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Abstract

Extra-cellular vesicles (EV’s) are cell-derived membrane structures that circulate
in body fluids and show considerable potential for non-invasive diagnosis. EVs possess
surface chemistries and encapsulated molecular cargo that reflect the physiological state
of cells from which they originate, including the presence of disease. In order to fully
harness the diagnostic potential of EVs, there is a critical need for technologies that
can profile large EV populations without sacrificing single EV level detail by averaging
over multiple EVs. Here we use a nanofluidic device with tunable confinement to trap
EVs in a free energy landscape that modulates vesicle dynamics in a manner dependent

on EV size and charge. As proof-of-principle, we perform size and charge profiling of a
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population of EVs extracted from human glioblastoma astrocytoma (U373) and normal

human astrocytoma (NHA) cell-lines.
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Cells continuously secrete membrane vesicles into the extracellular environment. These
vesicles, known as extra-cellular vesicles (EV’s), transport a broad range of molecular car-
goes, including proteins and nucleic acids, enabling intra-cellular exchange of molecular
components.™* EV driven exchange plays an important role in maintaining normal bod-
ily homeostasis;® EV cargo may also contain markers indicating the presence of disease in
the originating cells,? such as cancer.® As EVs circulate in the blood, they can be sampled
without need for invasive tissue biopsy,” offering hope for a rapid, risk-free diagnosis or
real-time monitoring of a known disease.*

EV based diagnostics face substantial challenges due to the small size of EVs and their
biochemical complexity; an additional challenge is the extreme heterogeneity of EV popula-
tions.” Circulating EV’s derive from a wide-range of cell-types, including cells that do not
exhibit any underlying pathology.® Circulating EVs also arise from distinct biogenesis pro-
cesses.™ One class of EVs, known as exosomes (50-100 nm in diameter), are formed when
multi-vesicle endosomes (MVE’s) fuse to the cell membrane and release their intraluminal
vesicles into the extra-cellular environment. A second class of EVs, known as microvesicles
(50-1000 nm in diameter), arise from outward budding and fission of the cell plasma mem-
brane (blebbing). Both exosomes and microvesicles have diagnostic significance in cancer,
with physical properties and co-expressed oncogenic mutations that reflect a single origi-
nating tumor cell. Heterogeneity is also observed within each subgroup. Exosomes may be
formed via different mechanisms, including Endosomal Sorting Complex Required for Trans-

port (ESCRT),” ESCRT- independent machineries® and tetraspanin proteins,” with each



distinct mechanism leading to different molecular cargo. Exosomal content may also be size
dependent.*? Microvesicles are also formed via different blebbing mechanisms, e.g. increases
in cytosolic Caj levels on plasma membrane,™ or activation of P2X receptors.*?
Tumorgenesis and consequent treatment regimes may also influence EV heterogeneity.
Cancer’s incredible molecular complexity arises through selection pressures operating in the
spatially complex and dynamic tumor microenvironment.™#** When a tumor cell acquires a
specific driver mutation conferring a fitness advantage, the cell will proliferate rapidly giv-
ing rise to a clonal population containing the initial driver. These clonal populations will
then undergo successive sub-differentiation as cells interact with /reorganize their surround-
ings, undergo metastasis to colonize far-flung regions of the body and acquire mutations to
overcome drug therapy. Sampled EV populations may contain molecular signatures of this

1318 which in turn may have crucial implications for treatment (e.g.

underlying dynamics,
providing early warning of the emergence of resistant tumor cell sub-populations’?).

Standard molecular analyses of bulk EVs by polymerase chain reaction (PCR) and other
methods require ‘averaging’ of diagnostic signals. Averaging implies that the diagnostically
crucial single-cell level information carried by each EV is lost against high backgrounds of
irrelevant and/or normal cells. For example, classical bench-top EV analysis protocols typi-
cally use pL to mL of sample (containing 105 — 108 of exosomes™?). Microfluidic approaches
for EV isolation/analysis reduce sample size requirements.’® Yet these platforms, which typ-
ically use immunoaffinity to capture EVs with pre-selected markers, still average over many
EVs, in particular requiring the binding of multiple EV’s to microbeads or device surfaces®’
(the best platforms average over > 10 EV’s'¥).

