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Abstract Extracellular shed vesicles, including exosomes
and microvesicles, are disseminated throughout the body
and represent an important conduit of cell communication.
Cancer-cell-derived microvesicles have potential as a cancer
biomarker as they help shape the tumor microenvironment
to promote the growth of the primary tumor and prime the
metastatic niche. It is likely that, in cancer cell cultures, the
two constituent extracellular shed vesicle subpopulations,
observed in dynamic light scattering, represent an exosome
population and a cancer-cell-specific microvesicle popula-
tion and that extracellular shed vesicle size provides infor-
mation about provenance and cargo. We have designed and
implemented a novel microfluidic technology that separates
microvesicles, as a function of diameter, from heteroge-
neous populations of cancer-cell-derived extracellular shed
vesicles. We measured cargo carried by the microvesicle
subpopulation processed through this microfluidic platform.
Such analyses could enable future investigations to more
accurately and reliably determine provenance, functional
activity, and mechanisms of transformation in cancer.
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1 Introduction

Extracellular shed vesicles (ESVs), including exosomes
and cancer-cell-derived microvesicles, are disseminated
throughout the body (Antonyak et al. 2011; Lee et al.
2011; Li et al. 2006; Bobrie et al. 2011; Muralidharan-
Chari et al. 2010). We use the term exosome to refer to
ESVs contained within multivesicular bodies (MVBs),
that are trafficked to the cell surface, and released via
fusion of MVBs with the cell membrane. Exosomes are
thought to be generated by both normal and cancerous cells
(Johnstone et al. 1987; Peinado et al. 2011). We use the
term microvesicle to refer to ESVs that bud from cancer cell
surfaces (D’Souza-Schorey and Clancy 2012; Antonyak
et al. 2011; Lee et al. 2011). ESVs represent an important
conduit of cell communication (Keller et al. 2006; Peinado
et al. 2011; van Niel et al. 2006) and have potential as a
disease state biomarker (Burgess 2013; Skog et al. 2008;
Wang et al. 2013; D’Souza-Schorey and Clancy 2012;
Nilsson et al. 2009). ESVs contain membrane-associated,
cytosolic, and nuclear molecules including specifically
packaged signaling proteins, enzymes, miRNAs, and
RNA transcripts (Grange et al. 2011; Skog et al. 2008;
Mathivanan and Simpson 2009; Cocucci et al. 2009;
Antonyak et al. 2012; Lee et al. 2011; Li et al. 2012;
Al-Nedawi et al. 2008; Al-Nedawi et al. 2009; Di Vizio
et al. 2012). Recipient cells, upon ESV uptake, can expe-
rience a change in their behavior and function (Keller et al.
2006; Peinado et al. 2011; van Niel et al. 2006) due to
cargoes in the ESVs. ESVs play a role in many systems,
including immune responses (Kim et al. 2006; van Niel
et al. 2006; Valenti et al. 2007), reproduction (Mincheva-
Nilsson and Baranov 2010; Dragovic et al. 2011), virus
proliferation (Gyorgy et al. 2011; van der Pol et al. 2012;
Schorey and Bhatnagar 2008), and cancer progression
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(Muralidharan-Chari et al. 2010; D’Souza-Schorey and
Clancy 2012; Peinado et al. 2011). Cancer-cell-derived
ESVs represent a heterogenous population that exhibits
a large range of sizes with unique subpopulations
(Antonyak et al. 2011; Muralidharan-Chari et al. 2010;
van der Pol et al. 2010; Cocucci et al. 2009; Choi et al.
2007; Santana et al. 2014). We have recently demonstrated
that cancer-cell-derived ESVs exhibit a bimodal size dis-
tribution (Santana et al. 2014). It is likely that the two
constituent cancer-cell-derived ESV subpopulations in this
size distribution represent an exosome population and a
cancer-cell-specific microvesicle population (Santana et al.
2014) and that size correlates with biological properties
of interest (van der Pol et al. 2012; D’Souza-Schorey and
Clancy 2012). Microvesicles are ubiquitous in populations
shed by cancer cells and decorate the surface of these cells
(Antonyak et al. 2011; Santana et al. 2014).

