter
to 100 microns (um) or more in diameter. The analysis can
include, but 1s not limited to, detection, quantitation, sizing
and characternization of the particles, which can include
determining the 1dentity, 1.e., molecular content and origin of
the particles (e.g., cell/tissue of origin of an extracellular
vesicle). The improved efliciency and accuracy of the meth-
ods provided herein permits the analysis of a wider range of

particle sizes, including nanoparticles or nanovesicles of
about 200 nm or less in diameter.

Overview of the Methods

[0056] Exemplary aspects of the methods provided herein
are now described. Samples containing particles of interest,
including microparticles, nanoparticles, liposomes, vesicles
(unilamellar, multilamellar, e.g.), lipoproteins, endosomes,
viruses, viral particles, virus-like particles, apoptotic bodies
and/or extracellular vesicles (EVs), are either at a particle
concentration or are diluted to a sample particle concentra-
tion that facilitates optimal staining with an optically detect-
able label, detection of the label and analysis. For example,
when the analysis 1s by flow cytometry, the samples are at,

or can be diluted to, a final particle concentration of about
1x10° to about 1x10"° particles/ul.

[0057] The optimal dilution can, in embodiments, be
determined by serial dilution of the sample 1n the presence
of a constant amount of optically detectable label, thereby
determining the optimal dilution (particle concentration) for
enhanced signal from the label associated with the particles
and low to negligible background signal from the unbound
or iree label. The particle concentration of the diluted
sample that produces optimal enhanced signal relative to
background noise can independently be measured by a
technique not involving contact with the optically detectable
label, such as nanoparticle tracking analysis (NTA), trans-
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mission electron microscopy (TEM) or resistive pulse spec-
troscopy (RPS), to determine the equivalent particle con-
centration of the optimally diluted sample.

[0058] For example, when the sample 1s plasma, the
dilution factor for analyzing membrane vesicles (e.g., EVs)
in the plasma 1s high due to the presence of high concen-
trations of proteins that can non-specifically compete with
the vesicles for binding/association of the optically detect-
able label. In such instances, when the sample 1s plasma, the
dilution factor can be of the order of between 100-fold to
200-1old, or even 300, 400, 500, 600, 700, 800, 900, 1000,
5000, 10,000, 20,000, 30,000, 40,000, 50,000, 60,000,
70,000, 80,000, 90,000, 100,000-tfold or more. When the
sample 1s cerebrospinal fluid, which has lower amounts of
protein, the dilution factor for the analysis of membrane
vesicles 1n the fluid can be lower, of the order of, for
example, 20-1old, or 1n the range of between 5, 10, 15, 20,
25, 30, 25, 40, 45, 30, 35, 60, 65, 70, 75, 80, 85, 90, 95,
100-1old or hugher. In general, depending on the sample, the
dilution factor can be anywhere from about 2-fold to about
5, 10, 15, 20, 25, 30, 25, 40, 45, 50, 53, 60, 65, 70, 75, 80,
85, 90, 95, 100, 200, 300, 400, 500, 600, 700, 800, 900,
1000, 5000, 10,000, 20,000, 30,000, 40,000, 50,000, 60,000,
70,000, 80,000, 90,000, 100,000-1fold or higher. In certain
embodiments, no dilution of the sample may be needed.

[0059] In some embodiments, the sample can be treated to
remove, 1n whole or 1n part, matter other than the particles
such as undesired large particulates, cells, cellular debirs or
other undissolved subject matter that does not include the
particles. For example, to remove large particulates or
cellular debris from a biological sample such as blood or
plasma or cerebrospinal fluid, the sample can be subjected to
centrifugation at 2500 g for one, two, three or more times,
cach step of centrifugation being performed for about 1
minute to about 20 minutes or more, for about 1, 2, 3, 4, 5,
6,7,8,9,10, 11,12, 13,14, 15,16, 17, 18, 19 or 20 or more
minutes. In some embodiments, the centrifugation 1s per-
formed two times for about 10 minutes each at 2500 g. In
embodiments, the centrifugation 1s performed prior to dilu-
tion for optimal staining with an optically detectable label.

[0060] The sample containing an adjusted particle con-
centration as described above can be stained using one or
more optically detectable labels. The optically detectable
labels and/or staiming conditions are selected such that
binding or other association of the labels to the particles 1s
stoichiometric and/or saturable with respect to one or more
of: (a) the surface area or volume of the particle; or (b) one
or more specific molecular markers to which the optically
detectable labels are bound, whereby the optical signal from
the label 1s proportional to the surface area/volume and/or
number of molecular markers of the particle, thereby pro-
viding information about the size, features and/or origin of
the particle. The staining can be performed before, after or
contemporaneously with the sample dilution. The optically
detectable label can, in some embodiments, be a probe that
can 1ntercalate into the particle stoichiometrically with
respect to the surface area and/or volume of the particle,
thereby producing an optical signal that 1s proportional to
the surface area and/or volume of the particle. For example,
in particles that are lipid vesicles (e.g., liposomes or EVs),
the fluorescent label di-8-ANEPPS (4-[2-[6-(dioctylamino)-
2-naphthalenyl]ethenyl]1-(3-sulfopropyl)-pyridinium) can
bind to lipid membranes 1n a stoichiometric manner that 1s
proportional to the surface area or volume of the liposomes.




US 2023/0251194 Al

An exemplary volume probe for use 1n any of the methods
herein 1s carboxytluorescein succinimidyl ester (CFSE).

[0061] In certain embodiments, the optically detectable
label specifically binds or otherwise associates stoichio-
metrically with respect to one or more molecular compo-
nents/markers of the particle (molecular marker-specific
probe), thereby providing an optical signal that 1s specific for
the marker and permits identification of the type of particle
based on the type of detected marker. In embodiments, the
molecular marker-specific probe binds or otherwise associ-
ates with the molecular marker 1n a stoichiometric manner
proportional to the number of molecules of molecular
marker per particle. As used herein, a “molecular marker™ 1s
a molecule that 1s a specific component or ligand of a
particular type of particle. The molecular marker can be
present anywhere in the interior or on the surface of the
particle, or can be associated with the membrane when
particle 1s a vesicle (e.g., membrane vesicles, liposomes,
EVs), and detection of the molecular marker can 1dentity the
type of particle associated with the molecular marker.

[0062] In some embodiments, the molecular marker can
be present on the surface of the particle. For example, in
particles that are lipid vesicles (e.g., liposomes or EVs),
annexin V has a specific binding athnity for phosphatidyl
serine (PS), which 1s a surface molecular marker of many
cell-derived EVs, membrane vesicles and liposomes. The
number of cell-derived EV's or other PS-containing vesicles
can be determined by staining with an optically labeled
annexin V, e.g., annexin V conjugated to the fluorescent
label, Dylight488-succinimidyl ester. As another example,
platelet-derived extracellular vesicles (EVs) have CD61 as a
molecular marker, which can be detected using anti-CD61
that has been labeled with an optically detectable label.
Identitying the type of particle can include identifying 1ts
origin or source. For example, when the particle 1s an EV, as
indicated 1n the aforementioned example, the detection of
CD61 1n the EV can identily the EV as onginating from
platelets.

[0063] In some embodiments, the particles can be stained
with both a surface area probe or volume probe for optical
detection, and a molecular marker-specific optical label. The
concentration of the optically detectable label, the choice of
staining bufler, the temperature during staining and/or the
staining time can be adjusted to achieve stoichiometric
incorporation of the optically detectable label 1n the interior
and/or surface of the particle. Any optically detectable label
that shows enhanced intensity (e.g., color, fluorescence,
luminescence, bioluminescence, chemiluminescence and
light scatter) when bound to the particles relative to the free
label can be used 1n the methods provided herein.

[0064] The term “stoichiometric,” as used herein, refers to
the association or binding of a surface area/volume probe or
molecular marker-specific probe to a particle 1n a manner
that 1s proportional to the surface area/volume of a particle
(for a surface area/volume probe) or the number or concen-
tration ol molecules of molecular marker-specific probe
associated with the particle, whereby, based on the intensity
of the signal generated from the optically detectable label
associated with the probe, the surface area of the particle or
the number/concentration of molecules of marker-specific
probe, respectively, can be determined.

[0065] The terms “‘saturable,” “saturated,” “saturating,”
“approaching saturation,” as used herein, refer to the amount
of probe (surface area or molecular-marker specific) which,

Aug. 10, 2023

when associated with or bound to a particle, generates a
signal from an optically detectable label associated with the
probe that does not substantially increase when more probe
1s added to the sample containing the particle. For example,
when the optically detectable label associated with the probe
1s bound to the particle 1n a saturating amount, adding
further amounts of the probe does not substantially increase

the signal generated by the optically detectable label by
more than 0% 0.05%, 0.1%, 0.2%, 0.3%, 0.4%, 0.5%, 0.6%,

0.75. 0.8%. 0.9%, 1.0%, 1.5%, 2.0%, 2.5%, 3.0%, 3.5%.,
4.0%, 4.5%, 5.0%, 5.5%, 6%, 6.5%, 7.0%, 7.5%, 8.0%,
3.5%, 9.0%, 9.5%, 10.0% or more, up to 15% or 20%. In
embodiments of the methods provided herein, stoichiomet-
ric binding/association of the surface probe or molecular
marker-specific probe to a particle 1s achieved when the
binding/association of the probe to/with the particle 1s 1n an
amount that i1s saturating for the signal intensity of the
optically detectable label associated with the probe. In some
embodiments of the methods provided herein, the optically
detectable label used in the methods 1s saturable when
bound/associated as a probe to a particle. For example,
di1-8-ANEPPS 1s a saturable optically detectable surface area
probe.

[0066] In lipid-containing particles such as liposomes,
EVs or other lipid-containing vesicles, when probe 1s added
to such particles, the probe often becomes associated with
the particles by intercalation into the lipid bilayer mem-
branes. In such embodiments, as more probe 1s added to the
particles, the optimal probe to lipid ratio 1s considered as
“approaching saturation” rather than becoming saturated
because saturation can lead to seli-quenching among the
large number of 1ntercalated probe molecules. Thus, as used
herein a probe amount “approaching saturation” or that
“approaches saturation” can be used interchangeably with
“saturable,” “saturated,” “saturating” and the like and refers
to the amount of probe (surface area or molecular-marker
specific) which, when associated with or bound to a particle,
generates a signal from an optically detectable label asso-
ciated with the probe that does not substantially increase
when more probe 1s added to the sample containing the
particle.

[0067] In some aspects, for analysis of the stained par-
ticles, the methods provided herein do not include a physical
separation or 1solation. As used herein, “physical separation
or 1solation” means that the non-particle reaction compo-
nents of the staining reaction are substantially removed from
the presence of the stained particles (e.g., the container in
which the stained particles are present) by methods such as
filtration, precipitation, washing or centrifugation, including
ultracentrifugation. As used herein, “non-particle reaction
components” or “non-particle components” of the staining
reactions refers to all components of the staiming reaction
other than the particles, some or all of which include bound
(particle-associated) optically detectable label; the non-par-
ticle components can include buflers, salts, surfactants,
unbound (iree) optically detectable label and other compo-
nents that are present 1n the staining reaction by which one
or more optically detectable labels are incorporated into the
particles.

[0068] Substantial removal of the non-particle compo-
nents of the staining reaction means that at least about 50,
60, 70, 75, 80, 85, 90, 91, 92, 93, 94, 95, 96, 97, 98, 99 or
more percent of the non-particle components of the staining
reaction, 1.e., substantially all components of the reaction
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other than the stained particles, are removed by one or more
physical separations, e.g., washing or centrifugation. In the
methods provided herein, after staining, the resulting stained
samples can be diluted by a factor suflicient to reduce the
background signals associated with optically detectable
labels that are not bound to or associated with the particles,
without physical separation or isolation. Without being
bound by theory, the analysis of the staimned particles by
dilution of the staining reaction mix, without a physical
separation or 1solation, can provide improved etliciency by
reducing the number of steps used to process the particles
prior to analysis. In addition, the analysis of microparticles
or nanoparticles generally involves handling small volumes
of samples containing the particles and the repeated washing
or centrifugation/ultracentrifugation of small volumes can
lead to loss of a fraction of the particles, thereby reducing the
accuracy of analysis. The dilution can be by a factor suil-
cient to minimize interference from the signal associated
with free optically detectable label that 1s not associated with
the particle, while maintaining enhanced signal from the
optically detectable label that 1s bound to or otherwise
associated with the particle. Thus, in embodiments of the
methods provided herein, particle-associated label 1s ana-
lyzed 1n the presence of iree label, the free label generating
a minimal background signal that does not interfere with the
detection of signal generated by the particle-associated
optically detectable label. The dilution also can be by a
factor whereby multiple particles are not detected simulta-
neously, 1.e., there 1s mimimal to no *“coincidence.” For
example, the dilution can be by a factor of anywhere from

about 2-fold to about 5, 10, 15, 20, 25, 30, 25, 40, 45, 50, 55,
60, 63, 70, 75, 80, 85, 90, 95, 100, 200, 300, 400, 500, 600,
700, 800, 900, 1000, 5000, 10,000, 20,000, 30,000, 40,000,
50,000, 60,000, 70,000, 80,000, 90,000, 100,000-fold or
higher, depending on the sample. In some embodiments, no
dilution of the staining reaction solution may be needed. In
an exemplary embodiment, when the sample 1s plasma, the
dilution of a sample stained with 500 nM di-8-ANEPPS and

50 nM molecular marker-specific probe can be by a factor of
about 1000.

[0069] The label-bound particles 1n the sample that is
diluted, post-staining, as described above, can be detected,
characterized (e.g., 1ts molecular components identified and/
or its origin identified—e.g., 11 the particle 1s an EV, 1ts
cell/tissue of origin can be identified) and/or quantitated
based on detection of the bound optically-detectable label.
Any label that can be detected by optical means can be used
for analyses of the particles. The sample can be analyzed by
visual mspection or can be i1lluminated by an instrument
capable of detecting an optically detectable label associated
with a particle. The 1llumination wavelength can be tailored
to detection of a particular particle-associated optically
detectable label, whether the label 1s a surface area probe or
volume probe, or a molecular marker-specific probe. The
intensity of the signal from the particle-associated optically
detectable label can be measured by the instrument detecting
such signal or by a separate instrument capable of measuring
the intensity of a signal from an optically detectable label
associated with a particle. Exemplary optical elements for
selecting and dispersing light can include, but are not limited
to, band pass filters, dichroic mirrors or optical gratings for
filtering or dispersing light onto a detector. Exemplary
detectors can include, but are not limited to, a photomulti-
plier tube (PMT), an avalanche photodiode, an avalanche
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photodiode array, a silicon-PMT, a hybrid PMT, a photo-
diode array, a charged cathode device (CCD), an electron
multiplied CCD, a CMOS sensor detector, or any suitable
photodetector. The measured intensity can be used to char-
acterize the particles 1 the sample according to presence or
absence of the particle, type/identity of the particle, source/
origin ol the particle, number of molecules of molecular
marker on the particle, size of the particle or quantity of the
particle.

Samples

[0070] Samples that contain particles for analysis accord-
ing to the methods provided herein generally include par-
ticles 1n a liquid medium. The particles can be analyzed by
detection, identification, characterization according to the
presence ol one or more molecular markers associated with
the particles, or characterization according to the size of the
particles. Any samples containing particles 1n a liquid can be
analyzed according to the methods provided herein.

[0071] Any aqueous or organic liquid medium containing
particles, where the particles are not dissolved 1n the liquid
medium, are contemplated for use in the methods herein.
The liquid medium can be a solution that includes solutes
dissolved 1n the liquid medium, such as buflers. In some
embodiments, the samples include a suspension of particles,
or a colloidal suspension of particles, in the liquid medium.
Exemplary liquid media containing particles that can be
analyzed according to the methods provided herein include,
but are not limited to, blood, milk, water, solutions contain-
ing particles such as membrane vesicles, lipoproteins,
viruses, virus-like particles, apoptotic bodies, synthetic lipo-
somes or extracellular vesicles, and biological fluids other
than blood such as plasma, serum, urine, saliva, seminal
fluid, lavages (e.g., bronchoalveolar, gastric, peritoneal, duc-
tal, ear, arthroscopic), cervical flmd, cervicovaginal fluid,
cerebrospinal fluid, vaginal flmid, breast tluid, breast milk,
synovial fluid, semen, seminal fluid, sputum, cerebral spinal
fluid, tears, mucus, interstitial fluid, follicular fluid, amniotic
fluid, aqueous humor, vitreous humor, peritoneal tluid,
ascites, sweat, lymphatic fluid, lung sputum or fractions or
components thereol.

[0072] In some embodiments, the sample containing par-
ticles 1s a biological sample. In embodiments, the biological
sample includes a biological fluid. The biological fluid 1n the
biological sample can include, but 1s not limited to, blood,
plasma, serum, urine, saliva, seminal fluid, lavages (e.g.,
bronchoalveolar, gastric, peritoneal, ductal, ear, arthro-
scopic), cervical fluid, cervicovaginal flmid, cerebrospinal
fluid, vaginal fluid, breast fluid, breast milk, synovial fluid,
semen, seminal fluid, sputum, cerebral spinal fluid, tears,
mucus, interstitial fluid, follicular flmd, amniotic fluid, aque-
ous humor, vitreous humor, peritoneal flmd, ascites, sweat,
lymphatic flmd, lung sputum or fractions or components
thereof. In certain embodiments, the biological fluid 1s
blood, plasma or serum. In some embodiments, the biologi-
cal fluid 1s cerebrospinal fluid.

[0073] In certain embodiments, the biological sample is
extracted from a cell or tissue sample of a subject, such as
a biopsy sample (e.g., cancer biopsy), or 1s extracted from
normal or cancer cell samples or normal or cancer tissue
samples where the cell or tissue samples can be derived, e.g.,
from the liver, lung, kidney, spleen, pancreas, colon, skin,
bladder, eye, brain, esophagus, head, neck, ovary, testes,
prostate, the like or combination thereof. In some embodi-
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ments, the biological sample that 1s extracted from a cell or
tissues sample of a subject includes a biological fluid.
[0074] In some embodiments, the biological sample
includes particles derived from a cancer biopsy, a cancer cell
or a cancer tissue. Cancer biopsy samples, cancer cell types
or cancer tissue types from which particles can be present 1n
the biological sample include, but are not limited to, liver
cells (e.g., hepatocytes), lung cells, spleen cells, pancreas
cells, colon cells, skin cells, bladder cells, eye cells, brain
cells, esophagus cells, cells of the head, cells of the neck,
cells of the ovary, cells of the testes, prostate cells, placenta
cells, epithelial cells, endothelial cells, adipocyte cells, kid-
ney cells, heart cells, muscle cells, blood cells (e.g., white
blood cells, platelets), the like and combinations of the
foregoing. In embodiments, the cancer 1s a glioblastoma. In
certain embodiments, the cancer 1s ovarian, lung, bladder or
prostrate cancer. In some embodiments, the biological
sample that includes particles derived from a cancer biopsy,
a cancer cell or a cancer tissue further includes a biological
fluid. In embodiments, the biological tluid 1s blood, plasma,
serum, saliva, urine or cerebrospinal fluid. In some embodi-
ments, the cancer i1s ovarian, lung, bladder or prostrate
cancer and the biological fluid 1s saliva, urine or serum. In
certain embodiments, the cancer 1s brain cancer. In some
embodiments, the cancer 1s brain cancer and the biological
fluid 1s cerebrospinal fluid. In embodiments, the brain cancer
1s glioblastoma.

[0075] In some embodiments, a sample can be blood and
sometimes a blood fraction (e.g., plasma or serum). As used
herein, the term “blood” encompasses whole blood or any
fractions of blood, such as serum and plasma as conven-
tionally defined, for example. Blood also contains buily
coats. Bully coats sometimes are 1solated by utilizing a ficoll
gradient. Bully coats can comprise white blood cells (e.g.,
leukocytes, T-cells, B-cells, platelets, and the like) and
samples extracted from bufly coats can include particles,
¢.g., extracellular vesicles (EVs), derived from these cells.
Blood plasma refers to the fraction of whole blood resulting
from centrifugation of blood treated with anticoagulants.
Blood serum refers to the watery portion of fluid remaining
alter a blood sample has coagulated. Fluid or tissue samples
often are collected 1n accordance with standard protocols
hospitals or clinics generally follow. For blood, an appro-
priate amount of peripheral blood (e.g., between 3-40 mul-
liliters) often 1s collected and can be stored according to
standard procedures prior to or after preparation. In some
embodiments, a sample obtained from a subject can contain
cellular elements or cellular remnants. In some embodi-
ments, cancer cells may be included in the sample. In
embodiments, the sample 1s obtained from a human subject.
In certain embodiments, the human subject 1s a cancer
patient and 1n some embodiments, the human subject does
not have cancer.