In order to fully harness the potential of EV based diagnostics, there is need to de-
velop platforms that can output multiple interrelated disease markers from a single EV. The
ability to output multiple disease markers on a single EV basis can not only increase the

level of biomedically relevant detail, for example for improved prognosis and prediction, but

also increase the number of diagnostically significant marker combinations available, thereby



increasing the chances of disease detection. Here we harness a nanofluidic system incorporat-
ing tunable confinement to output the size and charge of individual EVs analyzed in parallel
over an array of nanofluidic traps. EV charge arises from surface associated molecules (e.g.
proteins,” glycans?! and cholesterol??) that are incorporated during biogenesis. EV charge
is one of the predominant factors to uptake by the receiving cell. 23

Moreover, EVs from prostate cancer cells have a higher charge (PC3) than normal prostate
epithelial cells (PNT2) possibly due to their higher concentration of sialic acids,?? and there-

fore EV charge is a potential cancer biomarker.

Figure 1: (a) The device consists of a lattice of circular nanocavities bonded to a flexible
membrane lid. (b) When pneumatic pressure P is applied to the lid, the lid is deflected
downwards, increasing the degree of vertical confinement experienced by the particles. At
maximum deflection (c), the confinement is complete and the particles cannot escape from
the cavities. (d-f) The imposed confinement alters the electrostatic free energy landscape
experienced by the particle, increasing the potential well depth W for a particle confined
in a cavity, which in turn decreases the particle escape rate R. (g-h) The device consists
of a nanoslit with embedded cavity lattice etched into a borosillicate substrate. A flexible
nanoscale nitride lid is exposed at the device center and suspended over the cavity lattice.
The nanoslit is interfaced to two loading ports for introducing particle containing solution.
(i) SEM of cavities taken through the nanoscale lid. (j) photograph of 1 x 1cm device.

Our device consists of an array of nanocavities embedded in a nanoslit (Fig. [[(a)). A
flexible nanoscale lid is deflected downwards by pneumatic pressure (Fig. (b)), varying

the degree of vertical confinement experienced by vesicles in the nanoslit. At the highest



membrane deflection, the cavities are closed-off from the surrounding slit, isolating single
vesicles in the cavities (Fig. [Ic)). This and closely related approaches®"%7 have been ap-
plied to a range of trapping/physical confinement applications, including trapping of single
nanoparticle’s, #3433 dg /sg DN A#20:58051 and chromatin.** Here we exploit the capability
of such devices to directly vary the escape rate (Resc) of vesicles from the well by varying the
surrounding confinement. The escape rate, equivalent to the inverse average time of escape
of a vesicle from a cavity ((tes)), is determined by the depth of the free energy well experi-
enced by a confined vesicle (Fig. [1fd-f)).*8 %0 In low ionic strength buffer, this potential well
depth (DPW, or Depth of Potential Well, 1), has a strong dependence on electrostatics,
so that measurement of the escape rate can access both the size and charge of single vesi-
cles, an approach termed single-molecule electrometry.**4!' By combining the single-molecule
electrometry with tunable confinement, we gain the ability to make precision measurements
of charge on a single-vesicle basis, due to the ability to perform multiple measurements of
escape rate of a single vesicle for different degrees of confinement. Critically, our flexible lid
constructed from a nanoscale silicon nitride membrane is sufficiently rigid so that the DPW
is constant over a number of cavities (Fig. [I(d-f)), enabling acquisition of sufficient statics
on particle trajectories to make precise measurements of escape-rate. As our approach can
also access Brownian diffusion of vesicles in the slit between cavities, we can also measure
vesicle size, comparable to Nanoparticle Tracking Analysis (NTA). Note that NTA yields
only particle size, while our approach yields both size and charge for each vesicle. As proof-
of-principle, we probe both the size and charge of EVs extracted from a human glioblastoma
astrocytoma cell-line (U373) and benchmark these results against equivalent measurements
taken from the healthy counterpart cell line (normal human astrocytoma, NHA).