ESV characterization is difficult because ESVs are small
and exist in a complex biological milieu. The ability to dis-
cern chemical, biological, or physical differences among
ESV subpopulations emanating from the same cell popula-
tion is extremely challenging. Current microvesicle harvest-
ing approaches concentrate ESVs by means of ultracentrifu-
gation (Choi et al. 2007; Jorgensen et al. 2013; Wubbolts
et al. 2003), filtration (Antonyak et al. 2011; Simpson
et al. 2009; Lawrie et al. 2009; Mathivanan et al. 2010),
and immunoaffinity (Coren et al. 2008; Tauro et al. 2012;
Mathivanan et al. 2010), or some combination thereof.
Although centrifugation and immunoaffinity approaches
enable measurements reflecting averaged properties of het-
erogeneous ESV populations, they neither enable subpop-
ulation cargo analysis nor efficiently isolate an intact ESV
subpopulation for use in a biological assay. Centrifuga-
tion and filtration can concentrate ESVs within a sample,
but centrifugation does not separate subpopulations. Filtra-
tion can isolate a targeted size population, but, to date, the
recovery efficiency and purity have not been quantified.
Furthermore, pressure drops across filters may damage the
isolated ESV subpopulation.

To address these limitions, we have designed and imple-
mented a novel microfluidic technology that separates
microvesicles, as a function of diameter, from heteroge-
neous populations of cancer-cell-derived extracellular shed
vesicles by using the principles of deterministic lateral dis-
placement (DLD) (Inglis et al. 2006; Huang et al. 2004).
Microfluidic devices can be designed to control parti-
cle trajectories as a function of their properties (Pamme
2007; Smith et al. 2012; Gleghorn et al. 2013; Heller
and Bruus 2008; Loutherback et al. 2010; Huang et al.
2004; Pratt et al. 2011; Li et al. 2007; Hawkins et al.
2007). Microfluidic obstacle arrays for controlling parti-
cle trajectories have broad utility in medicine and biology
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(Huang et al. 2004; Green et al. 2009; Holm et al. 2011;
Inglis et al. 2006). These technologies tend to separate par-
ticles with diameter between approximately 1-10um (Inglis
et al. 2010; Gleghorn et al. 2010); as such, convection dom-
inates transport within these systems, given fluid velocities,
target particle diameters, and obstacle array dimensions.
Unique considerations must be taken into account when
designing devices to isolate microvesicles from extracellular
shed vesicles which have diameters between approximately
10nm-1pum, as diffusional transport always plays a signif-
icant role for small-diameter species (Huang et al. 2004;
Heller and Bruus 2008).

2 Materials and methods
2.1 Device fabrication

The device geometry was drawn using L-Edit® (Tanner
Research, Inc., Monrovia, CA). A chrome-plated quartz
mask was fabricated using a DWL2000 (Heidelberg Instru-
ments Mikrotechnik, GmbH, Heidelberg, Germany) and
stripped of excess resist and chrome on a Hamatech-Steag
Mask Processor (Siiss MicroTec, Sunnyvale, CA). 100-
mm silicon wafers were aggressively descummed with an
oxygen plasma, dry-stripping process using an Aura 1000
Resist Strip (Gasonic Instruments, Inc., Calgary, Alberta).
All wafers were primed under vacuum with hexamethyld-
isilazane (HMDS) using a YES-LP III Vapor Prime Oven
(Yield Engineering Systems, Inc., Livermore, CA). This
process yields an HMDS monolayer that promotes adhe-
sion of the photoresist polymer to the wafer. To deposit the
photoresist, Megaposit® SPR®220-3.0 (Shipley Company,
L.L.C., Marlborough, MA), 3mL were deposited onto the
primed wafer. Following deposition, the wafer was spun
at 4000 r- min for 30 seconds to yield an approximately
3—um layer. To cure the photoresist, wafers were soft baked
at 115 °C for 90 seconds. Wafers were patterned with the
mask bearing the image of the device geometry on a High
Resolution Mask Aligner (ABM, Inc., Silicon Valley, CA)
by exposing for 6 seconds with 365nm light at 11.2mW
cm~2. Patterned wafers were subsequently hard baked at
115 °C for 90 seconds. Wafers were developed for 120 sec-
onds in AZ® 726 MIF Developer (AZ Electronic Materials
USA, Corp., Somerville, NJ) on a Hamatech-Steag Wafer
Processor (Siiss MicroTec, Sunnyvale, CA). To etch chan-
nels, wafers were Bosch-etched on a Unaxis 770 Deep
Silicon Etcher (Oerlikon, Pfiffikon, Switzerland) to a depth
of approximately 100um, as measured on a NewView
7300 3D Optical Surface Profilometer (Zygo Corp., Mid-
dlefield, CT). To remove the remaining photoresist, wafers
were piranha cleaned using a Hamatech Hot Piranha (Siiss
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MicroTec, Sunnyvale, CA) and dry-stripped using an Aura
1000 Resist Strip, as previously described. For storage,
prior to use, wafers were coated with uncured SPR®220-
3.0 and diced on a K&S® 7100 Dicing Saw (Kulicke &
Soffa Industries, Inc., Fort Washington, PA). All stages of
device fabrication were completed in the Cornell Nanoscale
Science and Facility (CNF).