Particles

[0076] Any particles that can bind to or otherwise asso-
ciate with an optically detectable label are contemplated for
analysis according to the methods provided herein. The
particles can occur in nature, or can be synthetic or artifi-
cially prepared. The particles described herein and else-
where 1n this application can be the particles of interest, 1.¢.,
the particles that are desired to be analyzed by the methods,
or they can be used as optical standard particles for
improved accuracy of measurement of the optical intensity.
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Inert Particles

[0077] In certain embodiments, the particles can be inert
particles that can associate with an optically detectable label
or can be modified for association with an optically detect-
able label. Such particles can include metalloids, non-
limiting examples of which include boron and silicon, the
like and combinations thereof. A particle sometimes can
include, consist essentially of, or consist of, silica (e.g.,
silicon dioxide (1.e., S10,)). A particle sometimes can
include one or more metals including, but not limited to,
iron, gold, copper, silver, platinum, aluminum, titanium,
tantalum, vanadium, the like, oxides thereof and combina-
tions thereof. A particle sometimes can include glass (e.g.
controlled-pore glass (CPG)), nylon, Sephadex®, Sephar-
ose®, cellulose, a magnetic material or a plastic material. A
particle sometimes 1s a polymer or includes more than one
polymer. Non-limiting examples of polymers include poly-
propylene (PP), polyethylene (PE), polyamide, high-density
polyethylene (HDPE), low-density polyethylene (LDPE),
polyester, polyvinylidenedifluoride (PVDF), polyethylene
teraphthalate (PET), polyvinyl chlornide (PVC), polytet-
rafluoroethylene (PTFE), polystyrene (PS), high-density
polystyrene, acrylnitrile butadiene styrene copolymers,
crosslinked polysiloxanes, polyurethanes, (meth)acrylate-
based polymers, cellulose and cellulose denivatives, poly-
carbonates, ABS, tetrafluoroethylene polymers, poly(2-hy-
droxy ethyl methacrylate), poly(N-vinyl pyrrolidone), poly
(methyl methacrylate), poly(vinyl alcohol), poly(acrylic
acid), polyacrylamide, poly(ethylene-co-vinyl acetate), poly
(ethylene glycol), poly(methacrylic acid), polylactides
(PLA), polyglycolides (PGA), poly(lactide-co-glycolides)
(PLGA), polyanhydrides, polyorthoesters, polycyanoacry-
lates, polycaprolactone, the like, copolymers thereof and
combinations of the foregoing.

[0078] The particles can be solid particles or particles that
contain internal voids. The particles can have a regular (e.g.,
spheroid, ovoid) or irregular shape (e.g., rough, jagged), and
sometimes can be non-spherical (e.g., angular, multi-sided).

Membrane Vesicles

[0079] In embodiments of the methods provided herein,
the particles include membrane vesicles. A membrane
vesicle, as used herein, refers to a particle that includes fluid
enclosed within a lipid-containing outer shell. The enclosed
fluid can include additional components, such as proteins
and small molecules. A lipid molecule typically includes at
least one hydrophobic chain and at least one polar head.
When exposed to an aqueous environment, lipids often will
self assemble 1nto structures that minimize the surface area
exposed to a polar (e.g., aqueous) medium. Lipids some-
times assemble 1nto structures having a single or monolayer
of lipid enclosing a non-aqueous environment, and lipids
sometimes assemble 1nto structures comprising a bilayer
enclosing an aqueous environment. In a monolayer struc-
ture, the polar portion of lipids (e.g., the head of the
molecule in the case of phospholipids and other lipids
commonly found 1n cell substrates) often 1s oriented towards
the polar, aqueous environment, allowing the non-polar
portion of the lipid to contact the non-polar environment.

[0080] A vesicle also can be a lipid bilayer configured as
a spherical shell enclosing a small amount of water or
aqueous solution and separating it from the water or aqueous
solution outside the vesicle. Membrane vesicles also can
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contain a fluid with, optionally, one or more molecular
components, enclosed within a lipid bilayer. Because of the
tundamental similarity to a cell wall, vesicles have been
used to study the properties of lipid bilayers. Vesicles also
are readily manufactured. A sample of dehydrated lipid
spontaneously forms vesicles, when exposed to water. Spon-
taneously formed vesicles can be unilamelar (single-walled)
or multilamellar (many-walled) and are of a wide range of
s1izes from tens of nanometers to several micrometers. A
lipid bilayer typically includes a sheet of lipids, generally
two molecules thick, arranged so that the hydrophilic phos-
phate heads point towards a hydrophilic aqueous environ-
ment on either side of the bilayer and the hydrophobic tails
point towards the hydrophobic core of the bilayer. This
arrangement results 1n two “leatlets” that are each a single
molecular layer. Lipids self-assemble mto a bilayer structure
due to the hydrophobic eflect and are held together by
non-covalent forces that do not involve formation of chemi-
cal bonds between individual molecules.

[0081] In some embodiments, lipid bilayers are natural,
and i certain embodiments lipid bilayers are artificially
generated. Natural bilayers often are made mostly of phos-
pholipids, which have a hydrophilic head and two hydro-
phobic tails (e.g., lipid tails), and form a two-layered sheet
as noted above, when exposed to water or an aqueous
environment. The center of this bilayer contains almost no
water and also excludes molecules like sugars or salts that
dissolve 1n water, but not 1n oil. Lipid tails also can aflect
lipid composition properties, by determining the phase of
the bilayers, for example. A bilayer sometimes adopts a solid
gel phase state at lower temperatures and undergoes a phase
transition to a fluid state at higher temperatures. Artificial
bilayers of membrane vesicles can be any bilayers
assembled through artificial means, as opposed to bilayers
that occur naturally (e.g., cell walls, lipid bilayers that cover
various sub-cellular structures).

[0082] The presence of certain lipids or proteins some-
times can alter the surface chemistry of bilayers (e.g.,
viscosity or fluidity of lipid bilayers). Phospholipids with
certain head groups can alter the surface chemistry of a
bilayer. Non-limiting examples of bilayer constituents that
can alter the surface chemistry of bilayers include fats,
lecithin, cholesterol, proteins, phospholipids (e.g., phospha-
tidic acid (phosphatidate), phosphatidylethanolamine (e.g.,
cephalin), phosphatidylcholine (e.g., lecithin), phosphatidyl-
serine, and phosphoinositides such as phosphatidylinositol
(PI), phosphatidylinositol phosphate (PIP), phosphati-
dylinositol bisphosphate (PIP2) and phosphatidylinositol
triphosphate (PIP3), phosphatidylglycerol, ceramide phos-
phorylcholine, ceramide phosphorylethanolamine, ceramide
phosphorylglycerol), phosphosphingolipids, glycolipids
including gangliosides, surfactants, the like and combina-
tions thereof.

[0083] Daiflerent types or forms of lipid compositions (e.g.,
monolayers and/or bilayers) can be found naturally or gen-
crated artificially. Non-limiting examples of lipid composi-
tions include monolayers (e.g., micelles), supported lipid
bilayers, linear lipid bilayers and the like.

[0084] A protein, glycoprotein, glycolipid, nucleic acid or
carbohydrate often 1s inserted 1nto a structure (e.g., mono-
layer and/or bilayer) formed by the lipid or amphiphilic
material composition, or 1s encapsulated within the interior
of the structure (membrane vesicle or other particle as
described herein). A protein that 1s imserted into the structure
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can be water soluble, detergent-solubilized or incorporated
into a lipid bilayer (e.g., vesicle, liposome) or a lipid
monolayer (e.g., micelle) 1n some embodiments.

[0085] Some types of membrane vesicles can include
lipoproteins, endosomes, apoptotic bodies, viruses, virus
particles and virus-like particles. Endosomes are membrane-
bound vesicles, formed via a complex family of processes
collectively known as endocytosis, and found 1n the cyto-
plasm of virtually every animal cell. The basic mechanism
of endocytosis 1s the reverse of what occurs during exocy-
tosis or cellular secretion or the release of extracellular
vesicles (EVs, e.g., ectosomes, exosomes) as i1t involves the
invagination (folding mmward) of a cell’s plasma membrane
to surround macromolecules or other matter diflusing
through the extracellular flmd. The encircled foreign mate-
rials are then brought into the cell, and following a pinching-
ofl of the membrane (termed budding), are released to the
cytoplasm of the cell 1n a sac-like vesicle. The sizes of the
endosomal vesicles can vary and generally are nanopar-
ticles. Endosomes larger than 100 nanometers 1n diameter
typically are referred to as vacuoles.

[0086] Viruses, virus particles and virus-like particles can
include a lipid bilayer and, 1n embodiments, carry proteins
on their surface, including envelope proteins, coat proteins
and cellular membrane proteins. “Naked viruses™ generally
lack surface proteins and can be modified to include surface
proteins (e.g., by isertion of the proteins into the outer lipid
bilayer of the virus). Viruses include for example, but are not
limited to, retroviruses and DNA viruses. Virus particles can
include the fully or partially assembled capsid of a virus. A
viral particle may or may not contain nucleic acid. Virus
particles generally include one or more of or two or more of
the following: genetic material made from either DNA or
RNA; a protein coat that protects the genetic material; and
in some embodiments an envelope of lipids that surrounds
the protein coat when they are outside a cell.

[0087] Lipoproteins are globular, micelle-like particles
that include a non-polar core of acylglycerols and choles-
teryl esters surrounded by an amphiphilic coating of protein,
phospholipid and cholesterol. Lipoproteins have been clas-
sified into five broad categories on the basis of their func-
tional and physical properties: chylomicrons, which trans-
port dietary lipids from intestine to tissues; very low density
lipoproteins (VLDL); intermediate density lipoproteins
(IDL); low density lipoproteins (LDL); all of which trans-
port triacylglycerols and cholesterol from the liver to tissues;
and high density lipoproteins (HDL), which transport
endogenous cholesterol from tissues to the liver. Lipoprotein
particles undergo continuous metabolic processing and can
have variable properties and compositions. Lipoprotein den-
sities can increase without decreasing particle diameter
because the density of their outer coatings 1s less than that
of the mner core. The protein components of lipoproteins are
known as apolipoproteins. At least nine apolipoproteins are
distributed 1n significant amounts among the various human
lipoproteins.

[0088] Apoptotic bodies are released during apoptosis
(programmed cell death). When a cell undergoes apoptosis,
the structure of the cell breaks down. The breakdown
components are packaged into apoptotic bodies, which can
include membrane bound “sacs” that contain nucleic acids,
proteins and lipids. When the ability of neighboring cells
and/or macrophages to clear these breakdown components 1s
overwhelmed by high numbers of apoptotic bodies (“exces-
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s1ve” apoptosis) or defects in clearing the bodies, apoptotic
bodies are released into circulation and can be detected in
blood plasma or serum (Holdenrieder et al, 2001a; Holden-
rieder et al, 2001b; Holdenrieder et al, 2001c; Lichtenstein
et al, 2001). Above-average levels of apoptotic bodies 1n the
bloodstream have been correlated, e.g., with the presence
tumors and cancers. An “‘apoptotic body” can contain
nucleic acids, proteins, lipids, but no nucleus, although 1t
may contain fragmented nucle1. In general, apoptotic bodies
are less than 10 microns 1n size, generally between about 25
nm, S0 nm, 75 nm or 100 nm to about 150 nm, 200 nm, 250,
300 nm, 350 nm, 400 nm, 400 nm, 500 nm, 1 micron, 1.5
micron, 2 microns, 2.5 microns, 3 microns, 3.5 microns, 4
microns, 4.5 microns or S microns 1n SiZe.

Liposomes

[0089] A liposome 1s an artificially prepared vesicle that
includes at least one lipid bilayer and also can be made of
naturally occurring or synthetic lipids, including phospho-
lipids. Liposomes can include MLV (multilamellar vesicles),
SUV (Small Unilamellar Vesicles), LUV (Large Umlamellar
Vesicles) and GUV (Giant Unilamellar Vesicles). Unilamel-
lar vesicles generally contain a single lipid bilayer, while
multilamellar vesicles generally include more than one lipid
bilayer. As used herein, “multivesicular liposome” refers to
man-made, microscopic lipid vesicles containing lipid mem-
branes enclosing multiple concentric or non-concentric
aqueous chambers.

[0090] Various types of lipids can be used to make lipo-
somes, including neutral lipids and amphipathic lipids.
Examples of neutral lipids include diglycerides, such as
diolefin, dipalmitolein; propylene glycol esters such as
mixed diesters of caprylic/capric acids on propylene glycol;
triglycerides such as triolein, tripalmitolein, trilinolein, tri-
caprylin and trilaurin; vegetable oils, such as soybean oil;
lard or beef fat; squalene; tocopherol; and combinations
thereol. Examples of amphipathic lipids include those with
net negative charge, zero net charge, and net positive charge
at pH 7.4. These include zwitterionic, acidic or cationic
lipids. Such exemplary amphipathic lipids include, but are
not limited to, phosphatidylglycerol (PG), cardiolipin (CL),
phosphatidylserine (PS), phosphatidic acid (PA), phospha-
tidylinositol, phosphatidylcholine (PC), phosphatidyletha-
nolamine (PE), sphingomyelin, diacyl trimethylammonium
propane (DITAP), DOPC or DCI18:1PC=1,2-dioleoyl-sn-
glycero-3-phosphocholine; DLPC or DC12:0PC=1,2-d1lau-
royl-sn-glycero-3-phosphocholine; DMPC or DC14:0PC=1,
2-dimyristoyl-sn-glycero-3-phosphocholine; DPPC  or
DC16:0PC=1,2-dipalmitoyl-sn-glycero-3-phosphocholine;
DSPC or DC18:0PC=1,2-distearoyl-sn-glycero-3-phospho-
choline; DAPC or DC20:0PC=1,2d1arachidoyl-sn-glycero-
3-phosphocholine; DBPC or DC22:0PC=1,2-dibehenoyl-
sn-glycero-3-phosphocholine; DC14:1PC=1,2-
dimyristoleoyl-sn-glycero-3-phosphocholine; DC16:
1PC=1,2-dipalmitoleoyl-sn-glycero-3-phosphocholine;
DC20:1PC=1,2-dieicosenoyl-sn-glycero-3-phosphocholine;
DC22:1PC=1,2-dierucoyl-sn-glycero-3-phosphocholine;
DPPG=1,2-dipalmitoyl-sn-glycero-3-phosphoglycerol;
DOPG=1,2-dioleoyl-sn-glycero-3-phosphoglycerol and
combinations thereof. Additionally, lipoproteins, ganglio-
sides, cholesterol or plant sterols can be used to make, or are
a part of, liposomes.

[0091] Some examples of lipid-polymer conjugates and
liposomes are disclosed in U.S. Pat. No. 5,631,018, which 1s
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incorporated herein by reference 1n 1ts entirety. Examples of
processes to make multilamellar and unilamellar liposomes
are known 1n the art (see e.g. U.S. Pat. Nos. 4,522,803,
4,310,506, 4,235,871, 4,224,179, 4,078,052, 4,394,372,
4,308,166, 4,485,054 and 4,508,703).

Extracellular Vesicles

[0092] In embodiments of the methods provided herein,
the particles can be extracellular vesicles (EVs). The term
“extracellular vesicles,” as used herein, can include mem-
brane vesicles secreted from cell surfaces (ectosomes), inter-
nal stores (exosomes), cancer cells (oncosomes), or released
as a result of apoptosis and cell death. In addition to lipid
membranes, depending on their cell or tissue of origin, EVs
can 1nclude additional components such as lipoproteins,
proteins, nucleic acids, phospholipids, amphipathic lipids,
gangliosides and other particles contained within the lipid
membrane or encapsulated by the EVs.

[0093] All cells likely release EVs, making them attractive
clinical diagnostic and therapeutic targets for a range of
diseases. Non-limiting examples of normal or cancer cell
types that can release EVs include liver cells (e.g., hepato-
cytes), lung cells, spleen cells, pancreas cells, colon cells,
skin cells, bladder cells, eye cells, brain cells, esophagus
cells, cells of the head, cells of the neck, cells of the ovary,
cells of the testes, prostate cells, placenta cells, epithelial
cells, endothelial cells, adipocyte cells, kidney cells, heart
cells, muscle cells, blood cells (e.g., white blood cells,
platelets), the like and combinations of the foregoing.
Because EVs are involved 1n cell-cell communication, their
characterization casts light upon their role in normal physi-
ology and pathology. EVs 1n biological fluids fluids includ-
ing saliva, urine and sera are being interrogated as biomark-
ers of ovarian, lung, bladder and prostate cancers.

[0094] Glioblastoma is the most common form of primary
brain cancer and 1s one of the deadliest of human cancers.
(Glioblastoma cells release extracellular vesicles (EVs) con-
tamning amplified and mutated genetic materials derived
from the tumor. The circulating EVs significantly exceed
tumor-derived circulating tumor cells and tumor derived
circulating DNA and RNA. The released EVs appear 1n the
local environment, the sera and cerebrospinal fluid (CSF).
Amplification of EGFR 1s the most frequent genetic abnor-
mality associated with GBM, and EGFR overexpression has
been shown mm up to 40% of cases. GBM also oiften
expresses EGFRvIII, a genomic deletion variant of EGFR
that 1s constitutively active and oncogenic. Thus, the analy-
ses of GBM EVs ofler a potential tool for momitoring tumor
presence, phenotypic/genotypic features, and pathophysiol-
0gy.

[0095] EVs are abundant in various biological fluids,
including blood, urine, and cerebrospinal fluid, but because
they are released by different mechanisms and by many
different cells types, EVs 1n biofluids can be heterogeneous.
While multispectral optical methods can detect vesicles that
have diflerent molecular markers, the small average size of
EVs can result 1n small optical signals from labels bound to
or otherwise associated with these small particles, making 1t
a challenge to analyze the EVs by optical methods.

[0096] EVs can be released by all normal and cancer cells.
With a mean diameter of ~100-200 nm, however, individual
EVs have ~1/10,000 the surface area and ~1/1,000,000 the
volume of a whole cell, making them diflicult to detect using
available single cell analysis tools, including conventional
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flow cytometry. As a result, most proteomic and genomic
analysis 1s performed 1n bulk on thousands or millions of
EVs. However, EVs 1n biofluids come from many different
cell types, and from different locations from within the cell
(exosomes secreted from intracellular multi-vesicular bod-
1es, ectosomes/microvesicles shed from the plasma mem-
brane surface, membrane fragments released as a result of
cell apoptosis, necrosis, etc). Thus, i a bulk analysis, the
signature from tumor EVs may be lost 1n the background of
vesicles from other sources. Single EV measurement
approaches such as nanoparticle tracking analysis (NTA)
and resistive pulse sensing (RPS) can report particle con-
centrations, but provide no information on the cell of origin.
Thus, provided herein are methods of analyzing EV particles
wherein the EV particles are characterized for their size,
quantity, number of associated specific molecular markers
and/or cell/tissue of origin.

[0097] The size of the particles (e.g., mert particles, lipo-
somes or EVs) analyzed according to the methods provided
herein can include particles 1n the size range (average length,
width or diameter) of about or at 10 nm to about or at 3

microns, but generally are 1n the range of about or at 50 nm
to about or at 100, 125, 150, 175, 200, 250, 300, 350, 400,

450, 500, 550, 600, 650, 700, 750, 800, 850, 900 or 950 nm
or 1.0 to 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5 or 5.0 microns.

Optically Detectable Labels and Detection Methods

Optically Detectable Labels

[0098] Any method that can detect and analyze optically
detectable labels can be used in the methods provided
herein. Exemplary optically detectable labels can include,
for example, chromophores, chemiluminescent moieties,
bioluminescent moieties, fluorescent moieties and metals.
Such labels can be detected, for example, by visual inspec-
tion, by spectroscopy, by fluorescence spectroscopy, by
fluorescence 1maging (e.g., using a fluorescent microscope
or tluorescence stereomicroscope), by flow cytometry and

the like.