Our tunable confinement device is fabricated using the approach outlined in Capaldi et
al?® In detail, the device consists of a borosillicate substrate containing a lattice of circular
nanocavities (radius R. = 500nm), embedded 200 nm deep in a 400-500 nm deep nanoslit

connected to two loading reservoirs (Fig. [Ifg, h), see Sup. Mat. I). A free-standing 100 nm
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Figure 2: (a-c) Sequence of fluorescence micrographs of plasmids diffusing in cavity lattice
for (a) weak, (b) moderate and (c) strong confinement. The cavity positions are indicated in
gray. (d-f) Corresponding trajectories for three example plasmids for (d) weak, (e) moderate
and (f) strong confinement. (g-i) The probability of finding the plasmid at a point in the
cavity lattice, for (g) weak, (h) moderate and (i) strong confinement. At higher confinement
the plasmids remain in the cavities longer relative to the slit, resulting in a higher probability
for a plasmid to be found in a cavity.



thick silicon nitride membrane is exposed in the device center, forming a flexible lid over
the nanoslit. The device is secured to a 3D printed chuck via a membrane gasket. The
chuck contains access ports for injecting particle containing buffer solution as well as appli-
cation of pneumatic pressure to depress the membrane. Prior to operating the device, the
nanoslit is incubated in PVP solution to prevent vesicle adhesion. The chuck is mounted
in a fluorescence microscopy setup with LED-based multi-wavelength illumination. When
the membrane is deflected by applied pneumatic pressure, the vertical gap (slit height) is
decreased. We calibrate the slit height as a function of pressure by measuring the intensity
of fluorescent dye in the nanoslit (see Sup. Mat. II). Note that the gap height varies across
the membrane (see Fig. [I|b,c)); we perform measurements only over the portion of the mem-
brane with a gap height varying less than a fixed threshold 20 h,,., which we call the plateau
region (see inset to Fig. S8 in Sup. Mat. XII for definition of plateau region). Experiments
were primarily performed in devices with dh,.. = 0.8nm, with a corresponding ‘plateau
region no smaller than the 6 x 5 array of cavities in the device center (the total membrane

area was 160x 200 pm?

and the slit was 500 nm deep). A second device class used a larger
dhmax = 10nm (plateau region corresponded to 6 x 6 array of cavities in the device center,
total membrane area was 100x100 um? and slit depth was 400 nm). Height measurements
are determined as an average over the gap heights in the plateau region.

We choose low ionic strength buffer conditions to ensure that the confining free energy
well at each lattice site is determined by electrostatics (we use 1mM Tris with 0.4 mM NaCl
solution, yielding an ionic strength I = 0.7mM and a Debye length of 11.5nm, see Sup.
Mat. III). A charged particle confined between two parallel like-charged confining surfaces
has an equilibrium position, or potential energy minima, lying at the mid-point between the
two surfaces.**2 At the position of an embedded cavity, this mid-point potential energy
minima will lie inside the cavity and be lower than the mid-point potential minima in the

surrounding slit. Consequently, an energy barrier will exist preventing particle escape from

the well, given by the potential difference between the inside and outside of the cavity;



this is the potential well depth (DPW, W). The DPW can be computed by solving the
Poisson-Boltzmann equation for the circular cavity geometry,*¥ and depends in detail on
the buffer ionic strength, zeta potential of confining surfaces (¢;), and the device geometry,
including the cavity radius (R..), cavity depth (d), and the slit height (2h). By varying the slit
height via our tunable confinement capability, we directly modulate the DPW, and therefore
modulate the particle residency time in the cavity traps (see Fig. (d-f) for examples of the
electrostatic potential landscape for different gap heights computed from the PB equation).