2.2 Device construction

Polydimethylsiloxane (PDMS) gaskets were made in a 5:1
elastomer base-curing agent ratio, using a Sylgard® 184 sil-
icone elastomer kit (Dow Corning®, Midland, MI). PDMS
gaskets were cured at 60° for 4 hours. After curing, gaskets
were cut to size and cleaned with acetone, isopropanol, and
deionized water; gaskets were dried with compressed nitro-
gen gas. Devices were stripped of photoresist as described
in Section 2.1. Immediately following stripping, PDMS gas-
kets and cleaned devices were primed for bonding in a Glen
1000 Plasma Strip (Yield Engineering Systems, Inc., Liver-
more, CA) with an oxygen plasma at 0.4torr at 100W for
180 seconds. Silicon devices and PDMS gaskets were man-
ually aligned and bonded and subsequently baked at 60 °C
for 1 hour to secure the bond between the gasket and the
device. Device inlets and outlets were fitted with 50-um
inner diameter Tygon® tubes (Saint-Gobain Performance
Plastics, Corp., Akron, OH); devices were manually primed
with ethanol.

2.3 Surface modification

Devices were functionalized with 5000-Da silanated
polyethylene glycol (silanated-PEG, Nanocs, Inc., New
York, NY) by incubating the sealed device with lmg
mL~! silanated-PEG in 95 % ethanol, 5 % deionized water
(vol./vol.) for 120 minutes. To remove the PEG solution,
devices were rinsed with ethanol, purged with deionized
water, and then with 3 % (m/v) bovine serum albumin (BSA)
in phosphate buffered saline (PBS) (3 % BSA buffer).
Devices were stored in 3 % BSA buffer, at room tempera-
ture, for up to 4 hours prior to use.

2.4 Cell culture

The BxPC-3 (CRL-1687™, pancreatic adenocarcinoma)
cell line was obtained from the American Type Cul-
ture Collection (ATCC®, Manassas, Virginia) and cul-
tured in Roswell Park Memorial Institute (RPMI-1640;
Lonza, Walkersville, MD) cell medium containing 10 %
fetal bovine serum (FBS; Gemini BioProducts, West
Sacramento, CA). Cells were cultured under standard condi-
tions (37 °C, humidified, 5 % carbon dioxide environment).
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The culture medium was exchanged regularly according to
standard sterile techniques. The cells were maintained in
25-cm™2 rectangular cell culture flasks and 150-mm cell
culture dishes.

2.5 Sample preparation

Fluorescent polystryene microspheres, (1 % (vol./vol.);
Bangs Laboratories, Inc., Fishers, IN), of diameters 51 nm,
190 nm, and 2.01um, were used to characterize microde-
vice performance. These beads were suspended in 3 % BSA
buffer by mixing 10, 30, and 50uL of stock bead solution,
respectively, in 1mL of the 3 % BSA buffer solution.

ESVs were harvested from BxPC-3 cells by collecting
the conditioned medium from 30e6 cells subjected to a 12-
hour serum starvation. Following medium collection, intact
cells and cell debris were removed by centrifugation at
300 x g for 10 minutes and 12000 x g for 20 minutes.
Partially clarified conditioned medium was collected for
subsequent processing. To analyze MV content, the super-
natant sample was filtered through a 0.22um Steriflip® filter
(EMD Millipore, Billerica, MA) and rinsed with SmL of
PBS. Microvesicles retained on the filter surface were then
lysed with 2mL of cell lysis buffer (25mM Tris, 100mM
NaCl, 1 % Triton X-100, ImM EDTA, ImM DTT, 1mM
NaVO,, ImM B-glycerol phosphate, 1ug mL~! aprotinin,
lug mL~! leupeptin). 200uL supernatant samples were
extracted for each ELISA measurement. For the conditioned
media controls, 200-uLL of supernatant was collected. For
microdevice processing, 170-uL conditioned media super-
natant samples were added to 30uL of fluorescent bead
samples, for flow verification purposes, and coprocessed
with a 3 % BSA buffer sheath flow. Following microdevice
processing, 200uL of device outputs 8, undeflected (het-
erogeneous ESV) output, and €, deflected (microvesicle)
output, were analyzed (see Fig. 1 for output locations).