[0099] Exemplary chromophores include, but are not lim-
ited to, 3,3'-diaminobenzidine (DAB); 3-amino-9-ethyl car-
bazole (AEC); Fast Red; FD&C Yellow 5 (Tartrazine);
Malachite Green Carbinol hydrochloride; Crocein Scarlet
7B (Dark Red); FErloglaucine (Dark Blue); Crystal Violet
(Dark Purple); Bromophenol Blue; Cobalt(Il) Chloride
Hexahydrate (Red); Basic Violet 3; Acid Blue 9; Acid Red
71; FD&C Blue 1 (Brilliant Blue FCF); FD&C Red 3
(Erythrozine); and FD&C Red 40 (Allura Red AC). Exem-
plary fluorophores include, but are not limited to, di-8-
ANEPPS, di-4-ANEPPS, a carbocyanine dye (e.g., D10,
Dill), a PKH dye (exemplary of which are PKH-26 and
PKH-67), Dylight488, Bnlhiant WViolet, Pacific Blue,
Chrome Orange, Brilhant Blue 515, phycoerythrin (PE),
rhodamine, fluorescein, FITC, PE-Cy3.5, PE-Cy7, APC,
Alexa64’7, APC-Alexa700 and APC-Alexa750, Oregon
Green®, derivatives of rhodamine (e.g., Texas Red and
tetrarhodimine 1sothiocynate (TRITC)), AMCA, Alexa
Fluor®, L1—COR®, CyDyes® or DyLight® Fluors); tdTo-

mato, mCherry, mPlum, Neptune, TagRFP, mKate2, Tur-
boRFP and TurboFP635 (Katushka). The fluorescent reagent

can be chosen based on desired excitation and emission
spectra. Also exemplary of fluorescent reagents are macro-
molecules that emit an optically detectable signal, including,
fluorescent proteins, such as a green fluorescent protein
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(GFP) or a red fluorescent protein (RFP). A variety of DNA
sequences encoding proteins that can emit a detectable
signal or that can catalyze a detectable reaction, such as
luminescent or tfluorescent proteins, are known and can be
used in the methods provided herein. Exemplary genes
encoding light-emitting proteins include, for example, genes
from bacterial luciferase from Vibrio harveyi (Belas et al.,
(1982) Science 218:791-793), bacterial luciferase from
Vibrio fischerii (Foran and Brown, (1988) Nucleic acids Res.
16:177), firefly luciferase (de Wet et al., (1987) Mol. Cell.
Biol. 7:725-737), aequorin from Aequorea victoria (Prasher
et al., (1987) Biochem. 26:1326-1332), Renilla luciferase
trom Renilla renformis (Lorenz et al, (1991) Proc Natl Acad
Sci USA 88:4438-4442) and green fluorescent protein from
Aequorea victoria (Prasher et al., (1987) Gene 111:229-
233). The luxA and luxB genes of bactenial luciferase can be
fused to produce the fusion gene (Fab2), which can be
expressed to produce a fully functional luciferase protein
(Escher et al., (1989) PNAS 86: 6528-6532).

[0100] In embodiments, the optically detectable label can
be conjugated to a molecule (e.g., a protein, an antibody, a
lectin, a peptide, a nucleic acid, a carbohydrate, a glycan and
the like) that binds to or otherwise associates with a molecu-
lar marker on the particle, or associates with/intercalates into
the particle membrane (e.g., when the particle 1s a vesicle,
liposome or EV).

[0101] In some embodiments, the particles can be ana-
lyzed by Raman flow cytometry using Surface Enhanced

Raman Scattering (SERS) from metal nanoparticles (Nolan
et al., Methods, 57:272-279 (2012).

Flow Cytometry

[0102] In embodiments of the methods provided herein,
the particles are analyzed by flow cytometry. Any conven-
tional flow cytometer, including a spectral flow cytometer, a
hyperspectral flow cytometer, or an 1maging flow cytometer
can be used in the methods provided herein. In certain
embodiments, the flow cytometry analysis 1s fluorescence-
based rather than light scatter-based. Without being bound
by theory, 1t 1s believed that when the particles are nanopar-
ticles, e.g., of a size that 1s less than 1 micron or about 900

nm, 800 nm, 700 nm, 650 nm, 600 nm, 550 nm, 500 nm, 450
nm, 400 nm, 350 nm, 300 nm, 250 nm, 200 nm, 190 nm, 180
nm, 170 nm, 160 nm, 150 nm, 140 nm, 130 nm, 120 nm, 110
nm, 100 nm, 90 nm, 85 nm, 80 nm, 75 nm, 70 nm, 65 nm,
60 nm, 55 nm, 50 nm or less 1n diameter, light scatter based
detection 1s not as sensitive due to the small size of the
particles. In addition, more than one particle can be detected
simultaneously (“coincidence™), leading to errors 1n deter-
mining particle size and/or count (concentration).

[0103] Fluorescence-based flow cytometry can be usetul,
for example, 1n the analysis of nanoparticles. For example,
extracellular vesicles (EVs) often are in a size range of
between about 100-200 nm, or about 500 nm or less. The
analysis of such nanoparticles by fluorescence based tlow
cytometry, according to the methods provided herein, can
quantitatively determine the size of the nanoparticles by
stoichiometric staining of the surface area using a fluores-
cent surface area probe or volume probe, whereby the
fluorescent intensity 1s proportional to the surface area or
volume, respectively. In addition, fluorescence-based flow
cytometry permits the sensitive detection of the number and
type of molecular markers, such as surface antigens, on the
nanoparticles, such as EVs, thereby providing information
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regarding the tissues/cells from which they originate, as well
as whether the tissues/cells are cancerous (based on the
number of EVs, number of molecules of molecular marker
and/or type of molecular markers detected on the EVs).
[0104] Exemplary flow cytometers that can be used 1n the
methods provided herein, 1n addition to any conventional
flow cytometer, can include flow cytometers that employ
slow tlow or signal integration times to allow suflicient time
to register the fluorescence intensities of nanoparticles,
which are dimmer than microparticles. In some embodi-
ments, the signal integration time of the flow cytometer 1s
between about 0.5 usec-5000 usec; about 1 usec-4000 usec;
about 5 usec-3000 usec; about 10 usec-2000 usec; about 10
usec-1000 usec; about 15 usec-300 usec; about 15 usec-100
usec; or about 20 usec-30 usec. In embodiments, the tlow
cytometer can have a high laser power and high numerical
aperture collection optics for mmproved sensitivity. For
example, 1n embodiments, the flow cytometer can have a
fluorescence resolution (R) of about 10 molecules FITC to
about 20, 30, 40, 50, 60, 70, 80, 90, 100, 150, 200, 250, 300,
350, 400, 450 or 500 molecules of FITC, as measured in
units of mean equivalent soluble fluorochromes (MESE).
[0105] Inparticular embodiments, the flow cytometer used
in the methods provided herein can include instruments such
as those described, for example, 1n Zhu et al., ACS Nano
8:10998-11006 (2014) and Zhang et al., Analytical Chem-
1stry, 84:6421-6428 (2012). Exemplary commercial tlow
cytometers for use in the methods provided herein include,
for example, FACSCalibur (BD Biosciences) and CytoFlex
(Beckman Coulter/Danaher Corporation). In embodiments,
the sample flow rate setting of the flow cytometer can be the
“Low” setting as designated in the instrument. In certain
embodiments, the sample flow rate setting can be “Medium”™
or “High,” as designated in the flow cytometer instrument.
An exemplary imaging tlow cytometer for use in the meth-

ods provided herein 1s the ImageStream i1maging flow
cytometer from Amnis.

Detection and Analysis

[0106] Inparticular embodiments of the methods provided
herein, a sample containing particles that are membrane
vesicles (e.g., liposomes, extracellular vesicles) can be
adjusted to a concentration suitable for optimal staining with
the optically detectable label (surface area probe, such as
di-8-ANEPPS, or molecular marker-specific probe, such as
fluorescently labeled annexin V, cholera toxin B subunit or
ant1-CD61). For example, for a fixed concentration of the
optically detectable label, the sample can be serially diluted
whereby a final particle concentration of between about
1-5%10® to about 1-5x10"° particles/uL (an average of about
1-5x107 particles/uL) is obtained. The serial dilution of the
sample can be from about 2-fold to about 100,000-fold or
more, depending on the sample. For example, when the
sample 1s plasma, the dilution to reach a desired staining
optimum 1s high, about 100-fold to about 10,000-fold,
generally about 200-fold, due to the presence of interfering
proteins 1n the plasma that bind to the label (e.g., the
fluorescent label di-8-ANEPPS). When the sample 1s cere-
brospinal fluid (CSF), urine or saliva, the dilution factor 1s
less, about 5-fold to about 100-1old, generally about 20-1old,
due to lower amounts of interfering protein 1in these samples.

[0107] The samples are diluted 1n an 1sotonic bufler, such
as PBS or Hanks Balanced Salt Solution (HBSS) and a small

amount of surfactant (between about 0.005% to about 0.1%,
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in some embodiments about 0.01%) 1s added to facilitate
incorporation of the surface area probe into the particle. In
embodiments, the surfactant 1s a poloxamer and in some
embodiments, the poloxamer 1s Pluronic-127.

[0108] In embodiments of the method, a surface area
probe or volume probe 1s used to analyze the particles. The
surface area probe or volume probe 1s added at a concen-
tration, generally between about 1 nM to 1 uM, that achieves
stoichiometric staining of the particle surface area or vol-
ume, respectively, and provides a measurable optical signal
that 1s proportional to the surface area or volume, respec-
tively. For example, when the surface area probe 1s di-8-
ANEPPS, the concentration of added probe 1s about 500 nM.
[0109] In some embodiments of the method, a molecular
marker-specific probe 1s used to analyze the particles. The
molecular marker-specific probe can be any ligand that can
bind to or otherwise associate with a molecular marker on
the particle and 1includes an optically detectable label.
Ligands for exemplary molecular marker-specific probes
can include, but are not limited to, proteins, antibodies,
lectins, peptides, nucleic acids, carbohydrates or glycans
that include an optically detectable label, such as a fluoro-
phore, a fluorescent protein, a fluorescent polymer, a tandem
conjugate of a first fluorophore and a second fluorophore, or
an epitope, antigen or other moiety that can bind or other-
wise associate with a second ligand that can be labeled with
an optically detectable label.

[0110] The molecular marker-specific probe 1s added at a
concentration, generally between about 1 pM to 100 uM, to
produce stoichiometric binding or association with the
molecular markers, whereby the optical signal 1s propor-
tional to the number of molecular markers per particle. For
example, when the molecular marker-specific probe 1s fluo-

rescently labeled annexin V, the concentration of added
probe 1s about 25-100 nM.

[0111] In embodiments of the method, more than one
probe selected from a surface area probe, a volume probe or
a molecular marker-specific probe can be added to the
particles for analysis.

[0112] Staining of the particles with the probes 1s per-
formed for an amount of time and at a temperature suitable
for effective labeling and can be at ambient temperature
(20-25° C.) or any suitable temperature above the phase
transition of the particle being detected. The incubation time
can be from about 30 seconds to about 1 minute, 2 minutes,
S5 minutes, 10 minutes, 15 minutes, 20 minutes, 25 minutes,
30 minutes, 35 minutes, 40 minutes, 45 minutes, 50 minutes,
55 minutes, 1 hour, 2 hours, 3 hours, 4 hours, 5 hours or
longer, depending on the particles and the optically detect-
able labels. For example, when the sample 1s plasma and the
labels are di-8-ANEPPS (surface area probe) and fluores-
cently labeled annexin V (molecular marker-specific probe),
the 1incubation 1s for 1 hour at ambient temperature.

[0113] After stamning, the sample 1s diluted to reduce
background signals from free label and adjust the concen-
tration of label-associated/bound particles for optimal mea-
surement and analysis of the signal from the bound/associ-
ated label. For example, a plasma sample stained with 500
nM di-8-ANEPPS and 50 nm fluorescently labeled annexin
V 1s diluted 1000-fold, prior to detection of the labels.

[0114] The stained particles are illuminated at a wave-
length suitable for detection of the surface area/volume
probe and/or the molecular marker-specific probe that 1s
bound to or otherwise associated with the particles. In
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exemplary settings, when the particle analysis 1s by flow
cytometry and the optically detectable labels are di-8-
ANEPPS and fluorescently labeled annexin V, a 160 mW,
488 nm laser 1s used to illuminate the particles. Exemplary
wavelengths can include any suitable wavelength for detect-
ing an optically detectable label. Exemplary wavelengths for
fluorescent surface area probes or volume probes are, e.g.,
457 nm, 472 nm, 488 nm, 492 nm (di-8-ANEPPS) and for
fluorescent molecular marker-specific probes are, e.g., 365
nm, 375 nm, 405 nm, 457 nm, 472 nm, 488 nm, 492 nm, 514
nm, 532 nm, 561 nm, 633 nm, 635-642 nm, 660 nm, 785 nm,
800 nm, 1064 nm.

[0115] The signals from the particle-associated optically
detectable labels can be detected using any detector suitable
for eflective detection of the signals. Exemplary optical
clements for selecting and dispersing light can include, but
are not limited to, band pass filters, dichroic mirrors or
optical gratings for filtering or dispersing light onto a
detector.

[0116] Exemplary detectors can include, but are not lim-
ited to, a photomultiplier tube (PMT), an avalanche photo-
diode, an avalanche photodiode array, a silicon-PMT, a
hybrid PMT, a photodiode array, a charged cathode device
(CCD), an electron multiplied CCD, a CMOS sensor detec-
tor, or any suitable photodetector. In exemplary settings for
a flow cytometer, a 600 nm long pass filter and PMT can be
used to detect di-8-ANEPPS and a 525/30 band pass filter

and PMT can be used to detect fluorescently labeled annexin
v

[0117] In embodiments, when the analysis 1s by flow
cytometry, the signal integration times are adjusted accord-
ing to the brightness (signal intensity from the particle-
associated optically detectable label) of the particles being
analyzed and the type of tlow cytometer used to perform the
analysis. For example, when the particles are small, e.g.,
nanoparticles, fewer numbers of fluorescent labels becomes
associated with the particles, thereby producing dimmer
particles. To maximize detection of fluorescent intensity in
the measurement volume, signal integration times are
extended for smaller particles. In some embodiments, the
signal integration time of the flow cytometer 1s between
about 0.5 usec-3000 usec; about 500 usec-5000 usec; about
1 usec-4000 usec; about 5 usec-3000 usec; about 10 usec-
2000 usec; about 10 usec-1000 usec; about 15 usec-300
usec; about 15 usec-100 usec; about 20 usec-50 usec; or
about 10, 15, 20, 25, 30, 35, 40, 45 or 50 psec. In an
exemplary embodiment, when the sample 1s plasma, the
signal integration time 1s about 20 usec.

[0118] An “optical standard particle,” as used herein, 1s a
particle that can be used as a calibration standard in the
optical methods provided herein, for determining character-
istics such as the size (e.g., diameter) and/or surface area/
volume and/or quantity of particles for which these charac-
teristics are heretofore unknown (and one or more of these
characteristics are known for the optical standard particle).
For example, an optical standard particle of known size, or
a preparation of optical standard particles of a known
distribution of sizes (the sizes having been determined by a
method not mvolving use of the optically detectable label,
c.g., NTA, TRPS, EM) can be used to calibrate optical
intensity 1n terms ol surface area. For example, the diam-
cters ol the optical standard particles can be determined
using NTA, and the equivalent surface area distribution
calculated from the diameters. The optical standard particles
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can then be labeled with a surface area probe or volume
probe and the signal intensities of the probe associated with
the particles can be measured and plotted against the surface
arcas of the particles, thereby obtaining a correlation
between optical intensity and surface area or volume,
respectively, that can be used to determine the surface area
or volume, based on measured optical intensity, of a particle
of unknown size.

[0119] For calibrating optical intensity in terms of num-
bers of molecules of molecular markers on the particles, an
optical standard particle having a known number of molecu-
lar marker molecules can be used, or a preparation of optical
standard particles having a distribution of different known
numbers ol molecular marker molecules associated with the
particles can be used. The numbers of molecular marker
molecules on the optical standard particles can be deter-
mined by labeling the particles with molecular marker-
specific probe, then calibrating their intensity against an
external standard. For example, 1f the optical intensity is
fluorescence intensity, the external standard can be the
fluorophore FITC (tluorescein 1sothiocyanate) or PE (phy-
coerythrin) and the intensity 1s expressed as mean equivalent
soluble fluorochromes (MESF). A correlation between
MESF values and the fluorescence intensity values of the
molecular marker-specific probes associated with the optical
standard values can be obtained, and the number of probe
molecules/particle determined from the corresponding
MESF values. The molecular marker concentration can be
determined by dividing the value of probe molecules/par-
ticle by the particle surface area.

[0120] An optical standard particle, as used herein, also
can be a lipid-containing particle including, but not limited
to, a liposome, EV or other lipid-containing vesicle, con-
taining a known amount of lipid. Such particles can be
stained 1n one or more known amounts using one or more
known amounts of probe, thereby obtaining one or more
staining solutions containing optical standard particles asso-
ciated with probe at one or more known probe to lipid ratios.
These staining solutions containing optical standard par-
ticles stained at known probe to lipid ratios can then be used,
for example, to obtain a correlation between the values of
the ratios and the detection of a spectral shift, as determined
by a change in optical wavelength at which the maximum
optical intensity of the stained optical standard particles 1s
detected, or as determined by the ratio of optical intensities
at two optical wavelengths. A probe to lipid ratio at which
a spectral shift 1s detected, or a change 1n ratio of optical
intensities 1s determined, 1s 1dentified as a probe to lipid ratio
that approaches or 1s at saturation. The probe to lipid ratio of
the optical standard particle that 1s 1dentified as a probe to
lipid ratio that approaches or 1s at saturation can be used to
determine the amount of probe to be added to the sample
containing particles to be analyzed, whereby the resulting
probe to lipid ratio of the particles to be analyzed approaches
or 1s at saturation. The correlation can be predetermined, or
the sample containing particles to be analyzed can be spiked
with one or more known amounts of the optical standard
particle to determine the amount of probe that results i a
probe to lipid ratio that approaches or 1s at saturation.

EXAMPLES

[0121] The examples set forth below illustrate certain
embodiments and do not limit the technology. Certain
examples set forth below utilize standard recombinant DNA,
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membrane vesicle/liposome preparation and other biotech-
nology protocols known in the art.

Example 1: Materials and Methods

[0122] This example describes the materials and proce-
dures used 1 exemplary embodiments of the methods as
demonstrated herein.

1. Materials

[0123] All lipids, including: L-a-phosphatidylcholine
(Egg, Chicken) [PC]; L-a-phosphatidylethanolamine (Egg,
Chicken) [PE]; GM1 ganglioside (Brain, Ovine-Ammonium
Salt) [GM1]; L-a-phosphatidylserine (Brain, Porcine) (so-
dium salt) [PS]; Sphingomyelin (Brain, Porcine); Choles-
terol (Ovine, wool >98%); 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine-N-(biotinyl) (sodium salt) [PE-b];
and 1-palmitoyl-2-(dipyrrometheneboron difluoride)unde-
canoyl-sn-glycero-3-phosphocholine [Top Fluor PC| were
purchased from Avanti Polar Lipids. D1-8-ANEPPS (4-]2-
| 6-(Dioctylamino)-2-naphthalenyl]ethenyl]-1-(3-sulfopro-
pyl)-pyridinium) was from Biotium; D10C6(3) 1odide (3,3'-
Dihexyloxacarbocyanine 1odide) and PKH67 were from
Sigma. Nile Red fluorescent beads (0.53 um and 0.11 um)
were from Spherotech.

[0124] Recombinant Annexin V and hamster anti-ratCD61
(clone 2C9.G2, BioLegend) were labeled with Dylight488-
succinmimidyl ester (Pierce) and the F/P ratios determined
following the manufacturer’s instructions. PPAK (D-Phe-L-
Pro-L-Arg-chloromethyl ketone) was from Haematologic
Technologies Inc. Phosphate buflered saline (PBS) without
Ca™™ and Mg was from Corning. All other reagents were
from Sigma-Aldrich. Glass tubes were from Fisher and
microfuge tube were from Axygen. All buflers, diluents, and
sheath fluid was filtered through a 0.1 um pore diameter
filter (Pall Corporation) before use.