We use fluorescently labeled plasmids (pBR322g, New England Biosciences) to bench-
mark and calibrate the tunable confinement device for single vesicle electrometry. The plas-
mids, all possessing the same sequence, have a uniform chemistry, so differences in behavior
between individual plasmids arise necessarily from Brownian dynamics and not intrinsic
chemical heterogeneity. We find that, as expected, plasmid diffusive dynamics in the cavity
lattice depends strongly on the degree of imposed confinement (Fig. , also see supplemen-
tary movie). When confinement is weak, particles transit rapidly between many cavities over
the minute long movie (Fig. [2[(a, d)) with a low residency time in each cavity (Fig.[2[g)). In
this case the DPW is low and it is highly probable that a thermal fluctuation will drive the
plasmid out of a well at any given instant. Once a plasmid escapes from the well, the plasmid
diffuses in the nanoslit until it reaches the next local energy minimum. At an intermediate
degree of confinement, the DPW is higher and particles can explore only a limited number
of wells over the course of the movie (Fig. [2(b, e)), with a higher residency time in each well
(Fig. 2(h)). Finally, at the highest confinement, the plasmids are trapped in a single well
over the entire movie (Fig. ¢, £, 1)).

By quantifying the plasmid trajectories in the cavity lattice we can deduce the distribu-
tion of plasmid escape times from the well ¢ for each confinement condition (Sup Mat. IV).
The escape times follow an exponential distribution (Fig. [B[(a-c)), as expected for a Poisson
process. The average escape time (fes.) is obtained from fitting an exponential model to

the escape time distributions: P(At) = A/(tesc) exp(—At/{tesc)). The quantity (fes.) in-



creases strongly with increasing confinement (decreasing slit height 2h, Fig. (d)) Note that
Fig. (d) includes measurements of (fe.) versus slit height for devices with well controlled
height variation (dhmax = 0.8nm, device class 1) and less well controlled height variation
(0hmax = 10nm, device class 2); measurements taken for both device classes agree well. The
relationship in Fig. [3(d) can be used to calibrate our tunable confinement system: calibration
entails linking a given measurement of (fe.) to a corresponding charge value.

Calibration has two parts: firstly the DPW is linked to charge via®'¥2

W — 5¢m£]eff- (1)

The quantity 61, is the difference in electric potential, averaged over the particle’s surface,
between the inside and outside of the well evaluated at the mid-point between the parallel
device surfaces; §1,, can be obtained from the Poisson-Boltzmann equation for known cavity
geometry, effective and particle size (see Sup. Mat. V). The quantity g.g is the particle’s
effective charge, the charge of the particle observed in a far field regime several Debye
lengths away from the particle.#4 Secondly, Brownian Dynamics (BD) simulations are used
to link (fese) to the DPW. For this calibration, the plasmid’s effective charge o is obtained
independently from electrophoresis (geg = —152 £ 4¢). The plasmid’s hydrodynamic radius
ry is fixed using the value from Newman et al (65nm).** The missing parameter, the zeta
potential of the confining surfaces 1, is determined by finding the v, value that brings the
(tese) values obtained from BD simulation into agreement with experiment (see Sup. Mat.
VI). Figure[3|d) shows the final calibration curve obtained from Langevin simulations against
2h and 9 for geg, . The dependence of (tes.) on 01, follows an exponential (Fig. (d),

inset), in accordance with the Kramer relation:

e 0 m
<tesc> - tr exXp <quB¥ > (2)

with ¢, a pre-exponential factor with dimension of time corresponding to a positional relax-



ation time (see Sup. Mat. IV).

a) b)

1.00 4 \2h=191nm 2h=185nm X 2h=180nm
g \

075 [<tgu>=0.55:0.045] <t,>=7.9:0.235

Relative Frequency

d)
10.00
=
A
b
< 1.00 .
v
Langevin Simulation
(qeff='152e)
180 185 190 195

Slit-height (nm)

Figure 3: Normalized histogram of measured plasmid escape times for (a) slit height of
191 nm with 25 particles and 195 hopping events; (b) slit height of 185 nm with 42 particles
and 351 hopping events; and (c) slit height of 180nm with 74 particles and 295 hopping
events. (e) Comparison of experimentally measured averaged escape times for different slit
heights with Langevin simulation results. The inset gives the measured average escape time
for different DPW on a log-linear scale with an exponential fit to the simulation results.
Data points from device class 1 (0hpmax = 0.8nm) are shown as circles with colors that
match the corresponding histograms in (a), (b) and (c). Data points from device class 2
(0hmax = 10nm) are shown as blue triangles.