2. Preparation of Liposomes

[0125] Lipids were dissolved 1n chloroform at concentra-
tions varying between 2.5-100 mg/ml. The composition
(mole percent) of lipid vesicles was 47.9% PC, 16% PE,
15% sphingomyelin, 13% cholesterol, 6% PS, 1% GM1, and
1% PE-b. The lipids, prepared at the described molar ratio
at a final amount of 10 umoles total lipid, were added to a
12x75 mm test tube. The chloroform solvent was slowly
evaporated 1n a fume hood under a light stream of N2 gas,
until a thin lipid film remained around the bottom of the
tube. The thin lipid film was then hydrated with 1 mL o1 0.1
um filtered PBS (mo Ca™, Mg™) bufler and vortexed
vigorously. The resulting multi-lamellar vesicles (MLVs)
were subjected to three freeze/thaw cycles alternating
between an ethanol bath on dry 1ce and a 40° C. warm water
bath. Following the freeze/thaw cycles the solution was
incubated for an additional 60 minutes, with vortexing every
15 minutes. MLVs were aliquoted into 100 uLL volumes and
stored at —20° C. To prepare unilamellar vesicles, an aliquot
of MLVs, prepared as described above, was diluted ten-fold
in 0.1 um filtered PBS (no Ca™, Mg ™) to a total lipid
concentration of 1 mM 1n preparation for extrusion to
unilamellar liposomes. MLVs were extruded through a Lip-
soFast extrusion device (Avestin) fitted with Nucleopore
polycarbonate filter membrane with average pore diameters
of 0.4 um, 0.2 um, 0.1 um, 0.08 um, and 0.05 um (GE Water

& Process Technology) for a total of 21 passes (an odd
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number so as to minimize contamination with un-extruded
particles 1n final syringe). Liposomes were collected 1n 1.5
ml microfuge tubes, aliquoted, and stored for up to several
weeks at 4° C.

3. Cell-Free Plasma Supernatants Containing Extracellular
Vesicles (EVs)

[0126] Female Sprague Dawley rats (11 weeks of age)
were obtained from Charles River Laboratories (Wilming-
ton, Mass.) and cared for in accordance with the Guide for
the Care and Use of Laboratory Animals, 8th Edition (26).
All animals were determined to be pathogen free by Charles
River Laboratories assessment plus profile testing. Animals
were individually housed at an AAALAC, Intl-accredited
facility 1n non-sterile ventilated polycarbonate micro-isola-
tor cages on corncob bedding. All research protocols were
approved by Amgen Inc. (Seattle, Wash.) Institutional Ani-
mal Care and Use Committee. Animals had ad libitum
access to pelleted feed (2020X Teklad; Harlan Laboratories
Inc., Madison, Wis.) and water (reverse osmosis-purified)
via automatic watering system. Animals were on a 12:12 hr
light:dark cycle 1n rooms with controlled temperature and
humidity and had access to enrichment opportunities (en-
richment tubes and Nylabones). Blood (~400 ul) was col-
lected mto sodium citrate, and centrifuged 10 minutes at
2500xg and the supernatant collected to prepare cell-free
plasma which was aliquoted and stored at —80° C.

4. Nanoparticle Tracking Analysis (NTA)

[0127] Liposomes were diluted in filtered DPBS and
loaded into the chamber of a Nanosight LM-20 equipped
with a 532 nm laser and a CCD (charged cathode device)
camera. The optimal camera level (setting: 15) and threshold
(setting: 2) were established in preliminary experiments.
Five movies of 60 seconds each were recorded and analyzed
for each sample using the NanoSight software. Average
histograms and mean diameters are reported.

5. Flow Cytometry Instrumentation and Operation

[0128] Samples were analyzed on a FACSCalibur (BD
Biosciences) equipped with stock lasers, filters, and detec-
tors and using the “Low” sample flow rate setting. Samples
also were analyzed using a flow cytometer of higher sensi-
tivity constructed using components from commercial
instruments. The constructed flow cytometer contained an
optical bench (flow cell, excitation laser beam shaping
optics, forward angle obscuration bar, orthogonal collection
optics, and optical relay fibers) from a FACSCanto flow
cytometer (BD Biosciences, San Jose, Calif.), a 488 nm laser
(200 mW, Sapphire, Coherent), and a multi-PMT detector
assembly from a Beckman Coulter Elite cell sorter.

[0129] Green (DyLight 488) and red (d1-8-ANEPPS) fluo-
rescence was collected through a 525/40 bandpass or a 600
LP, respectively. Sheath and sample flow was provided by
continuous flow pumps (Milligat, GlobalFIA, Fox Island,
Wash.) at rates of 20 ul/sec and 0.02 ulL/sec respectively,
which gave a transit time (pulse width) of ~20 usec through
the probe volume (about 10x longer than a conventional
flow cytometer). Data was acquired with a custom data
acquisition system that digitized signal pulses from the
analogue detectors (PMTs and photodiodes) and recorded
pulse height and area from each channel, plus pulse width
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from the trigger channel. Some histogram data was analyzed
using the Kolmogorov-Smirnov (KS) test (27).

6. Vesicle Staiming and Size Calibration

[0130] Samples (liposomes or cell-iree plasma superna-

tants) were serially diluted into 100 ul of 0.1 um filtered
HEPES buflered saline (HBS; 150 mM NaCl, 10 mM

HEPES pH 7.4) containing 500 nM di-8-ANEPPS, 0.01%
Pluronic-127, 5 mM CacCl,) and 20 uM PPAK 1n a row of a
96 well plate, stained for at least 60 minutes, then diluted
1:800 1n PBS and analyzed by flow cytometry to determine
the dilution of sample that gave optimal staining. For
liposomes, this was at a probe to lipid ratio of at least 0.1,
which was equivalent to 5x10'° particles/mL (measured by
NTA) in 500 nM di-8-ANEPPS. For EVs 1n rat plasma, high
concentrations of plasma proteins that can also bind di-8-
ANEPPS required the use of a higher probe to lipid ratio,
achieved at a concentration of 5x10” nanoparticles/mL (as
measured by NTA) in 500 nM Di1-8-ANEPPPS. In subse-

quent experiments, EV preps were diluted 1n staining builer
as above, 50 nM of DyLight488-labeled surface marker
added, and the sample stained for at least 60 minutes
(determined 1n preliminary experiments) at ambient tem-
perature, followed by dilution and analysis by HSFC.

[0131] To calibrate the di-8-ANEPPS fluorescence 1n
terms of vesicle surface area, the di-8 intensity (channel
number) was plotted against surface area (calculated from
NTA diameter estimates, assuming sphericity) at frequency
intervals of 0.1. The slope and intercept of this line was used
to convert channel number to surface area (nm?), and then
diameter was calculated with the assumption that the
vesicles are spherical.

Example 2: Fluorescence Detection Vs. Light
Scatter Based Detection

[0132] Conventional flow cytometry on particles =1 um
generally use light scatter as a trigger parameter because the
scatter intensity ol such particles generally 1s well above
background. Scatter intensity however drops off rapidly as
particle size decreases and particle refractive index, collec-
tion angle, and “cleanliness” of sheath and sample buflers
can have large eflects on the performance of this method.
The resolution by flow cytometry using fluorescence as a
trigger was compared to the resolution obtained using light
scatter as a trigger. Established fluorescence calibration
protocols were used (Nolan I P, Stoner S A. A trigger
channel threshold artifact 1n nanoparticle analysis, Cytom-
etry Part A 2013; 83A:301-305; Hoflman R A, Wood ] C S.
Characterization of Flow Cytometer Instrument Sensitivity,
Current Protocols 1n Cytometry: John Wiley & Sons, Inc.;
2007; Schwartz A, Gaigalas A K, Wang L, Marti G E, Vogt
R F, Fernandez-Repollet E. Formalization of the MESF unait
of fluorescence intensity, Cytometry Part B: Clinical Cytom-
etry 2004; 57:1-6; Chase E S, Hoflman R A. Resolution of
dimly fluorescent particles: A practical measure of tluores-
cence sensitivity, Cytometry 1998; 33:267-279; Wood 1.
Fundamental flow cytometer properties governing sensitiv-
ity and resolution, Cytometry 1998; 33:260-266; Wood 1,

Hoflman R A. Evaluatmg ﬂuorescence sensitivity on ﬂow
cytometers: an overview, Cytometry 1998; 33:256-259;

Schwartz A, Fernandez Repollet E, Vogt R, Gratama J W.
Standardizing flow cytometry: construction of a standard-
1zed fluorescence calibration plot using matching spectral
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calibrators, Cytometry 1996; 26:22-31; Schwartz A, Marti
(G, Poon R, Gratama J, Fernandez-Repollet E. Standardizing
flow cytometry: a classification system of fluorescence stan-
dards used for flow cytometry, Cytometry 1998; 33:106-114;
Wang L, Gaigalas A K, Abbas1 F, Marti G E, Vogt RF,
Schwartz A. Quantitating fluorescence intensity from fluo-
rophores: practical use of MESF values. JOURNAL OF
RESEARCH-NATIONAL INSTITUTE OF STANDARDS
AND TECHNOLOGY 2002; 107:339-354).

[0133] A muxture of two Nile Red fluorescent beads, 0.53
um and 0.11 um, were analyzed by flow cytometry using
either light scatter-based triggering or fluorescence-based
triggering, at a concentration adjusted to minimize coinci-
dence (simultaneous detection of more than one particle 1n
the measurement volume, as a single count) to a negligible
level (~1x107 particles/mL). FIG. 1 shows side scatter and
fluorescence intensity histograms of the particle measure-
ments triggered on fluorescence (A-C) vs. scatter (D-F). The
trigger threshold required to minimize the background event
rate threshold (dashed line) and the system background
signal levels obtained using a software trigger (grey filled
histogram) also are shown.

[0134] The histograms of FIG. 1 show that the 0.53 um
bead 1s readily detected using a side scatter trigger or a
fluorescence trigger. Single beads are clearly identified on
both side scatter and Nile Red fluorescence channels, as are
coincident events, which are approximately twice as bright.
However, the light scatter from the 0.11 um bead 1s much
lower and as the trigger threshold i1s lowered, triggered
events from particles in the sheath and sample fluids begin
to dominate the histogram, even before the optical back-
ground of the system as determined by a software trigger 1s
reached. By contrast, setting the fluorescence trigger thresh-
old just above the software trigger background allows the
dim (0.11 um) fluorescent beads to be detected, while their
light scatter 1s 1n background range. The population of 0.11
um beads could be resolved about background in the fluo-
rescence channel (see, e.g., panels B and C), but 1n the side
scatter channel were poorly resolved from noise and below
the threshold required for side scatter triggering (see, e.g.,
panels E and F)

[0135] The results show that in this system, with sheath
and sample fluid consisting of 0.1 um filtered nanopure
water, fluorescence triggering provides superior resolution.
Thus, fluorescence triggering was expected to be even more
significant as a tool for the study of lipid membrane vesicles,
whose refractive index 1s significantly lower than the poly-
styrene Nile Red beads studied 1n this example and, as a
consequence, are expected to scatter less light.

Example 3: Vesicle Staining Using Surface Area
Probes

[0136] Several lipophilic fluorescent probes were evalu-
ated for their ability to stain membrane vesicles as surface
area probes. Surface area probes were assessed for their
ability to bind saturably and stoichiometrically with mem-
brane vesicles such that probe-associated fluorescence 1s
proportional to surface area and the fluorescence 1s enhance-
ment when bound to membrane relative to when the probe
1s free 1n solution.

[0137] Three blue-excited membrane surface area probes,
D10, PKH67, and di-8-ANEPPS, were evaluated for their
suitability 1n stamning lipid vesicles for analysis by flow
cytometry. Absorbance and tluorescence emission spectra of
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cach probe were obtained 1n PBS and 1n PBS containing 100
nm diameter liposomes. All three probes exhibited an
increase 1n fluorescence upon addition of lipid membrane,
with D1-8-ANEPSS having the lowest fluorescence 1n aque-
ous bufler and the greatest enhancement 1n the presence of
lipid membrane.

[0138] The suitability of these probes for detecting lipo-
somes was evaluated using flow cytometry. Different dilu-
tions of a liposome stock solution were stained using a fixed
concentration of probe (100 nM) to give different probe/lipid
ratios (P/L) and measured using the custom flow cytometer
set for triggering on fluorescence. For all probes, both the
number of events per ulL of liposome stock solution and the
event brightness varied for P/L ratios >0.1. However, for
di-8-ANEPPS, both the liposome concentration estimates
and the liposome brightness were consistent for P/LL>0.1 and
up to a P/L of 0.25, indicating that the di-8-ANEPPS
staining 1ntensity ol liposomes 1s saturable over this P/L
range.

[0139] To confirm that single vesicles and not coincident
vesicles were being measured (coincidence often 1s a prob-
lem when attempting to measure very dim small particles),
a series of two fold dilutions of di-8-ANEPPS-stained
liposomes was performed, and 1t was found that the mea-
sured event rate decreased 1n proportion to the dilution, but
the median fluorescence did not change, consistent with the
analysis of single particles. The liposome concentration
measured by flow cytometry, after accounting for dilutions
(6.2x10% particles/ul), was within a factor of two of the
concentration estimated by NTA (12x10® particles/ul). To
confirm that lipid vesicles were being measured, the di-8-
ANEPPS-stained liposomes were treated with 0.05% Triton
X-100, which solubilized the vesicles and reduced particle
counts to background levels.

[0140] The extruded liposomes were found to be stable,
with stored liposomes (4 months, 4° C.) retaining the same
fluorescence staining properties as freshly extruded lipo-
somes. The results demonstrate that liposomes are attractive
as possible reference particles to aid in the standardization of
EV measurements.

Example 4: Calibration of Vesicle Size Using NTA
or Flow Cytometry

[0141] The results from Example 3 above suggested that
di-8-ANEPPS intercalates into membrane vesicles 1n a stoi-
chiometric manner, and thus could be useful to estimate
vesicle surface area and, therefore, vesicle diameter. To
evaluate this possibility, di-8-ANEPPS at a P/L ratio of >0.1
was used to measure liposomes that had been prepared by
extrusion through nucleopore filters with different pore
sizes. FIGS. 2A-D depict fluorescence intensity histograms
of di-8-ANEPPS stained vesicles prepared by extrusion
through polycarbonate membrane filters with average pore
s1zes of 200 nm (A), 100 nm (B), 80 nm (C) and 50 nm (D),
as described 1n Example 1. FIGS. 2E-H depict nanoparticle
diameter population histograms from NTA of the same
vesicles, with the median diameter of each preparation
indicated.

[0142] As shown in FIGS. 2A-D, liposomes extruded
through increasingly smaller pore sizes and staimned with
di-8-ANEPPS showed unimodal fluorescence intensity dis-
tributions with increasingly lower intensities. For reference,
these intensities ranged from ~25-1000 mean equivalent

PE-TexasRed molecules (MEPETR), determined using
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Spherotech Rainbow beads and the manufacturer’s calibra-
tion values. These same liposome preparations also were
analyzed by nanoparticle tracking analysis (NTA), which
estimates nanoparticle diameter from its Brownian diffusion
and from which diameter can be calculated (FIGS. 2E-H,
dashed lines).

[0143] To calibrate fluorescence intensity 1 terms of
surface area, the NTA diameter measurements were con-
verted to surface area using the assumption of sphericity, and
the resulting distribution plotted against the di-8-ANEPPS
intensity distribution at frequency intervals of 0.1 (FIG. 3).
The slope and intercept of the line were used to convert
di-8-ANEPPS 1ntensity into surface area units, and then to
diameter umts (F1GS. 2E-H, solid lines). For vesicles ~120
nm and smaller, there was excellent concordance between
the fluorescence intensity measurements and NTA. For
larger vesicles (larger than ~200 nm), flow cytometry using
a fluorogenic membrane surface area probe was found to
detect the vesicles more efliciently when compared to NTA.
[0144] The light scatter intensity of the events detected
using fluorescence triggering also was recorded; 1t was
found that light scatter from low refractive index membrane
vesicles was below the detection limit of the tlow cytometer
instrument. Light scatter measurements also are sensitive to
the presence of non-fluorescent particles 1n the sample and
sheath fluids and even when particles can be detected,
calibration of these measurements i1s dithcult. Thus, the
results demonstrate that fluorescence staining of vesicle
membrane surface area 1s an attractive alternative to light
scatter-based approaches for detecting and estimating the
s1ze of very small vesicles by tlow cytometry.

Example 5: Analysis of Extracellular Vesicles 1n
Plasma

[0145] To evaluate flow cytometry for EV detection,
plasma from untreated rats was analyzed using the custom
flow cytometer described 1n Example 1. Cell-free plasma
was prepared from blood by low speed centrifugation
(2x2500xg, 10 minutes) to remove large cells and analyzed
using N'TA to determine total nanoparticle concentration and
population size distribution. Plasma from three different rats
was measured by NTA (FIGS. 4A-C) or by flow cytometry
(vesicle flow cytometry or VFC; FIGS. 4D-F).

[0146] For flow cytometry, samples were diluted to

approximately 1x10” nanoparticles per uL, stained with 100
nM di-8-ANEPPS, further diluted 1000-fold, and analyzed

by flow cytometry. FIG. 4 shows NTA (4A-C) and flow
cytometry (4D-F) population diameter distributions from the
three representative rat plasma samples, estimated using
liposomes as a reference particle as described above. Both
NTA and flow cytometry reported unimodal particle popu-
lations, with a peak (mode) diameter of ~120 nm.

[0147] The correlation between N'TA nanoparticle concen-
tration estimates and flow cytometry vesicle concentration
estimates for eight different animal samples are presented 1n
FIG. 4G. NTA reported total nanoparticle concentrations n
untreated rat plasma between 1.54x10’/ulL and 1.24x10°/uL.
(average 4.87x10%/uL, n=8), while flow cytometry reported
total vesicle concentrations of 5.12x107/uL. to 1.95x10%/uL.
(average 1.03x10%/ul, n=8). In general a direct correlation
was found between NTA, which measures particles with
detectable light scatter, and flow cytometry, which measures
particles with detectable fluorescence, with NTA reporting
concentrations ~3-5 fold higher than flow cytometry. This
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difference may be due in part to the selectivity of flow
cytometry for membranous particles, as well as uncertainties
in the volume of the sample measured by NTA and the limaits
ol detection of the two methods.

[0148] To test the ability of flow cytometry to measure
high abundance surface markers on EVs, platelet rich
plasma (PRP) from rats were prepared and stimulated with
the 1onophore A23187, which 1s known to induce platele
EV release. After treatment, samples were centrifuged as
above to remove residual cells and platelets and stained with
di-8-ANEPPS as a surface area probe, followed by staining
with either Dylight488-Annexin V or -CD61 as a membrane
molecular marker-specific probe. CD61 1s a component of
the a2 33 integrin complex found in high abundance on
platelets, while annexin V binds to exposed phosphatidyl-
serine (PS) on the outer leatlet of the vesicle membrane.
[0149] FIG. 5 depicts the fluorescence measurement of EV
surface markers from control plasma (5A, 5B) or 1onophore-
treated platelet-rich plasma (5C, 5D). As shown in FIG. 5§,
EVs stammed with both di-8-ANEPPS and Dylight 488-
Annexin V show a clearly resolved population of EVs, with
annexin V binding corresponding to ~28% of total EVs with
a median brightness equivalent to ~6400 MESF of fluores-
cein, as well as a population that was annexin V negative
(FIG. SA). Upon treatment with 1onophore, >60% of the
EVs were annexin V positive (FIG. 5C). Similarly, ~23% of
EVs 1n control plasma were positive for CD61, with a
median brightness equivalent to ~1 3500 MESF of fluorescein
(FIG. 5B), which increased to ~50% CD61 positive 1n
ionophore treated PRP (FIG. 5D). Thus, high sensitivity
flow cytometry triggered on the fluorescence of a fluoro-
genic membrane probe allows detection of individual EVs 1n
plasma, as well as the detection of EV sub-populations
expressing cell surface markers.

Example 6: Analysis of Extracellular Vesicles 1in
Cerebrospinal Fluid

[0150] Cerebrospinal fluid (CSF) samples from patients
diagnosed with five different neurological disorders, and
from normal subjects, were analyzed by NTA or by tlow
cytometry. For flow cytometry, CSF samples were stained
using di-8-ANEPPS as a fluorescent surface area probe for
the membranes of EVs 1in CSF, and DyLight488-labeled
surface markers (annexin V or anti-CD41) were used as
fluorescent molecular marker-specific probes of the EVs.
The samples prepared for flow cytometry were analyzed
using the custom constructed instrument described in
Example 1.

[0151] Pools of patient-derived CSF samples from
patients having high grade glioma, low grade glioma,
Alzheimer’s disease, Parkinson’s disease or subarachnoid
haemorrhage showed 2- to 7-fold increases 1n the concen-
tration of EVs, compared to samples from normal subjects,
with no notable differences 1n size, indicating that the EV
concentrations could have diagnostic value.

[0152] Further, while the EV size distributions determined
by NTA and by flow cytometry (measuring fluorescence
intensity of EV-associated di-8-ANEPPS) were similar, the
particle concentrations obtaimned by flow cytometry were
lower than NTA (2.16x10° particles/ul with flow cytometry,
relative to 4.32x10° particles/ul with NTA) and the mean
s1ze was larger (192 nm with flow cytometry, relative to 118
nm with NTA), indicating that NTA likely measures all
scattering particles 1n the CSF while flow cytometry mea-
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sures membranous nanoparticles. In addition, the measured
intensities of the fluorescent molecular marker-specific
probes associated with the EVs revealed variable annexin
V—associated EV 1fractions, with some showing a signifi-
cant fraction of CD41—associated EVs. Thus, fluorescence
measurement based tlow cytometry could characterize the
EVs in CSF with high sensitivity compared to NTA, with
flow cytometry providing fluorescent antibody based spe-
ciation of EVs.

Example 7: Antibody-Capture Nanospheres for
Compensation and Spectral Reference

[0153] A set of 0.45 um antibody capture beads that each
capture about 5000 antibody molecules were developed as
positive control nanobeads (optical standard particles) and
BSA coated beads were developed as negative control
nanobeads (optical standard particles). 450 nm polystyrene
beads were coated with either anti-lambda IgG (positive
control) or BSA (negative control). Such beads can serve as
a spectral reference for use 1 compensation or spectral
unmixing, to obtain a more accurate detection and/or quan-
titation of the fluorescence intensity ol nanoparticles (e.g.,
EVs) of interest. FIG. 6 depicts histograms from a sample
containing both the positive and negative control beads
stained with a DyLight488-conjugated antibody. The results
show that the antibody capture beads were selectively
stained by the fluorescent antibody relative to the BSA
beads, as measured by DylLight488 fluorescence, thereby
demonstrating that these spectral reference beads can be
added to a nanoparticle sample 1n known amounts to quan-
titate the relative numbers of molecular marker molecules
associated with the nanoparticles (1.e., the molecules asso-
ciated with the nanoparticles that bind to fluorescent
molecular marker-specific probes).

[0154] The antibody capture beads can be used as com-
pensation standards for flow cytometry measurements of
particle, including nanoparticle, surtace markers or 1n mul-
tispectral measurements of particle, including nanoparticle
(e.g., EV) surface molecular markers by capturing antibod-
ies labeled with multiple different fluorophores. Such a panel
of antibody capture beads can provide eflicient analyses of
multiple nanoparticle-associated molecular markers, while
serving as spectral reference particles to correct for spectral
mixing between the diflerent. The spectral data stream can
have the background Rayleigh and Raman scatter spectra
subtracted in real time and data can be analyzed in the
conventional mode, where signals from various spectral
bands are plotted as intensity histograms, or as a hyperspec-
tral data set that allows spectral approaches that can produce
higher resolution measurements.

Example 8: Characterized Liposomes for Detection

and/or Sizing of Vesicle-Associated Molecular
Markers

[0155] Liposomes, 1.¢., synthetic lipid vesicles, were pre-
pared with defined compositions and nanoparticle size dis-
tributions that can be measured by independent methods
(NTA, RPS, TEM), to serve as reference particles for the
analysis of EVs. The liposomes were found to be stable for
months at 4° C. FIG. 7 depicts tlow cytometry bivanate
histograms showing di-8-ANEPPS vs. Brilliant Violet-con-
jugated Annexin V fluorescence of liposomes with or with-
out phosphatidylserine (PS), which binds to annexin V. The
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liposomes were prepared by extrusion as described 1n
Example 1, resulting in a preparation with a mean diameter
of 150 nm, as measured by NTA. While both liposome
populations (PS- and PS+) show comparable di-8-ANEPPS
fluorescence, the histogram shows enhanced Brilliant Vio-
let-conjugated Annexin V fluorescence in the liposome
population containing phosphatidylserine (PS+). Thus, in
accordance with the methods provided herein, fluorescence
flow cytometry could be used to separate distinct popula-
tions of nano-liposomes (size 1n the nm range), based on the
presence or absence ol PS as a marker.

Example 9: Supported Bilayer Lipospheres for
Standardization of Membrane (Surface Area)
Probes

[0156] Sub-micron sized silica lipospheres bearing a sup-
ported lipid bilayer were developed for detection by light
scatter or for staining by surface area probe membrane dyes
such as Di1-8-ANEPPS and annexin V. 500 nm silica nano-
spheres were coated with a lipid bilayer, generating silica
lipospheres. The 500 nm silica beads (nanospheres) were
obtained from Duke Scientific (#80350) and sonicated to
disperse the beads. 25 uL of a stock solution of the beads
(3x10"'" bead particles/ml) was pipetted into 1 mL of 10 mM
HEPES bufier pH 7.3, 150 mM NaCl. To the resulting
diluted solution, 100 uM MLV stock, prepared as described
in the section “Preparation of Liposomes” in Example 1 and
pre-warmed to 45° C., was added. The mixture was vortexed
and 1ncubated at 45° C. for 15 minutes, then overnight at
ambient temperature on a rotator. The overnight incubation
can be performed at any temperature that 1s above the lipid
phase transition temperature—ifor example, 20-25° C. for
some particle lipid compositions, 30-37° C. for other particle
lipid compositions.

[0157] The next day, the bilayer coated silica beads (nano-
spheres) were washed 3 times 1n butlered saline, followed by
centrifugation. The resulting silica liposphere preparation
was stored at 4° C., at a concentration of 1x10° bead
particles/ml.

[0158] The silica lipospheres can serve as both positive
staining controls and spectral compensation reference par-
ticles. Presented in FIG. 8 are data from lipospheres stained
with either D1-8-ANEPPS or DyLight488-annexin V and
analyzed on the custom flow cytometer constructed as
described in Example 1, using side scatter as a detection
trigger. FIG. 8 shows two distinct liposphere populations,
the population stained with di-8-ANEPPS showing
enhanced di-8-ANEPPS fluorescence and the population
stained with DyLight488-Annexin V showing enhanced
annexin V tluorescence. The results demonstrate that both
dyes are capable of binding to the lipospheres, thereby
validating their use as reference particles.

Example 10: Determining Membrane Dye
Saturation using Fluorescence Spectral Shaft

[0159] Estimates of the concentration and size of vesicles
1s most accurate when the tfluorescent probe labeling of the
vesicle 1s close to or at saturation. We have observed that the
fluorescence spectrum of di-8-ANEPPS associated with a
vesicle undergoes a spectral shift as 1t approaches saturation
in the vesicle membrane. Momitoring the spectral shift can
be used to determine when probe saturation 1s reached.
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[0160] FIGS. 9A and 9B are fluorescence spectra of bulk
suspensions of di-8-ANEPPS (500 nM) in bufler alone
(HBS; 150 mM NaCl, 10 mM HEPES pH 7.4) or bufler plus
two concentrations of synthetic lipid vesicles (50 uM and 3
uM, prepared as 1n Example 1 above) to produce two
different probe to lipid ratios (0.01 and 0.16, respectively).
At the lower vesicle concentration, the probe to lipid ratio 1s
higher and the fluorescence emission maximum 1s shifted
shifts towards the red. This spectral shift can be expressed as
the ratio of fluorescence intensity at 690 nm to the fluores-
cence 1ntensity at 610 nm, and can be used to monitor the
probe as 1t approaches saturation in the membrane. FIG. 9B
1s a normalized representation of the measurements depicted
in FIG. 9A. Presented i FIG. 9C 1s the ratio of intensities
at 690 to 610 nm measured at several different probe to lipid
ratios. The measurements depicted in FIGS. 9A-C were
performed 1n a fluorimeter on bulk solutions 1n containers,
such as cuvettes.

[0161] The spectral shift also can be monitored by tlow
cytometry, using the ratio of fluorescence intensity measured
through a 690/50 nm band pass filter to the intensity mea-
sured through a 610/20 nm bandpass filter. Flow cytometry
permits the analysis of individual particles/vesicles. Pre-
sented 1 FIG. 9D are histograms of the population distri-
butions of the ratio of intensities of the synthetic vesicles
measured through the 690/50 nm and 610/20 nm filters
(690/610 ratio), for high (0.16) and low (0.01) probe to lipid
ratios. The vesicles stained with the higher probe to lipid
ratio have a higher 690/610 ratio, which indicates a higher
degree of saturation. FIG. 9E presents the ratio of intensities
at 690 to 610 nm measured by flow cytometry of synthetic
vesicle preparations having several different probe to lipid
ratios.

[0162] The spectral shift also was shown to occur 1n EVs
in plasma. Serial dilutions of platelet-poor plasma (PPP) 1n
bufler were prepared and stamned with 500 nM  di-8-
ANEPPS, to produce samples with different probe to lipid
ratios. FIG. 9F presents the median 690/610 ratio at two
dilutions of human PPP. The more diluted PPP preparation
(1:1600 dilution), which has a higher amount of probe
relative to the plasma particles (higher P/L ratio), showed a
spectral shift relative to the less diluted (more concentrated)
PPP preparation, as seen by an increase 1n the 690/610 ratio.
Thus, monitoring the 690/610 ratio provides a means to
measure when probe saturation i1s approached in synthetic
vesicle staiming as well staining of biological vesicular
preparations.

Example 11: Detection of Vesicles and
Measurement of their Light Scatter

[0163] Flow cytometry of cells generally employs light
scatter to trigger detection, and most examples of vesicle
measurements by flow cytometry also use this approach,
which presents a number of difliculties including, but not
limited to: 1) the very dim light scatter signals produced by
vesicle owing to their small size and low refractive index; 2)
background light scatter from particles 1n sample, reagents,
buflers, and sheath fluids as well as scatter from the flow cell
and other optical components; 3) differentiation between the
dim scatter from vesicles as discussed in 1) and the various
sources of background as discussed in 2); and 4) interpreting
light scatter intensity given its complex dependence on
illumination wavelength, particle size (radius), and refrac-
tive index. The fluorescence-based detection approach pro-
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vided herein, which uses a fluorogenic membrane probe,
obviates many of these 1ssues by selectively detecting mem-
brane vesicles with fluorescence intensity that 1s propor-
tional to vesicle size (surface area) and rendering light
scatter a more useful measurement parameter.

[0164] To demonstrate the eflectiveness of the fluores-
cence-based detection approach, we analyzed the di-8-
ANEPPS fluorescence and violet (405 nm) light scatter in
samples of bufler only (HBS; 150 mM NaCl, 10 mM
HEPES pH 7.4), buller plus fluorogenic membrane probe,
and buller plus probe and synthetic vesicles. As presented 1n
FIG. 10A, analysis of bufler alone only produces a small
number of background events, a population of low scatter-
ing, low fluorescence events, and a population of higher
scatter, higher fluorescence events. Analysis of bufler plus
probe produces a similar number and type of events (FIG.
10B). Analysis of stained synthetic vesicles (liposomes)
produces a distinct population of fluorescent events that
have light scatter that increases with increasing tluorescence
intensity and estimated diameter (FIG. 10C). When the
sample of stained synthetic vesicles 1s treated with detergent
(0.1% Tnton X-100; TX1000) to disrupt the membrane
vesicles, the distinct population of fluorescent events 1s
climinated (FIG. 10D), confirming that this population of
events are detected due to the presence of membrane
vesicles. Thus, the particle analysis methods provided herein
can resolve membrane vesicles.

[0165] To further demonstrate the effectiveness of the
methods provided herein, stained platelet-free plasma was
analyzed, which produced a distinct population of events 1n
which the scatter intensity increased with increasing tluo-
rescence and estimated diameter (FIG. 10E). The scatter
intensity of this population was higher that the light scatter
from the stained vesicles/liposomes demonstrated in FIG.
10C, likely owing to the higher refractive index of cell-
derived vesicles in plasma that contain proteins, nucleic
acids, and other cellular components compared to synthetic
liposomes/vesicles, which are composed only of lipids and
bufler. Addition of detergent eliminates the population of
events derived from the vesicles in platelet-free plasma
(FIG. 10F), confirming that it 1s vesicular 1n nature. Thus,
vesicle flow cytometry using fluorescence detection
addresses many of the diflicult 1ssues associated with light
scatter-based detection, and renders light scatter measure-
ments more usetful for the study of membrane vesicles in
complex biological fluids such as plasma.

Example 12: Multimarker Analysis of EVs in
Human Plasma

[0166] Vesicles in complex biological fluids such as
plasma are heterogeneous, originating from different cell
types and from different compartments within cells. To
demonstrate that the methods provided herein effectively
resolve heterogeneity 1n these vesicles by measuring mul-
tiple fluorophores simultaneously on individual particles, we
prepared human platelet rich plasma (PRP) by centrifuging
blood at 30xg for 15 minutes and collecting the supernatant.
The PRP was aged for 24 hours, and then centrifuged twice
at 2500xg for 15 minutes to prepare cell free plasma (PRP
supernatant), which was then frozen. Aliquots of plasma
were thawed and stained with di-8-ANEPPS (500 nM) and
three diflerent fluorescence-labeled reagents: PECy7-an-
nexin V (a marker of phosphatidyl serine), PE-anti-CD41 (a
marker of CD41 on platelets), and APC-anti-CD235 (a
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marker ol CDD235 on erythrocytes). Annexin V has a specific
binding athnity for phosphatidyl serine (PS), which 1s a
surface molecular marker of many cell-derived EVs, mem-
brane vesicles and liposomes. Synthetic liposomes (prepared
as 1n Example 1 above) bearing phosphatidylserine were
also stained using PECy7-annexin V as a positive control
and PE-anti-CD41 and APC-ant1-CD235 as negative con-
trols, since they do not contain the CD41 and CD235
antigens. Intensity calibration beads for PE and APC were

used to calibrate these signals 1n units of mean equivalent
soluble fluorochromes (MESF).

[0167] Presented 1n FIG. 11A 1s the population size dis-
tribution of the synthetic liposomes as estimated from di-8-
ANEPPS staining intensity and bivariate histograms of
diameter, versus fluorescence intensity of the three different
fluorescence-labeled reagents. The liposomes showed strong
staining for annexin V (PECy7 Intensity) and low levels of
background from the PE-anti-CD41 (PE Intensity) and APC-
ant1-CD235 (APC Intensity), likely resulting from antibody
agoregates. Treatment of the sample with the detergent
Triton X-100 (0.05%) eliminates the liposomes, while the
antibody aggregates and other non-membrane background
events remain (FIG. 11B). Presented in FIG. 11C 1s the
population size distribution of EVs 1n plasma as estimated
from di-8-ANEPPS staining intensity and bivariate histo-
grams ol diameter, versus tluorescence intensity of the three
different fluorescence-labeled reagents. Subsets of EVs
showed staining for CD41 (PE Intensity) and annexin V
(PE-Cy7 Intensity). When this sample was treated with
0.05% 'Iriton X-100, the EVs were eliminated leaving
behind the detergent-insoluble background particles FIG.
11D). Thus, this method allows the selective detection of
membrane vesicles, estimation of their size, and measure-
ment of surface molecule markers directly 1n plasma.

Example 13: Examples of Certain Non-Limiting
Embodiments

[0168] Listed hereafter are non-limiting examples of cer-
tain embodiments of the technology.

[0169] Al. A method of analyzing particles 1n a sample,
the method comprising:

[0170] (a) contacting a sample comprising the particles
with one or more optically detectable labels, thereby
forming a staining solution, wherein:

[0171] (1) the one or more optically detectable labels
comprise a surface area probe or volume probe,
wherein the surface area probe or volume probe
interacts with the particles stoichiometrically with
respect to particle surface area or volume, respec-
tively, thereby forming particles comprising particle-
associated surface area probe or volume probe,
wherein the optical signal from the particle-associ-
ated surface area probe or volume probe 1s propor-
tional to the surface area or volume, respectively, of
the particle, and/or

[0172] (11) the one or more optically detectable labels
comprise a molecular marker-specific probe,
wherein the molecular marker-specific probe inter-
acts with a molecular marker of the particle stoichio-
metrically with respect to the number of molecules
of the molecular marker that are associated with the
particle, thereby forming particles comprising par-
ticle-associated molecular marker-specific probe,
wherein the optical signal from the particle-associ-
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ated molecular marker-specific probe 1s proportional
to the number of molecules of molecular marker
associated with the particle; and

[0173] (b) without physical separation or 1solation of
the particles, detecting the optical signal of the one or
more particle-associated optically detectable labels
generated 1n (1) and/or (11), thereby analyzing the par-
ticles 1n the sample.

[0174] A2. The method of embodiment Al, wherein at
least one particle in the sample comprises a size of about 500
nm or less in diameter.

[0175] A3. The method of embodiment A1 or embodiment

A2, wherein at least one particle 1n the sample comprises a
s1ze of between about 10 nm to about 200 nm 1n diameter.

[0176] A4. The method of any one of embodiments Al to
A3, wherein at least one particle 1n the sample comprises a
size of between about 50 nm to about 200 nm 1n diameter.

[0177] AS. The method of any one of embodiments Al to
A4, wherein at least one particle 1n the sample comprises a
s1ze of between about 50 nm to about 150 nm 1n diameter.

[0178] A6. The method of any one of embodiments Al to

A5, wherein the particles 1n the sample comprise a size
range ol between about 10 nm to about 500 nm 1n diameter.

[0179] A7. The method of any one of embodiments Al to

A6, wherein the particles 1n the sample comprise a size
range ol between about 50 nm to about 200 nm 1n diameter.

[0180] AR. The method of any one of embodiments Al to

A7, wherein the particles 1n the sample comprise a size
range of between about 50 nm to about 150 nm 1n diameter.

[0181] A9. The method of any of embodiments Al to AS,

wherein prior to (a), the concentration of the particles in the
sample is, or is adjusted to, between about 1x10° particles/
ul. to about 1x10"~ particles/uL.

[0182] A10. The method of embodiment A9, wherein the
concentration of the particles 1n the sample 1s, or 1s adjusted
to, between about 1x10® particles/ul. to about 1x10"° par-
ticles/ul

[0183] AIll. The method of embodiment A10, wherein the

concentration of the particles 1n the sample 1s, or 1s adjusted
to, about 1x10” particles/uL.

[0184] A12. The method of any of embodiments Al to
All, wherein the staining solution comprises an 1sotonic

buftter.

[0185] A13. The method of embodiment Al1, wherein the
1sotonic butler 1s phosphate buflered saline (PBS), Hanks
balanced salt solution (HBSS) or HEPES builered saline.

[0186] Al4. The method of any of embodiments Al to
Al3, wherein the staining solution comprises a surfactant.

[0187] Al5. The method of any of embodiments Al to
Al4, wherein the concentration of the surfactant in the

staining solution 1s between about 0.005% to about 0.1%.

[0188] Al6. The method of any of embodiments Al to
Al3, wherein analyzing the particles in the sample com-
prises detecting the particles 1n the sample.

[0189] A16.1 The method of any of embodiments Al to

Al6, wherein analyzing the particles in the sample com-
prises determining the surface area or volume of the particle
based on the detected optical signal of the surface area probe
or volume probe, respectively.

[0190] A16.2 The method of embodiment A16.1, further
comprising determimng the size of the particle based on the
surface area or volume.
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[0191] A16.3 The method of embodiment A16.2, wherein
determining the size of the particle comprises determining
the diameter of the particle.

[0192] A1l7. The method of any of embodiments Al to
Al16.3, wherein analyzing the particles 1n the sample com-
prises determining the type and/or number of molecular
markers associated with the particle based on the detected
optical signal of the molecular marker-associated probe.
[0193] A17.1 The method of embodiment Al17, further
comprising 1dentifying and/or quantifying the particle based
on the type and/or number of molecular markers associated
with the particle.

[0194] A18. The method of any of embodiments Al to
Al7, wherein the surface area probe or volume probe 1s a
fluorescent label.

[0195] A19. The method of any of embodiments Al to
Al8, wherein the molecular marker-specific probe 1s a
fluorescent label.

[0196] AZ20. The method of embodiment A18 or Al9,
wherein the fluorescent label 1s a fluorophore, a tandem
conjugate between more than one fluorophore, a fluorescent
polymer, a fluorescent protein, or a tluorophore conjugated
to a molecule that interacts with the particle.