Next we use our calibrated system to perform simultaneous size and charge measurements
on single confined vesicles (Fig. . Our EVs are obtained from the human glioblastoma as-
trocytoma (U373) and normal human astrocytoma (NHA) cell-lines, fluorescently labeled
(with Dil) and suspended in 1mM Tris with 0.4 mM NaCl solution (see supporting informa-
tion for details on EV isolation and preparation). Prior to introducing the EVs into our
device, the EV size and charge were characterized respectively via Nanoparticle Tracking

Analysis (NTA) and electrophorephoretic mobility. In addition, as a control, we investigated

10



vesicles with a relatively more controlled, uniform chemistry: liposomes based on the phos-
pholipid combination DOPC/Chol with incorporated Rhodamine DHPE dye (FormuMax
Scientific Inc, US). Vesicle samples were introduced into our system and sufficient confine-
ment was applied to fully isolate vesicles within individual cavities, completely preventing
their escape. Then the confinement was reduced in ~ 5nm increments, with a 10s hold
after each confinement increment to observe if particle escape occurred. When particle es-
cape was observed, the critical height was recorded and particle dynamics were integrated
for 60s. Note that the critical height depends on the size and charge of particles. For the
liposome sample, almost all particles escaped from the cavities at 2h = 291 nm; however,
for the EV sample, the critical confinement varied between 120 and 320 nm, hinting at the
greater heterogeneity present in the EV sample. The t.. can be obtained from analysis of
single particle trajectories (Fig. [4fa)), with the measured (fes) the average of the escape
times for each trapping event. We have never observed occupancy of a single cavity by more
than one vesicle, likely due to a self-exclusion effect arising from the vesicle’s charge, i.e. the
free energy of cavity occupancy of a charged vesicle is increased in the presence of a second
like-charge vesicle due to strong repulsive electrostatic interactions between the vesicles. In
order to obtain the vesicle hydrodynamic radius rg, the vesicle mean square displacement
(MSD, (r?)) is obtained for the portion of the particle trajectory that is outside of the cavity,
e.g. takes place completely in the surrounding slit (Fig. [d{(b), (r2;)). The diffusion constant
and particle size is then inferred via (r%,) = 4Dt and the Einstein relation D = kgT'/(eg.
The quantity (g is a friction factor that takes hydrodynamic coupling between the particle
and device surfaces into account using Faxén’s approximation (see Sup. Mat. VII).

While measurements of (tes.) at a single confinement value can be used to deduce geg,
this approach requires using Langevin simulations to deduce the exponential pre-factor ¢,.
Instead, using our ability to vary confinement experienced by a single vesicle, we reduce the
confinement after the first measurement and perform a second integration over the dynamics

to obtain (fes.) for an additional slit height 2h’ (Fig.[d|(c)). This second slit height was chosen
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Figure 4: Methodology for measuring size and charge of single vesicles. (a) A sample tra-
jectory of a liposome particle at two different slit heights (22 = 291 nm and 2A' = 315nm)
and resulting (fesc). (b) Mean square displacement in slit of 5 vesicles of similar size at the
two different slit heights. The inset indicates the definition of the displacement vector r for
a vesicle undergoing Brownian motion in the slit between cavities. (¢) Mid-point potential
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by finding the minimum increment in 2h that yielded an appreciably lower (¢’ ) (specifically,

esc

(t..) is 2-3 times smaller than (fe.) which is correlated to a 1-2 kgT lower DPW).
For the liposome sample, 2h' = 315nm. For the EV samples, we observed that 2h’
was typically 20-50 nm greater than 2h (2h' =145-360 nm). By taking the ratio of the two

average escape time measurements, from Eq. 2| we can deduce g without knowledge of the

exponential pre-factor:
1 tesc
< log <, >
¢m(2h) - ¢m(2h ) <tesc>

We used our device to characterize 30 liposome and 100 EVs for each of the EV samples

(3)