[0197] AZ21. The method of any of embodiments A18 to
A20, wherein the fluorescent label 1s conjugated to a mol-
ecule that interacts with the particle.

[0198] A22. The method of embodiment A21, wherein the
molecule that interacts with the particle 1s a protein, an
antibody, a lectin, a peptide, a nucleic acid, a carbohydrate
or a glycan.

[0199] A23. The method of any of embodiments Al to
A22, wherein at least one particle comprises a lipid bilayer.
[0200] A24. The method of embodiment A23, wherein the
particle comprising a lipid bilayer 1s a liposome or an
extracellular vesicle.

[0201] A25. The method of any of embodiments A18 to

A24, wherein detection of the optically detectable label 1s by
fluorescence spectroscopy, fluorescence imaging, or tlow
cytometry.

[0202] A26. The method of embodiment A25, wherein
detection of the optically detectable label 1s by tlow cytom-

etry.

[0203] A27. The method of embodiment A26, wherein the
particle 1s a liposome or an extracellular vesicle.

[0204] A28. The method of embodiment A27, wherein the
surface area probe 1s selected from among di-8-ANEPPS,
di-4-ANEPPS, a carbocyanine dye or a PKH dye.

[0205] A29. The method of embodiment A28, wherein the
surface area probe 1s di-8-ANEPPS.

[0206] A30. The method of any of embodiments A27 to
A29, wherein the ratio of the amount surface area probe (P)
relative to the amount of lipid (L) i the particle, P/L, 1s
adjusted whereby the surface area probe interacts with the
particles stoichiometrically with respect to particle surface
area or volume.

[0207] A31. The method of embodiment A30, wherein the
P/L ratio 1s between about 0.1 to about 0.25.

[0208] A32. The method of any of embodiments A27 to
A30, wherein the molecular marker-specific probe 1s a
fluorophore conjugated to a protein

[0209] A32.1 The method of embodiment A32, wherein
the protein 1s selected from among annexin V, cholera toxin
B-subunit, anti-CD61, anti-CD171, anti-CD325, anti-

CDI130, anti-GLAST, anti-EGFRvVIII, anti-EGFR, anti-
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CD133, anti-CD135, anti-CD63, ant1-CD9, anti-CD41, anti-
CD235, anti-CD354 and ant1-CD45.

[0210] A33. The method of embodiment A28, A32 or
A32.1, wherein the fluorophore conjugated to the protein

conjugates 1s selected from among Dylight488, a Brilliant
Violet dye, Pacific Blue, Chrome Orange, Brilliant Blue 515,

PE, rhodamine, FITC, PE-Cy5.5, PE-Cy7, APC, Alexa647/,
APC-Alexa700 and APC- Alexa750

[0211] A34. The method of any of embodiments Al to
A33, wherein physical separation or 1solation of the particles
comprises washing of the particles.

[0212] A35. The method of any of embodiments Al to
A34, wherein physical separation or 1solation of the particles
comprises centrifugation or ultracentrifugation of the par-
ticles.

[0213] A36. The method of any of embodiments A26 to

A35, wherein the flow cytometer has a configuration
whereby light 1s collected from both sides of the tlow cell.

[0214] A37. The method of any of embodiments A26 to
A36, wherein the detection range of the flow cytometer 1s
between about 500 fluorescent molecules per particle to
about 5000 fluorescent molecules per particle.

[0215] A38. The method of any of embodiments A26 to
A37, wherein the fluorescence resolution (R) of the flow
cytometer 1s about or less than 200 molecules fluorescein
isothiocyanate (FITC).

[0216] A39. The method of embodiment A38, wherein R
1s between about 1, 2, 3,4, 5,6, 7, 8,9, 10, 11, 12, 13, 14,
15, 16, 17, 18, 19 or 20 molecules of FITC to about 50, 100
or 150 molecules of FITC.

[0217] A40. The method of any of embodiments Al to
A39, wherein:
[0218] the particle 1s an extracellular vesicle; and
[0219] based on the detected optical signal of the

molecular marker-specific probe, the type of molecular
marker associated with the extracellular vesicle 1s
determined.
[0220] A40.1 The method of embodiment A40, further
comprising 1dentifying the cell and/or tissue of origin of the
extracellular vesicle based on the type of molecular marker
associated with the extracellular vesicle.
[0221] A41. The method of any of embodiments Al to
A40, wherein the sample comprises a plurality of particles
and the method 1s for determiming the size distribution of the
plurality of particles.
[0222] A42. The method of embodiment A41, wherein the
particles are extracellular vesicles.
[0223] A43. The method of any of embodiments Al to
A42, wherein the interaction of the surface area or volume
probe and/or the molecular marker-specific probe with the
particle 1s saturable, whereby the optical signal from the
surface area probe or volume probe 1s proportional to the
surface area or volume, respectively, of the particle and/or
the optical signal from the molecular marker-specific probe
1s proportional to the number of molecules of molecular
marker associated with the particle.
[0224] B1. A method of detecting, identifying, quantiiying
and/or determining the size of at least a first nanoparticle
species 1n a sample comprising at two distinct nanoparticle
species, the method comprising;

[0225] (a) contacting a sample comprising at least two
distinct nanoparticle species, wherein the distinct nan-
oparticle species difler from one another by size and/or
by least one molecular marker associated with each
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nanoparticle species, with one or more optically detect-
able labels comprising a surface area probe or volume
probe, wherein the surface area probe or volume probe
interacts with at least a first nanoparticle species stoi-
chiometrically with respect to nanoparticle surface area
or volume, respectively, thereby forming particles com-
prising particle-associated surface area probe or vol-
ume probe, wherein the optical signal from the particle-
associated surface area probe or volume probe 1s
proportional to the surface area or volume, respectively,
of the first nanoparticle species; and/or

[0226] (b) contacting the sample with one or more
optically detectable labels comprising a molecular
marker-specific probe, wherein the molecular marker-
specific probe interacts with a molecular marker of at
least the first nanoparticle species stoichiometrically
with respect to the number of molecules of the molecu-
lar marker that are associated with the nanoparticle,
thereby forming particles comprising particle-associ-
ated molecular marker-specific probe, wherein the opti-
cal signal from the particle-associated molecular
marker-specific probe 1s proportional to the number of
molecules of the molecular marker that are associated
with the first nanoparticle species;

[0227] (c) detecting an optical signal from the particle-
associated surface area probe or volume probe and/or
detecting an optical signal from the particle-associated
molecular marker-specific probe, thereby obtaining an
optical signal intensity from the particle-associated
surface area or volume probe and/or the particle-asso-
ciated molecular marker-specific probe;

[0228] (d) based on the optical intensity of the particle-
associated surface area probe or volume probe obtained
in (¢), determining the surface area or volume, respec-
tively, of at least the first nanoparticle species, thereby
detecting and/or determining the size of at least the first
nanoparticle species in the sample; and/or

[0229] (e) based on the optical intensity of the particle-
associated molecular marker-specific probe obtained 1n
(¢), determining the type and/or number of molecular
markers associated with at least the first nanoparticle
species, thereby detecting, identifying and/or quantify-
ing at least the first nanoparticle species in the sample.

[0230] B2. The method of embodiment Bl, wherein
between at least about 2 nanoparticle species to about 5, 6,
7,8,9, 10, 15, 20, 25, 30, 33, 40, 45, 50, 35, 60, 65, 70, 75,
85, 95, 100, 125, 150, 175, 200, 225, 250, 275, 300, 323,
350, 375, 400, 425, 450, 475, 500, 525, 550, 575, 600, 625,
650, 675, 700, 725, 750, 775, 800, 825, 850, 873, 900, 923,
950, 975, 1000, 1500, 2000, 2500, 3000, 3500, 4000, 4500,
5000, 5500, 6000, 6500, 7000, 7500, 8000, 8500, 9000,
9500, or 10,000 or more diflerent nanoparticle species are
detected, 1dentified, quantified and/or their sizes determined.

[0231] B3. The method of embodiment B1 or B2, wherein
between about 1 to about 25 different optically detectable
labels are contacted with the sample 1n (a) and/or between
about 1 to about 3, 6, 7, 8, 9, 10, 15, 20, 25, 30, 35, 40, 45,
50, 55, 60, 65, 70, 75, 85, 95, 100, 1235, 150, 173, 200, 223,
250, 275, 300, 325, 350, 3773, 400, 425, 450, 475, 500, 525,
550, 575, 600, 625, 650, 675, 700, 725,750, 773, 800, 823,
850, 875, 900, 925, 950, 975 or 1000 or more different
optically detectable labels are contacted with the sample 1n

(b).
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[0232] B4. The method of embodiment B3, wherein
between about 2 to about 12 different optically detectable
labels are contacted with the sample in (a) and/or between
about 2 to about 12 different optically detectable labels are
contacted with the sample 1n (b).

[0233] B5. The method of any of embodiments B1 to B4,
wherein detection of the optically detectable label i1s by
fluorescence spectroscopy, fluorescence imaging, or tlow
cytometry.

[0234] B6. The method of embodiment BS, wherein detec-
tion of the optically detectable label 1s by flow cytometry.

[0235] B’/. The method of any of embodiments B1 to B6,

wherein the nanoparticle 1s a liposome or an extracellular
vesicle.

[0236] BS. The method of embodiment B6 or B7, wherein
the surface area probe 1s selected from among di-8-
ANEPPS, di-4-ANEPPS, a carbocyanine dye, a PKH dye or
F2N12S.

[0237] B9. The method of embodiment B8, wherein the
surface area probe 1s di-8-ANEPPS.

[0238] BI10. The method of any of embodiments B/ to B9,
wherein the ratio of the amount surface area probe (P)
relative to the amount of lipid (L) 1n the particle, P/L, 1s
adjusted whereby the surface area probe or volume probe
interacts with the particles stoichiometrically with respect to
particle surface area or volume, respectively.

[0239] BI11. The method of embodiment B10, wherein the
P/L ratio 1s between about 0.1 to about 0.25.
[0240] B12. The method of any of embodiments B6 to

B11l, whereimn the molecular marker-specific probe 1s a
fluorophore conjugated to a protein.

[0241] B12.1 The method of embodiment B12, wherein
the protein 1s selected from among annexin V, cholera toxin
B-subunit, anti-CD61, anti-CD171, anti-CD325, anti-
CD130, anti-GLAST, anti-EGFRvVIII, anti-EGFR, anti-
CD133, ant1-CD135, anti-CD63, ant1-CD?9, anti-CD41, anti-
CD233, ant1-CD54 and anti-CD45.

[0242] B13. The method of embodiment B8, Bl2 or

B12.1, wherein the fluorophore conjugated to the protein

conjugates 1s selected from among Dylight488, a Brilliant
Violet dye, Pacific Blue, Chrome Orange, Brilliant Blue 515,

PE, rhodamine, FITC, PE-Cy5.5, PE-Cy7, APC, Alexa647/,

APC-Alexa700 and APC- Alexa750

[0243] B14. The method of any of embodiments Bl to

B13, turther comprising, before (c):

[0244] (1) contacting the sample with an optical stan-
dard particle corresponding to at least the first nanopar-
ticle species, wherein the optical standard particle com-
prises an optically detectable label that i1s the surface
area or volume probe that interacts with the {first
nanoparticle species 1 (a) or the optical standard
particle comprises an optically detectable label that 1s
the molecular marker-specific probe that interacts with
the first nanoparticle species 1 (b);

[0245] (11) detecting an optical signal from the optically
detectable label associated with the optical standard
particle i (c), thereby obtaiming an optical signal
intensity; and

[0246] (111) based on the optical signal intensity
obtained in (11), adjusting the optical signal intensity of
the corresponding detected optical signal from the
particle-associated surface area or volume probe of the
first nanoparticle species and/or the molecular marker-
specific probe of the first nanoparticle species; and
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[0247] (1v) based on the adjusted optical signal intensity
obtained 1n (111), detecting and/or determiming the size,
type or i1dentity of the first nanoparticle species 1n the
sample.

[0248] BI135. The method of any of embodiments Bl to
B14, further comprising, before (c):
[0249] (1) contacting the sample with a optical standard
particle, wherein the optical standard particle does not
comprise an optically detectable label;

[0250] (1) detecting an optical signal from the optical
standard particle, thereby obtaiming an optical signal
intensity; and

[0251] (m11) based on the optical signal intensity
obtained 1n (11), adjusting the optical signal intensity of
the particle-associated surface area probe or volume
probe of the first nanoparticle species and/or the
molecular marker-specific probe of the first nanopar-
ticle species; and

[0252] (1v) based on the adjusted optical signal intensity
obtained 1n (111), detecting and/or determiming the size,
type or i1dentity of the first nanoparticle species 1n the
sample.

[0253] B16. The method of embodiment B14, wherein the
optical standard particle comprising the optically detectable
label further comprises an antibody, a liposome or a silica
particle.

[0254] B17/. The methods of any of embodiments B14 to

B16, wherein the size of the optical standard particle 1s
between about 50 nm to about 500 nm.

[0255] B18. The method of embodiment B16 or Bl7,

wherein the optical standard particle comprising the opti-
cally detectable label further comprises an antibody.

[0256] B18.1 The method of embodiment B18, wherein
the antibody 1s selected from among anti-CD171, anti-
CD325, anti-CD130, anti-GLAST, anti-EGFRvIII, anti-

EGFR, anti-CD133, ant1-CD15, anti-CD63, ant1-CD9, anti-
CD41, ant1-CD233, ant1-CD54, ant1-CD435 and anti-IgG.

[0257] B19. The method of embodiment B18, wherein the

antibody 1s conjugated to an optically detectable label that 1s
a fluorophore.

[0258] B20. The method of embodiment B19, wherein the

fluorophore 1s selected from among DyLi1ght488, a Brilliant
Violet dye, Pacific Blue, Chrome Orange, Brilliant Blue 515,

PE, FITC, PE-Cy5.5, PE-Cy7, APC, Alexa647, APC Al-
exa/700 and APC Alexa750

[0259] B21. The method of embodiment B13, wherein the
optical standard particle comprises BSA.

[0260] B22. The method of any of embodiments Bl to
B21, wherein the nanoparticles comprise nanovesicles.

[0261] B23. The method of any of embodiments Bl to
B22, wherein the nanovesicles are extracellular vesicles.

[0262] B24. The method of embodiment B23, wherein

identifying the type or identity of the first nanoparticle
species comprises determining the cellular origin of the
extracellular vesicle.

[0263] BZ25. The method of embodiment B24, wherein the
cellular origin of the extracellular vesicle 1s a cancer cell.

[0264] B26. The method of embodiment B25, wherein the
cancer cell 1s a glioblastoma cell.

[0265] B27. The method of any of embodiments Bl to
B26, wherein the size of the nanoparticle species 1s between
about 25 nm to about 900 nm.
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[0266] BZ28.The method of embodiment B27, wherein the
s1ze of the nanoparticle species 1s between about 100 nm to
about 500 nm.

[0267] B29. The method of any of embodiments B14 to
B17 and B22 to B28, wherein the optical standard particle
comprising the optically detectable label comprises a silica

particle 1n association with a lipid bilayer.

[0268] B30. The method of any of embodiments B14 to
B17 and B22 to B28, wherein the optical standard particle
comprising the optically detectable label comprises a lipo-
some.

[0269] B31. The method of embodiment B29 or B30,
wherein the size of the optical standard particle 1s between

about 50 nm to about 500 nm.

[0270] B32.The method of embodiment B31, wherein the
s1ze of the optical standard particle 1s between about 100 nm
to about 200 nm.

[0271] B33. The method of any of embodiments B29 to
B32, wherein the optical standard particle comprises an
optically detectable label that 1s a surface area probe.
[0272] B34. The method of embodiment B33, wherein the

surface area probe 1s a fluorophore selected from among
di-8-ANEPPS, di-4-ANEPPS, a carbocyanine dye and a

PKH dye.
[0273] B35. The method of embodiment B34, wherein the
surface area probe 1s di-8-ANEPPS.

[0274] B36. The method of any of embodiments B6 to
B35, wherein the flow cytometer has a configuration
whereby light 1s collected from both sides of the flow cell.
[0275] B37. The method of any of embodiments B6 to
B36, wherein the detection range of the flow cytometer 1s
between about 500 fluorescent molecules per particle to
about 5000 fluorescent molecules per particle.

[0276] B38. The method of any of embodiments B6 to
B37, wherein the fluorescence resolution (R) of the flow

cytometer 1s about or less than 200 molecules fluorescein
1sothiocyanate (FITC).

[0277] B39. The method of embodiment B38, wherein R
1s between about 20 molecules FITC to about 150 molecules
FITC.

[0278] B40. The method of any of embodiments Bl to
B39, wherein the interaction of the surface area or volume
probe and/or the molecular marker-specific probe with the
particle 1s saturable, whereby the optical signal from the
surface area probe or volume probe 1s proportional to the
surface area or volume, respectively, of the particle and/or
the optical signal from the molecular marker-specific probe
1s proportional to the number of molecules of molecular
marker associated with the particle.

[0279] C1. A method of determining the size of a nan-
oparticle of iterest 1n a sample using an optically detectable
label, the method comprising:

[0280] (a) contacting a nanoparticle of interest with an
optically detectable label comprising a surface area
probe or volume probe, wherein the optically detect-
able label interacts with the nanoparticle of interest,
whereby a nanoparticle of imterest comprising nanopar-
ticle of interest-associated optically detectable label 1s
obtained:

[0281] (b) detecting the nanoparticle of interest-associ-
ated optically detectable label of (a), thereby obtaining
an optical signal intensity;

[0282] (c) obtammng a predetermined correlation
between optical signal intensity and size of each nan-
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oparticle of a preparation of nanoparticles comprising a
distribution of sizes, wherein:

[0283] (1) the preparation of nanoparticles 1s contacted
with the optically detectable label used 1n (a);

[0284] (1) the optically detectable label interacts stoi-
chiometrically with each of the nanoparticles of the
preparation, whereby nanoparticles comprising nan-
oparticle-associated optically detectable label are
obtained, wherein the optical signal from each nan-
oparticle-associated optically detectable label 1s pro-
portional to the surface area or volume of 1ts corre-
sponding associated nanoparticle;

[0285] (111) the optical signals of the nanoparticle-asso-
ciated optically detectable labels of (1) are detected,
thereby obtaining optical signal intensities correspond-
ing to the nanoparticle-associated optically detectable
labels associated with each nanoparticle of the prepa-
ration; and

[0286] (1v) the optical signal intensity of each nanopar-
ticle-associated optically detectable label obtained 1n
(11) 1s correlated with the size of its corresponding
associated nanoparticle.; and

[0287] (d) based on the predetermined correlation
obtained according to (c), and based on the optical
signal intensity obtained in (b), determining the size of
the nanoparticle of interest.

[0288] C2. The method of embodiment C1, wherein
obtaining a correlation 1n (¢) comprises:

[0289] (1) obtaining a preparation of nanoparticles
comprising a distribution of sizes, wherein the prepa-
ration does not comprise the nanoparticle of interest;

[0290] (2) determining the size distribution of the
preparation of nanoparticles without contacting the
preparation with an optically detectable label;

[0291] (3) contacting the preparation with an optically
detectable label, wherein the optically detectable label
comprises the surface area probe or volume probe 1n
(a), wherein the surface area probe or volume probe
interacts with the nanoparticles stoichiometrically with
respect to nanoparticle surface area or volume, respec-
tively, whereby the optical signal from the optically
detectable label 1s proportional to the surface area or
volume, respectively, of each nanoparticle 1n the prepa-
ration;

[0292] (4) detecting the optical signals obtained by (3),
thereby obtaining the optical signal intensities of each
nanoparticle in the preparation; and

[0293] (5) correlating the optical signal intensities
obtained 1n (4) with the size distribution determined 1n
(2).
[0294] (3. The method of embodiment C1 or C2, wherein
the nanoparticle of interest 1s an extracellular vesicle.

[0295] (4. The method of any of embodiments C1 to C3,
wherein the preparation of nanoparticles comprises lipo-
SOMES.

[0296] C5. The method of any of embodiments C1 to C3,
wherein the preparation of nanoparticles comprises silica
particles, wherein each silica particle comprises a lipid
bilayer.

[0297] C6. The method of any of embodiments C1 to C53,
turther comprising adding the preparation of nanoparticles,
whose predetermined correlation has been obtained accord-
ing to (c), to (a), wherein:
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[0298] (1) the optically detectable label interacts with
the nanoparticle of interest and with the preparation of
nanoparticles, whereby a nanoparticle of 1nterest com-
prising nanoparticle of interest-associated optically
detectable label and nanoparticles comprising nanopar-
ticle-associated optically detectable label are obtained;

[0299] (2) optical signal intensities are obtained from
the nanoparticle of interest-associated optically detect-
able label and the nanoparticle-associated optically

detectable label 1n (b); and

[0308] (b) detecting the nanoparticle of interest-associ-
ated optically detectable label of (a), thereby obtaining
an optical signal intensity;

[0309] (c¢) obtamming a predetermined correlation
between optical signal intensity and the number of
molecular markers associated with each nanoparticle of
a preparation of nanoparticles, wherein:

[0310] (1) the preparation of nanoparticles 1s contacted
with the optically detectable label used in (a);

[0311] (1) the optically detectable label interacts stoi-

10300]

(3) the size of the nanoparticle of interest is
determined 1n (d) based on the predetermined correla-
tion obtained according to (c¢) and based on the optical
signal intensities obtained from the nanoparticle of
interest-associated optically detectable label and the
nanoparticle-associated optically detectable label in

(b).

chiometrically with each of the nanoparticles of the
preparation, whereby nanoparticles comprising nan-
oparticle-associated optically detectable label are
obtained, wherein the optical signal from each nan-
oparticle-associated optically detectable label 1s pro-
portional to number of molecules of the molecular
marker on the corresponding associated nanoparticle;

[0312] (111) the optical signals of the nanoparticle-asso-
ciated optically detectable labels of (11) are detected,
thereby obtaining optical signal intensities correspond-
ing to the nanoparticle-associated optically detectable
labels associated with each nanoparticle of the prepa-
ration; and

[0313] (1v) the optical signal intensity of each nanopar-
ticle-associated optically detectable label obtained in

(111) 15 correlated with the identity and/or quantity of 1ts
corresponding associated nanoparticle; and

[0314] (d) based on the predetermined correlation
obtained 1n (¢), and based on the optical signal intensity
obtained 1 (b), i1dentifying and/or quantifying the
nanoparticle of interest.

[0315] D2. The method of embodiment Cl, wherein
obtaining a correlation 1n (C) comprises:

[0316] (1) obtamning a preparation of nanoparticles

[0301] C7. The method of any of embodiments C1 to C53,
turther comprising;:

[0302] (1) in the absence of the nanoparticle of interest,
contacting the preparation of nanoparticles, whose pre-
determined correlation has been obtained according to
(c), with the optically detectable label used 1n (a),
thereby forming a mixture comprising the preparation
of nanoparticles and the optically detectable label,
wherein the optically detectable label interacts stoi-
chiometrically with each of the nanoparticles of the
preparation, whereby nanoparticles comprising nan-
oparticle-associated optically detectable label are
obtained, wherein the optical signal from each nan-
oparticle-associated optically detectable label 1s pro-
portional to the surface area or volume of its corre-
sponding associated nanoparticle;

[0303] (2) adding the muxture of (1) to (b), thereby

detecting the nanoparticle of interest-associated opti-
cally detectable label and the nanoparticle-associated
optically detectable label and obtaining optical signal
intensities ol the nanoparticle of interest-associated
optically detectable label and the nanoparticle-associ-
ated optically detectable label; and

[0304] (3) based on the predetermined correlation
obtained according to (¢) and based on the optical
signal intensities obtained from the nanoparticle of
interest-associated optically detectable label and the
nanoparticle-associated optically detectable label in
(b), determining the size of the nanoparticle of interest

in (d).

[0317]

[0318]

comprising a distribution of different numbers of mol-
ecules of a molecular marker associated with each of
the nanoparticles, wherein the molecular marker 1s the
marker associated with the nanoparticle of interest in
(a) and the preparation does not comprise the nanopar-
ticle of interest;

(2) determining the numbers of the molecular

markers 1n each nanoparticle of the preparation, with-
out contacting the preparation with an optically detect-

able label;

(3) contacting the preparation with an optically
detectable label, wherein the optically detectable label
comprises the molecular marker-specific probe 1n (a),

[0305] C8. The method of any of embodiments C1 to C7, wherein the molecular marker-specific probe interacts
wherein the interaction of the surface area probe or volume with the nanoparticles stoichiometrically with respect
probe with the nanoparticle of interest 1s saturable, whereby to the number of molecules of molecular marker asso-
the optical signal from the surface area probe or volume ciated with each nanoparticle of them preparation,

probe 1s proportional to the surface area or volume of the whereby the optical signal from the optically detectable
particle. label 1s proportional to the number of molecules of

[0306] D1. A method of identifying and/or quantifying a molecular marker associated with each nanoparticle of

nanoparticle of interest in a sample using an optically the preparation;
detectable label, the method comprising: [0319] (4) detecting the optical signals obtained by (3),

[0307] (a) contacting a nanoparticle of interest with an thereby obtaining the optical signal intensities ot each

optically detectable label comprising a molecular nanoparticle in the. preparation;.and | | N
marker-specific probe, wherein the optically detectable [0320]_ (5) COTT@latl_ﬂg the optical signal intensities
label interacts with a molecular marker associated with obtained 1n (4) with the numbers of the molecular

the nanoparticle of interest, whereby a nanoparticle of markers determined 1 (2).
interest comprising nanoparticle of interest-associated [0321] D3. The method of embodiment D1 or D2, wherein

optically detectable label 1s obtained; the nanoparticle of interest 1s an extracellular vesicle.




US 2023/0251194 Al

[0322] D4. The method of any of embodiments D1 to D3,
wherein the preparation of nanoparticles comprises lipo-
SOMES.

[0323] D3. The method of any of embodiments D1 to D3,
wherein the preparation of nanoparticles comprises beads
comprising at least one antibody, wherein the antibody 1s
conjugated to an optically detectable label.

[0324] D6. The method of any of embodiments D1 to D3,
turther comprising adding the preparation of nanoparticles,
whose predetermined correlation has been obtained accord-
ing to (c), to (a), wherein:

[0325] (1) the optically detectable label interacts with
the nanoparticle of interest and with the preparation of
nanoparticles, whereby a nanoparticle of 1nterest com-
prising nanoparticle of interest-associated optically
detectable label and nanoparticles comprising nanopar-
ticle-associated optically detectable label are obtained;

[0326] (2) optical signal intensities are obtained from
the nanoparticle of interest-associated optically detect-
able label and the nanoparticle-associated optically
detectable label 1n (b); and

[0327] (3) the nanoparticle of interest 1s 1dentified and/
or quantified in (d) based on the predetermined corre-
lation obtained according to (¢) and based on the
optical signal intensities obtained from the nanoparticle
ol 1nterest-associated optically detectable label and the
nanoparticle-associated optically detectable label in
(b).

[0328] D7. The method of any of embodiments D1 to d53,
turther comprising;:

[0329] (1) in the absence of the nanoparticle of interest,
contacting the preparation of nanoparticles, whose pre-
determined correlation has been obtained according to
(c), with the optically detectable label used in (a),
thereby forming a mixture comprising the preparation
of nanoparticles and the optically detectable label,
wherein the optically detectable label interacts stoi-
chiometrically with each of the nanoparticles of the
preparation, whereby nanoparticles comprising nan-
oparticle-associated optically detectable label are
obtained, wherein the optical signal from each nan-
oparticle-associated optically detectable label 1s pro-
portional to the surface area or volume of 1ts corre-
sponding associated nanoparticle;

[0330] (2) adding the muxture of (1) to (b), thereby
detecting the nanoparticle of interest-associated opti-
cally detectable label and the nanoparticle-associated
optically detectable label and obtaining optical signal
intensities of the nanoparticle of interest-associated
optically detectable label and the nanoparticle-associ-
ated optically detectable label; and

[0331] (3) based on the predetermined correlation
obtained according to (¢) and based on the optical
signal intensities obtained from the nanoparticle of
interest-associated optically detectable label and the
nanoparticle-associated optically detectable label 1n
(b), 1dentifying and/or quantifying the nanoparticle of
interest i (d).

[0332] DS8. The method of any of embodiments D1 to D7,
wherein the interaction of the surface area or volume probe
and/or the molecular marker-specific probe with the particle
1s saturable, whereby the optical signal from the surface area
probe or volume probe 1s proportional to the surface area or
volume, respectively, of the particle and/or the optical signal
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from the molecular marker-specific probe 1s proportional to
the number of molecules of molecular marker associated
with the particle.

[0333] FE1. A preparation of optical standard particles,
comprising a silica particle and a lipid bilayer 1n association
with the silica particle, wherein the preparation has a dis-
tribution of optical standard particle sizes between about 10
nm to about 900 nm.

[0334] E2. The preparation of embodiment E1, wherein
the lipid bilayer comprises an outer coating on the silica
particle.

[0335] E3. The preparation of embodiment E1 or E2,
wherein the distribution of optical standard particle sizes 1s
between about 50 nm to about 500 nm.

[0336] E4. The preparation of embodiment E3, wherein
the distribution of optical standard particle sizes 1s between
about 20 nm to about 200 nm.

[0337] ES5. A optical standard particle, comprising a silica
particle and a lipid bilayer 1in association with the silica
particle.

[0338] E6. The optical standard particle of embodiment
ES, wherein the lipid bilayer comprises an outer coating on
the silica particle.

[0339] E7. The optical standard particle of embodiment
ES or E6, wherein the size of the optical standard particle 1s
about 50 nm to about 200 nm.

[0340] ES8. The optical standard particle of embodiment
E7, wherein the size of the optical standard particle 1s about
100 nm to about 150 nm.

[0341] F1. The method of any of embodiments Al to A43,
B1 to B40, C1 to C8 or D1 to DS, wherein the optically
detectable label associated with the particle 1s detected 1n the
presence of free label.

[0342] F2. The method of any of embodiments Al to A43,
B1 to B40, C1 to C8, D1 to D8 or F1, wherein the sample

1s a biological sample.

[0343] F3. The method of embodiment F2, wherein the
biological sample comprises particles and a biological fluid.

[0344] F4. The method of embodiment F3, wherein the
biological fluid comprises blood, plasma, serum, urine,
saliva, seminal fluid, lavages, cervical fluid, cervicovaginal
fluid, cerebrospinal fluid, vaginal tfluid, breast fluid, breast
milk, synovial fluid, semen, seminal fluid, sputum, cerebral
spinal tluid, tears, mucus, interstitial tluid, follicular fluid,
amniotic fluid, aqueous humor, vitreous humor, peritoneal
fluid, ascites, sweat, lymphatic fluid, lung sputum or com-
binations, fractions or components thereof.

[0345] F5. The method of embodiment F4, wherein the
biological tluid comprises cerebrospinal tluid.

[0346] F6. The method of any of embodiments F2 to F3,

wherein the biological sample comprises particles derived
from a cell or tissue.

[0347] F7. The method of embodiment F6, wherein the
cell or tissue 1s a cancer cell or tissue.

[0348] F8. The method of embodiment F6 or F7, wherein
the cell or tissue 1s selected from among liver, lung, spleen,
pancreas, colon, skin, bladder, eye, brain, esophagus, head,
neck, ovary, testes, prostate, placenta, epithelium, endothe-
lium, adipocyte, kidney, heart, muscle, blood and combina-
tions thereof.

[0349] F9. The method of embodiment F7 or F8, wherein
the sample comprises a biological flwud.
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[0350] F10. The method of embodiment F9, wherein the
biological fluid 1s blood, plasma, serum, saliva, urine or
cerebrospinal tluid.

[0351] F11. The method of embodiment F10, wherein the
biological fluid 1s saliva, urine or serum.

[0352] F12. The method of embodiment F11, wherein the
biological sample comprises particles derived from a cancer
cell or tissue and the cancer 1s ovarian, lung, bladder or
prostate cancer.

[0353] F13. The method of embodiment F10, wherein the
biological fluid 1s cerebrospinal tluid.

[0354] F14. The method of embodiment F13, wherein the
biological sample comprises particles derived from a cancer
cell or tissue and the cancer 1s brain cancer.

[0355] F15. The method of embodiment F14, wherein the
brain cancer 1s glioblastoma.

[0356] F16. the method of any of embodiments F2 to F15,
wherein the particle 1s selected from among membrane
vesicles, liposomes, lipoproteins, apoptotic bodies, viruses,
viral particles, virus-like particles, extracellular vesicles or
combinations thereof.

[0357] F17. The method of embodiment F16, wherein the
particle 1s an extracellular vesicle.

[0358] F18. The method of embodiment F17, wherein the
sample comprises more than one type of extracellular
vesicle, wherein each vesicle originates from a cell or tissue
that 1s different from the cell or tissue of origin of at least one
other type of extracellular vesicle 1n the sample.

[0359] (1. The method of any of embodiments Al to A43,
B1 to B40, C1 to C8, D1 to D8 or F1 to F18, wherein large
particulates other than the particles, cells, cellular debris or
a combination thereof are removed from the sample.
[0360] G2. The method of embodiment G1, wherein the
large particulates other than the particles, cells, cellular
debris or a combination thereof are removed by centrifuga-
tion.

[0361] X1. The method of any of embodiments Al to A43,
B1 to B40, C1 to C8, D1 to D8, F1 to F18, G1 or G2,
wherein the amount or concentration of the optically detect-
able label approaches or 1s at saturation.

[0362] X2. The method of embodiment X1, wherein

approaching saturation or being at saturation i1s determined
by the method of any of embodiments HO to H34.

[0363] HO. A method of determining whether staining of a
lipid-contaiming particle with an optically detectable label
selected from among a surface area probe, a volume probe
or a molecular marker-specific probe of a particle 1is
approaching saturation or is saturated, the method compris-
ng:

[0364] (a) contacting a first amount of a sample com-
prising one or more of the lipid-containing particles
with a first concentration of the probe, thereby forming
a first staining solution comprising the probe associated
with the particles;

[0365] (b) determining the wavelength at which the
maximum optical signal intensity of the particle-asso-
ciated probe 1s detected, thereby obtaining a first maxi-
mum optical signal wavelength;

[0366] (c) obtaining a predetermined second maximum
optical wavelength corresponding to a second staining
solution comprising a second amount of the sample
and/or a second concentration of the probe, or perform-
ing (a) and (b) using a second amount of the sample
and/or a second concentration of the probe, wherein the
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ratio of the second concentration of the probe relative
to the second amount of the sample 1s less than the ratio
of the first concentration of the probe relative to the first
amount of the sample; and

[0367] (d) analyzing the first maximum optical signal
wavelength of (b) and the second maximum optical
wavelength of (¢), whereby 11 the first maximum opti-
cal signal wavelength 1s different from the second
maximum optical signal wavelength, then the first
staining solution comprises one or more lipid-contain-
ing particles comprising a ratio of probe to lipid that 1s
approaching saturation or has saturated.

[0368] HI1. The method of embodiment HO, further com-
prising:
[0369] (1) belore (a), contacting the sample with a first

amount ol an optical standard particle, wherein the
optical standard particle comprises a known amount of
lipid;

[0370] (1) 1n (a), contacting the sample comprising the
optical standard particle with the first concentration of
probe and determining the amount of probe relative to
the amount of lipid 1n the optical standard particle of
the first staining solution formed in (a), thereby obtain-
ing a first probe to lipid ratio, P/L, of the optical
standard particle 1n the first staining solution;

[0371] (111) 1n (c¢), obtaining a predetermined second
maximum optical wavelength corresponding to a sec-
ond staiming solution comprising a second amount of
the optical standard particle and/or a second concen-
tration of the probe corresponding to a second probe to
lipid ratio, P'/L', of the optical standard particle 1n the
second staining solution, or performing (a) and (b)
using a second amount of the optical standard particle
and/or a second concentration of the probe, thereby

obtaining a second probe to lipid ratio, P/L', wherein
P/L' 1s less than P/L;

[0372] (1v) 1n (d), obtamning a correlation between the
probe to lipid ratios of the optical standard particle 1n
the first and second staining solutions and the first and
second maximum optical signal wavelengths wherein
the first maximum optical signal wavelength corre-
sponds to the probe to lipid ratio P/LL and the second
maximum optical signal wavelength corresponds to the
probe to lipid ratio P'/L' whereby, if the first maximum
optical signal wavelength 1s different from the second
maximum optical signal wavelength, the probe to lipid
ratio P/L 1s 1dentified as a ratio that approaches satu-
ration or 1s at saturation; and

[0373] (v) if the probe to lipid ratio P/L 1s identified as
a ratio that approaches saturation or 1s at saturation 1n
(1v), determining that the amount of probe added to the
first staining solution approaches saturation or saturates
in the lipid-containing particle 1 the first staining
solution.

[0374] H2. The method of embodiment HO or H1 that 1s
performed for a plurality of amounts of sample and/or
concentrations of probe, thereby obtaining a plurality of
staining solutions each corresponding to a umque ratio of
probe concentration to sample amount ranging from a lowest
ratio to a highest ratio, or each corresponding to a unique
probe to lipid ratio ranging from a lowest ratio to a highest
ratio, wherein a staining solution is 1identified as comprising,
a concentration of probe that approaches or 1s at saturation

if:
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[0375] the maximum optical signal wavelength of the
staining solution 1s different from the maximum optical
signal wavelength of a second staining solution comprising
a lower ratio of probe concentration to sample amount
and/or a lower ratio of probe to lipid;

[0376] and/or the maximum optical signal wavelength of
the staining solution 1s about the same as the maximum
optical signal wavelength of a third staining solution com-
prising a higher ratio of probe concentration to sample
amount and/or a higher ratio of probe to lipid.

[0377] H3. Amethod of determining whether staining of a
lipid-containing particle with an optically detectable label
selected from among a surface area probe, a volume probe
or a molecular marker-specific probe of a particle 1is
approaching saturation or is saturated, the method compris-
ng:
[0378] (a) contacting a first amount of a sample com-
prising one or more of the lipid-containing particles
with a first concentration of the probe, thereby forming
a first staining solution comprising the probe associated
with the particles, wherein the particles comprise a
known amount of lipid;

[0379] (b) determining the amount of probe relative to
the amount of lipid in the particles of the solution
formed 1n (a), thereby obtaining a first probe to lipid
ratio, P/L;

[0380] (c) determining the wavelength at which the
maximum optical signal intensity of the probe associ-
ated with the particles in (b) 1s detected, thereby
obtaining a first maximum optical signal wavelength
corresponding to the probe to lipid ratio, P/L;

[0381] (d) obtaining a predetermined second maximum
optical wavelength corresponding to a second staining
solution comprising particles that comprise a second
probe to lipid ratio, P'/L', or performing (a)-(c) using a
second amount of the sample and/or a second concen-
tration of the probe whereby particles comprising a
second probe to lipid ratio, P/L!, 1s obtained, wherein

P'/L' 1s less than P/L; and

[0382] (e) analyzing the first maximum optical signal
wavelength of (¢) and the second maximum optical
wavelength of (d), whereby, 1f the maximum optical
signal wavelength of (¢) 1s diflerent from the second
maximum optical signal wavelength of (d), staining of
the particle with the probe at the ratio P/L 1s approach-
ing saturation or has saturated.

[0383] HA4. The method of any of embodiments HO to H3,
wherein the first maximum optical signal wavelength 1s
higher than the second maximum optical signal wavelength.

[0384] HS3. The method of any of embodiments HO to H4,

wherein the difference between the first maximum optical
wavelength and the second maximum optical wavelength 1s

between about 0.5 nm to about 30, 40, 45, 50, 55, 60, 65, 70,
75, 80, 90 or 100 nm.