Geft =

(Fig.[p). Our results for both EV size (Fig.[5|a)) and zeta potential (Fig.[5[(b)) are consistent
with bulk approaches (i.e. electrophoresis and NTA), but our approach yields a correlated
size and charge value for a single vesicle (Fig. [5{(c)). To compare with electrophoresis mea-
surements, our measured charge was converted to zeta-potential using a result derived from
Poisson Boltzmann theory for spherical colloids?Y (see Sup. Mat. VIII). Note that, as
expected, the EV samples have a considerably broader and more heterogeneous size and
effective charge than the liposome sample. As the liposome sample are more chemically
uniform than the EVs with a more tightly controlled diameter, the spread of the liposome
measurements about the mean gives a measure of the expected error in a single vesicle mea-
surement (technically, an upper limit in the single vesicle error as the liposomes are not
completely mono-disperse). The measured mean+standard deviation for liposome diameter
and zeta potential are respectively 239+8 nm and 38+2mV, corresponding to one-sigma er-
rors in vesicle diameter and zeta potential of respectively 3% and 5% (for comparison, the
respective values from NTA and electrophoresis are 236+10nm and 38.1+1.5mV.) The lipo-
some measurements were performed entirely with class 1 devices with well-controlled height
(0hmax = 0.8nm). For the EV measurements, measurements were performed in both device
classes, but predominantly in class 1. Measurements in both device type yielded equivalent
means and distribution spreads (see Table S1 in Sup. Mat XI). The diameter dependence

of the effective charge appears to roughly reflect a scaling geg ~ (R?, with R the EV radius
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(see the inset to Fig. (c) which suggests that g.g normalized to the EV surface area 4w R?,
or equivalently zeta potential, is independent of diameter). The absence of particles below
60 nm in our sample is likely due to our use of a lipophilic stain; particles below 60 nm likely
do not contain a lipid component.*"

In addition, comparing the NHA and U373 secreted EVs shows that while the NHA and
U373 EVs have a comparable size distribution (Fig. 5(a)), the NHA EVs are more highly
charged (by about 18%, Fig. [f|(b)). This difference is significant: the U373 EVs have a mean
zeta potential of 41.3+0.6 mV, the NHA EVs have a mean zeta potential of 48.6+0.6 mV,
with errors quoted corresponding to standard-deviation on the mean. Regarding the possible
biological significance of this difference, it is well known that profound changes in membrane
glycosylation occur in cancer. Although these changes usually lead to more sialylation and
consequently more negatively charged EVs,*? there are complicating effects, for example
variability in negatively charged lipids like phosphatidyl serine*” or changes in carbohydrate
(HSPG) content of cellular membranes that spill over to EVs. %% Also, the protein repertoire
of EV surfaces is very different in cells that have undergone transformation, where hundreds
of proteins appear or disappear as the cell acquire aggressive traits.%” Lastly, different path-
ways of EV formation may be activated in cancer cells.”

In summary, we use tunable electrostatic confinement combined with single-molecule
electrometry to characterize simultaneously the size and charge of EVs. Our configuration
allows the confining potential to be varied over two orders of magnitude (~ 0.1 - 10 kgT),
allowing tuning of the particle escape rate from the wells. This tunable escape rate makes
possible the extraction of the size/effective charge of single vesicles of differing size and
charge measured in the array. While our current devices have a relatively small plateau
region and hence throughput, increasing the total membrane area should be straightforward
and then simple scaling suggests that we should be able to achieve throughputs ~ 500
EV measurements per minute, with throughputs ~ 1000 EV measurements per minute

feasible with more concentrated samples that can ensure increased array occupancy (see
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Sup. Mat. XII). In addition, by fully deflecting the membrane lid, we can fully confine
a vesicle in a single well. The tunable device, after extracting the charge and size of a
single vesicle, might then potentially be able to isolate the vesicle in a single cavity where
repeated chemical exchanges could lyse the EV, release the molecular cargo and then target
the encapsulated RNA’s and proteins for more detailed analysis. In particular, the ability to
correlate the molecular repertoires of individual EVs with their size and charge, might give
rise to new approaches for EV classification, complementary to isolation of EV subsets via
flow-differentials.*? Alternatively, we might stain EVs with fluorescent antibody conjugates
specific to certain surface markers, and then use our approach to observe if these populations

differ in their physical properties.
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