[0385] H6. The method of any of embodiments HO to H4,
wherein the difference between the first maximum optical
wavelength and the second maximum optical wavelength 1s
about 0.5 nm, 1 nm, 1.5 nm, 2 nm, 2.5 nm, 3 nm, 4 nm, 5
nm, 6 nm, 7 nm, S nm, 9 nm, 10 nm, 12 nm, 14 nm, 15 nm,
16 nm, 17 nm, 18 nm, 19 nm, 20 nm, 21 nm, 22 nm, 23 nm,
24 nm, 25 nm, 26 nm, 27 nm, 28 nm, 29 nm, 30 nm, 35 nm,
40 nm, 45 nm, 50 nm, 55 nm, 60 nm, 65 nm, 70 nm, 75 nm,
30 nm, 85 nm, 90 nm, 95 nm or 100 nm.
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[0386] H7. A method of determining whether staining of a
lipid-containing particle with an optically detectable label
selected from among a surface area probe, a volume probe
or a molecular marker-specific probe of a particle 1is
approaching saturation or 1s saturated, the method compris-
ng:

[0387] (a) contacting a first amount of a sample com-
prising one or more of the lipid-containing particles
with a first concentration of the probe, thereby forming
a stamning solution comprising the probe associated
with the particles;

[0388] (b) contacting a second amount of the sample
comprising one or more ol the lipid-containing par-
ticles with a second concentration of the probe, thereby
forming a second staining solution comprising the
probe associated with the particles, wherein the ratio of
the second concentration of the probe relative to the
second amount of the sample 1s less than the ratio of the
first concentration of the probe relative to the first
amount of the sample;

[0389] (c)determining the optical signal intensity of the
first staining solution at a first optical wavelength (A1)
and at a second optical wavelength (A2), thereby
obtaining a ratio (C1/C2) of the optical signal intensity
at the first optical wavelength relative to the optical
signal intensity at the second optical wavelength;

[0390] (d)determining the optical signal intensity of the
second staining solution at the first optical wavelength
(Al) and at the second optical wavelength (A2),
thereby obtaining a ratio (C1'/C2") of the optical signal
intensity at the first optical wavelength relative to the
optical signal intensity at the second optical wave-

length; and

[0391] (e) analyzing the ratios obtained 1n (¢) and (d),
whereby:
[0392] if C1/C2 1s greater than C1'/C2', then the first

staining solution comprises one or more lipid-containing,
particles comprising a ratio of probe to lipid that 1s
approaching saturation or has saturated.

[0393] HS. The method of embodiment H7, further com-
prising;:
[0394] (1) belore (a), contacting the sample with a first

amount ol an optical standard particle, wherein the
optical standard particle comprises a known amount of
lipad;

[0395] (1) before (b), contacting the sample with a
second amount of the optical standard particle;

[0396] (111) 1n (a), contacting the sample comprising the
optical standard particle with the first concentration of
probe and determining the amount of probe relative to
the amount of lipid 1n the optical standard particle of
the first staining solution formed in (a), thereby obtain-
ing a first probe to lipid ratio, P/L, of the optical
standard particle 1n the first staining solution;

[0397] (1v) n (b), contacting the sample comprising the
optical standard particle with the second concentration
of probe and determiming the amount of probe relative
to the amount of lipid 1n the optical standard particle of
the second staining solution formed in (b), thereby
obtaining a second probe to lipid ratio, PY/L', of the
optical standard particle 1n the second staining solution,
wherein PY/L' 1s less than P/L;

[0398] (v) 1n (e), obtaining a correlation between the
probe to lipid ratios of the optical standard particle n



US 2023/0251194 Al

the first and second staining solutions and the ratios of
the optical signal intensities at the first optical wave-
length relative to the second optical wavelength
whereby, 11 the ratio of the optical signal intensity at the
first optical wavelength relative to the optical signal
intensity at the second optical wavelength for the first
staining solution 1s greater than the ratio of the optical
signal intensity at the first optical wavelength relative
to the optical signal intensity at the second optical
wavelength for the second staining solution, then the
probe to lipid ratio P/L 1s identified as a ratio that
approaches saturation or 1s at saturation; and

[0399] (v1) 1f the probe to lipid ratio P/L 1s 1dentified as
a ratio that approaches saturation or 1s at saturation 1n
(v), determining that the amount of probe added to the
first staining solution approaches saturation or saturates
in the lipid-containing particle 1 the first staining
solution.

[0400] HS.1. A method of determining whether staining of

a lipid-containing particle with an optically detectable label

selected from among a surface area probe, a volume probe

or a molecular marker-specific probe of a particle 1is
approaching saturation or is saturated, the method compris-
ng:

[0401] (a) contacting a sample comprising one or more
of the lipid-containing particles with an optical stan-
dard particle, wherein staining of the optical standard
particle 1s predetermined to approach saturation or
saturate at a known ratio, C1/C2, of optical signal
intensity at a first optical wavelength (A1) relative to
the optical signal intensity at a second optical wave-
length (A2);

[0402] (b) contacting the sample comprising the one or
lipid-containing particles and the optical standard par-
ticle with the probe, thereby forming a staining solution
comprising the probe associated with the lipid-contain-
ing particles and the optical standard particle;

[0403] (c) determining the optical signal intensity of the
staining solution at a first optical wavelength (Al) and
at a second optical wavelength (A2), thereby obtaining
a ratio (C1YC2') of the optical signal intensity at the
first optical wavelength relative to the optical signal
intensity at the second optical wavelength; and

[0404] (d) analyzing the ratio obtained 1n (¢), whereby:

[0405] 1f C1'/C2' 1s equal to or equal to about C1/C2,
then the staining solution comprises one or more lipid-
containing particles comprising a ratio of probe to lipid
that 1s approaching saturation or has saturated.

[0406] HO9. The method of embodiment H7 or H8 that 1s
performed for a plurality of amounts of sample and/or
concentrations of probe, thereby obtaining a plurality of
staining solutions each corresponding to a umque ratio of
probe concentration to sample amount ranging from a lowest
ration to a highest ratio, or each corresponding to a unique
probe to lipid ratio ranging from a lowest ratio to a highest
rat10, wherein a staining solution 1s identified as comprising,
a concentration of probe that approaches or 1s at saturation
if:

[0407] the ratio of optical signal intensity at the first
optical wavelength relative to the optical signal inten-
sity at the second optical wavelength of the staining
solution 1s different from the ratio of optical signal
intensity at the first optical wavelength relative to the
optical signal intensity at the second optical wavelength
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of a second staiming solution comprising a lower ratio
of probe concentration to sample amount and/or a
lower ratio of probe to lipid; and/or

[0408] the ratio of optical signal intensity at the first
optical wavelength relative to the optical signal inten-
sity at the second optical wavelength of the staining
solution 1s about the same as or greater than the ratio of
optical signal intensity at the first optical wavelength
relative to the optical signal intensity at the second
optical wavelength of a second staining solution com-
prising a higher ratio of probe concentration to sample
amount and/or a higher ratio of probe to lipid.

[0409] HI10. The method of embodiment H9, wherein the
ratio of optical signal intensity at the first optical wavelength
relative to the optical signal intensity at the second optical
wavelength of the staining solution 1s greater than the ratio
of optical signal intensity at the first optical wavelength
relative to the optical signal intensity at the second optical
wavelength of a second staining solution comprising a lower
ratio of probe concentration to sample amount and/or a
lower ratio of probe to lipid.

[0410] HI11. The method of embodiment H9 or HI1O0,
wherein the ratio of optical signal intensity at the first optical
wavelength relative to the optical signal intensity at the
second optical wavelength of the staining solution 1s about
the same as or greater than the ratio of optical signal
intensity at the first optical wavelength relative to the optical
signal intensity at the second optical wavelength of a second
staining solution comprising a higher ratio of probe concen-
tration to sample amount and/or a higher ratio of probe to
lipad.

[0411] HI12. A method of determining whether staining of
a lipid-contaiming particle with an optically detectable label
selected from among one or more of surface area probe, a
volume probe or a molecular marker-specific probe of a
particle 1s approaching saturation or 1s saturated, wherein the
amount of lipid associated with the lipid-contaiming particle
1s known, the method comprising:

[0412] (a) contacting a sample comprising one or more
of the lipid-containing particles with a first amount of
the sample comprising one or more of the lipid-con-
taining particles and a first concentration of the probe,
thereby forming a first staining solution comprising the
probe associated with the particles;

[0413] (b) contacting the sample comprising one or
more ol the lipid-containing particles with a second
amount of the sample comprising one or more of the
lipid-containing particles and/or a second concentration
of the probe, thereby forming a second staining solu-
tion comprising the probe associated with the particles;

[0414] (c) determining the amount of probe relative to
the amount of lipid 1n the particles 1n the first staiming
solution of (a) and 1n the particles 1n the second staining,
solution of (b), thereby obtaining a first probe to lipid
ratio, P/L, corresponding to the first staining solution
and a second probe to lipid ratio, P'/L!, corresponding
to the second staining solution;

[0415] (d) determining the optical signal intensity of the
first staining solution at a first optical wavelength (A1)
and at a second optical wavelength (A2), thereby
obtaining a ratio (C1/C2) of the optical signal intensity
at the first optical wavelength relative to the optical
signal intensity at the second optical wavelength;
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[0416] (e) determining the optical signal intensity of the
second staining solution at the first optical wavelength
(Al) and at the second optical wavelength (A2),
thereby obtaining a ratio (C1'/C2") of the optical signal
intensity at the first optical wavelength relative to the
optical signal intensity at the second optical wave-
length; and

[0417] (1) analyzing the ratios obtained i (c)-(e),
whereby:
[0418] 1f P/L 1s greater than PYL' and C1/C2 1s greater

than C1'/C2', staining of the particle with the probe at
the ratio P/L 1s approaching saturation or has saturated,
and

[0419] 1f PY/L' 1s greater than P/L. and C1'/C2' 1s greater
than C1/C2, staining of the particle with the probe at
the ratio P/L' 1s approaching saturation or has satu-
rated.

[0420] HI13. The method of embodiment H12, wherein a
plurality of different amounts of probe 1s contacted with the
sample 1n (a), thereby obtaining a plurality of solutions each
comprising a different probe to lipid ratio, and analyzing the
ratios 1 (1) comprises:

[0421] analyzing, for each of the plurality of solutions
comprising a different probe to lipid ratio, a corre-
sponding ratio of optical signal intensity at the first
optical wavelength relative to the optical signal inten-
sity at the second optical wavelength, thereby obtaining
a plurality of ratios of optical signal intensities at the
first optical wavelength relative to the optical signal
intensity at the second optical wavelength; and

[0422] {rom the plurality of ratios, determining the
maximum ratio of optical signal intensity at the first
optical wavelength relative to the optical signal inten-
sity at the second optical wavelength, whereby the
probe to lipid ratio corresponding to the maximum ratio
of optical signal intensity at the first optical wavelength
relative to the optical signal intensity at the second
optical wavelength 1s the probe to lipid ratio at which

staining of the particle 1s approaching saturation or has
saturated.

[0423] HI14. The method of any of embodiments H7 to
H13, wherein the first optical wavelength 1s greater than the

second optical wavelength.

[0424] HI15. The method of any of embodiments HO to H6,
wherein the first maximum optical wavelength and/or the
second maximum optical wavelength are in the range of
between 350 to 950 nm, between 400-900 nm, or between
600 to 800 nm.

[0425] HI16. The method of any of embodiments H7 to

H14, wherein the first optical wavelength and/or the second
optical wavelength are 1n the range of between 350 to 950
nm, between 400 to 900 nm, or between 600 to 800 nm.

[0426] H17. The method of embodiment H15, wherein the
first maximum optical wavelength and/or the second maxi-

mum optical wavelength are 1n the range of between 600 to
750 nm.

[0427] HI18. The method of any of embodiments H7 to

H14, wherein the first optical wavelength 1s 1n the range of
between 680-700 nm and the second optical wavelength 1s

in the range of between 600 to 720 nm.

[0428] HI19. The method of embodiment H18, wherein the
first optical wavelength 1s 690 nm and the second optical
wavelength 1s 610 nm.

30
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[0429] H20. The method of any of embodiments HO to
H19, wherein at least one lipid-containing particle in the
sample comprises a size of about 1000 nm, 950 nm, 900 nm,
850 nm, 800 nm, 750 nm, 700 nm, 650 nm, 600 nm, 350 nm

or 500 nm or less 1n diameter.

[0430] H21. The method of embodiment H20, wherein at
least one particle 1n the sample comprises a size of between
about 10 nm to about 200 nm 1n diameter.

[0431] H22. The method of embodiment H21, wherein at

least one particle 1n the sample comprises a size of between
about 50 nm to about 200 nm 1n diameter.

[0432] H23. The method of embodiment H22, wherein at

least one particle 1n the sample comprises a size of between
about 50 nm to about 150 nm 1n diameter.

[0433] H24. The method of any one of embodiments HO to

H19, wherein the lipid-containing particles in the sample
comprise a size range ol between about 10 nm to about 500
nm 1n diameter.

[0434] H25. The method of embodiment H24, wherein the
particles 1n the sample comprise a size range of between
about 50 nm to about 200 nm 1n diameter.

[0435] H26. The method of embodiment H25, wherein the

particles 1n the sample comprise a size range ol between
about 50 nm to about 150 nm in diameter.

[0436] H27. The method of any of embodiments H1, H2,
H4-H6, H8-H11 or H14-H26, wherein at least one optical
standard particle 1n the sample comprises a size of about
1000 nm, 950 nm, 900 nm, 850 nm, 800 nm, 750 nm, 700

nm, 650 nm, 600 nm, 550 nm or 500 nm or less in diameter.

[0437] H28. The method of embodiment H27, wherein at
least one particle 1n the sample comprises a size of between
about 10 nm to about 200 nm 1n diameter.

[0438] H29. The method of embodiment H28, wherein at

least one particle 1n the sample comprises a size of between
about 50 nm to about 200 nm 1n diameter.

[0439] H30. The method of embodiment H29, wherein at

least one particle 1n the sample comprises a size of between
about 50 nm to about 150 nm 1n diameter.

[0440] H31. The method of any one of embodiments H1,
H2, H4-H6, H8-H11 or H14-H26, wherein the lipid-con-
taining particles in the sample comprise a size range of
between about 10 nm to about 500 nm 1n diameter.

[0441] H32. The method of embodiment H31, wherein the
particles 1n the sample comprise a size range ol between
about 50 nm to about 200 nm 1n diameter.

[0442] H33. The method of embodiment H32, wherein the

particles 1n the sample comprise a size range ol between
about 50 nm to about 150 nm in diameter.

[0443] H34. The method of any of embodiments HO to
H33, wherein prior to (a), the concentration of the lipid-
containing particles 1n the sample 1s, or 1s adjusted to,
between about 1x10° particles/uL to about 1x10"~ particles/
wl..

[0444] H335. The method of embodiment H34, wherein the
concentration of the particles 1n the sample 1s, or 1s adjusted
to, between about 1x10® particles/ul. to about 1x10'° par-
ticles/ul

[0445] H36. The method of embodiment H35, wherein the
concentration of the particles 1n the sample 1s, or 1s adjusted

to, about 1x10” particles/uL.

[0446] H37. The method of any of embodiments HO to
H36, wherein the surface area probe or volume probe 1s a
fluorescent label.
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[0447] H38. The method of any of embodiments HO to
H3’7, wheremn the molecular marker-specific probe 1s a
fluorescent label.

[0448] H39. The method of embodiment H37 or embodi-
ment H38, wherein the fluorescent label 1s a fluorophore, a
tandem conjugate between more than one fluorophore, a
fluorescent polymer, a fluorescent protein, or a tluorophore
conjugated to a molecule that interacts with the particle.
[0449] HA40. The method of any of embodiments H37 to
H39, wherein the fluorescent label 1s conjugated to a mol-
ecule that interacts with the particle.

[0450] H41. The method of embodiment H40, wherein the
molecule that interacts with the particle 1s a protein, an
antibody, a lectin, a peptide, a nucleic acid, a carbohydrate
or a glycan.

[0451] H42. The method of any of embodiments HO to
H41, wherein at least one lipid-containing particle com-
prises a lipid bilayer.

[0452] H43. The method of any of embodiments H1, H2,
H4-H6, H8-H11 or H14-H42, wherein at least one optical
standard particle comprises a lipid bilayer.

[0453] H44. The method of embodiment H42 or H43,
wherein the particle 1s a liposome or an extracellular vesicle.
[0454] H44.1 The method of any of embodiments HO to
H44, wherein the optical wavelength and/or intensity 1is
obtained by analyzing the sample 1n bulk.

[0455] H44.2 The method of any of embodiments HO to
H44, wherein the optical wavelength and/or intensity 1is
obtained by analyzing individual particles of the sample.
[0456] H45. The method of any of embodiments HO to
H44 .2, wherein the optical wavelength and/or intensity 1s
determined by fluorescence spectroscopy, fluorescence
imaging, or flow cytometry.

[0457] H46. The method of embodiment H45, wherein the
optical wavelength and/or intensity 1s determined by tlow
cytometry.

[0458] H47. The method of embodiment H46, wherein
individual particles of the sample are analyzed and the
lipid-contaiming particle 1s a membrane vesicle, liposome,
lipoprotein, apoptotic body, virus, viral particle, virus-like
particle, extracellular vesicle or a combination thereof.
[0459] H48. The method of embodiment H46 or H47,
wherein individual particles of the sample are analyzed and
the optical standard particle 1s a membrane vesicle, lipo-
some, lipoprotein, apoptotic body, virus, viral particle, virus-
like particle, extracellular vesicle or a combination thereof.
[0460] H49. The method of embodiment H48, wherein the
probe 1s a surface area probe selected from among di-8-
ANEPPS, di-4-ANEPPS, a carbocyanine dye or a PKH dye.
[0461] HS30. The method of embodiment H49, wherein the
surface area probe 1s di-8-ANEPPS.

[0462] HS51. The method of any of embodiments H38 to
H48, wherein the probe 1s a molecular marker-specific probe
comprising a fluorophore conjugated to a protein

[0463] H52. The method of embodiment H31, wherein the
protein 1s selected from among annexin V, cholera toxin
B-subunit, anti-CD61, anti-CD171, anti-CD325, anti-
CDI130, anti-GLAST, anti-EGFRvVIII, anti-EGFR, anti-
CD133, ant1-CD135, anti-CD63, ant1-CD?9, anti-CD41, anti-
CD233, ant1-CD54 and anti-CD45.

[0464] H33. The method of embodiment H51 or HS2,
wherein the tluorophore conjugated to the protein 1s selected
from among Dylight488, a Brilliant Violet dye, Pacific Blue,
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Chrome Orange, Brilliant Blue 5135, PE, rhodamine, FITC,
PE-Cy5.5, PE-Cy7, APC, Alexa6t47, APC-Alexa700 and
APC-Alexa750.

[0465] H34. The method of any of embodiments HO to
H53, wherein the optical wavelength and/or intensity 1s from
fluorescence emission, fluorescence excitation, fluorescence
absorbance, fluorescence anisotropy, fluorescence polariza-
tion, fluorescence lifetime, or a combination thereof.

[0466] The entirety of each patent, patent application,
publication and document referenced herein hereby 1s incor-
porated by reference. Citation of the above patents, patent
applications, publications and documents 1s not an admis-
sion that any of the foregoing 1s pertinent prior art, nor does
it constitute any admission as to the contents or date of these
publications or documents.

[0467] Modifications may be made to the foregoing with-
out departing from the basic aspects of the technology.
Although the technology has been described 1n substantial
detail with reference to one or more specific embodiments,
those of ordinary skill 1n the art will recognize that changes
may be made to the embodiments disclosed 1n this applica-
tion, yet modifications and improvements are within the
scope and spirit of the technology.

[0468] The technology illustratively described herein suit-
ably may be practiced in the absence of any element(s) not
specifically disclosed herein. Thus, for example, 1n each
instance herein any of the terms “comprising,” “consisting
essentially of,” and “consisting of” may be replaced with
cither of the other two terms. The terms and expressions
which have been employed are used as terms of description
and not of limitation, and use of such terms and expressions
do not exclude any equivalents of the features shown and
described or portions thereot, and various modifications are
possible within the scope of the technology claimed. The
term “a” or “an” can refer to one of or a plurality of the
clements 1t modifies (e.g., “a reagent” can mean one or more
reagents) unless 1t 1s contextually clear either one of the
clements or more than one of the elements 1s described. The
term “about” as used herein refers to a value within 10% of
the underlying parameter (1.e., plus or minus 10%), and use
of the term “‘about” at the beginning of a string of values
modifies each of the values (i.e., “about 1, 2 and 3” refers to
about 1, about 2 and about 3). For example, a weight of
“about 100 grams™ can include weights between 90 grams
and 110 grams. Further, when a listing of values 1s described
herein (e.g., about 50%, 60%, 70%, 80%, 85% or 86%) the
listing includes all intermediate and fractional values thereof
(e.g., 54%, 85.4%). Thus, 1t should be understood that
although the present technology has been specifically dis-
closed by representative embodiments and optional features,
modification and variation of the concepts herein disclosed
may be resorted to by those skilled in the art, and such
modifications and variations are considered within the scope

of this technology.

[0469] Certain embodiments of the technology are set
forth 1n the claims that follow:

What 1s claimed 1s:

1. An optical standard particle, comprising a silica particle
and a lipid bilayer 1n association with the silica particle.
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