2.6 Experimental visualization and setup

All experiments were conducted on the stage of a Nikon®
LVUDMI100 upright microscope (Nikon Instruments, Inc.,
Melville, NY). An X-cite® fluorescence illumination source
(Lumen Dynamics Group, Inc., Mississauga, ON) excited
and visualized fluorescent nano- and microspheres through
a fluorescein isothiocyanate (FITC), Texas Red/Cy3.5, and
4’ ,6-diamidino-2-phenylindole (DAPI) cube (Chroma Tech-
nology Corp., Bellows Falls, VT). All images were col-
lected with Q-Capture Pro 7™(Quantitative Imaging, Corp.,
Surrey, BC) and an EXi Blue™ fluorescence microscopy
camera (Quantitative Imaging). All image intensity datasets
were extracted from a 500-frame, 60-fps averaged camera
feed with Image].
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The buffer solution and prepared samples were deliv-
ered through the device by syringe pumps (Chemyx, Inc.,
Stafford, TX) at a rate of 3.74mL h™1 and 0.15mL h™1,
respectively. The effluent of each outlet was collected in
1.5mL tubes (Eppendorf, AG, Hamburg, Germany).

2.7 ELISA

Vascular endothelial growth factor (VEGF) content was
measured at the output ports of interest with the Human
VEGF Quantikine ELISA Kit (R&D Systems, Inc., Min-
neapolis, MN) according to the manufacturer’s instructions.
Concentration readings were scaled and adjusted to account
for diluents (3 % BSA, lysis buffer, PBS, and serum-free
RPMI).

2.8 Data analysis

All statistics were extracted using Matlab®. Reported errors
represent standard error of the mean for six measurements,
unless noted otherwise. To eliminate background noise from
the output readings, the integral of total pixel intensity
for all regions of interest was used to adjust the inten-
sity reading of each channel. To calculate output channel
purity, the product of the output channel composition and
the volume integral of ESVs produced by BxPC-3 cells was
calculated.

3 Results and discussion

A microfluidic device, Fig. 1, was designed to sep-
arate microvesicles from samples containing heteroge-
neous extracellular shed vesicle populations by use of
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Fig. 1 Microfluidic MV Separation Device Design. a Device
Schematic. Note that the MV sample is centered on the input and
is surrounded by a sheath flow. Particles (microspheres and ESVs)
experience a symmetric and effectively infinite flow field. The volu-
metric flow rate of each input channel, buffer and sample inputs, has
been matched to ensure uniform input velocity. The mean flow is in
the x-direction; the mean fluid flow in the y-direction is zero. In this
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deterministic lateral displacement (Huang et al. 2004). The
threshold diameter, i.e. the diameter above which particles
experience deterministic lateral displacement resulting from
interactions with the obstacle array, is 250um, as seen in
Fig. 2a. The threshold diameter is dictated by the array
properties, see Fig. 1b. This threshold diameter is designed
to lie in the natural gap existing between the two cancer-
cell-derived ESVs subpopulations shed by BxPC-3 cells
(Santana et al. 2014). The array geometry could be tuned
to efficiently separate species with unique threshold diam-
eters (Smith et al. 2012; Gleghorn et al. 2013). In this
system, the Peclet number (Pe), that is, the ratio of con-
vective to diffusional transport rates, is significantly greater
than unity (Pe = O(107 — 10%)) and is calculated as
Pe = A((gm), where A is the center-to-center obstacle
spacing in the direction of flow (see Fig. 1), (Ugow) is
the average fluid velocity, and D is the particle diffusiv-

ity dictated by the Stokes-Einstein equation (D x dparlmle).
As such, flow-associated transport is dominated by convec-
tion. In the direction orthogonal to the mean direction of
flow, transport is mediated by deterministic lateral displace-
ment (DLD) (Huang et al. 2004; Inglis et al. 2006) and
by diffusion, to varying degrees, as a function of the parti-
cle diameter (dparticte). The relative transport contributions
of these phenomenon can be directly compared in the ratio
of the characteristic diffusional transport length (/giffusion)

and the characteristic DLD transport length (IpLp), that is

Ldiffusion
IpLp

is derived from microfluidic array properties and the flow
rate f = (Uf[ltnid)’ and UpLp is the transverse velocity of
the particles resulting from deterministic lateral displace-
ment. Figure 2b shows the value of this transport ratio as

a function of ESV diameter. In the case of small-diameter

= \/ U2D o where the characteristic time scale, f,
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system, output € contains the displaced MV population and output
8 contains the heterogeneous ESV population. b Post Array Design.
The geometric parameters are designed to yield a threshold diame-
ter of 250nm. The center-to-center spacing are indicated by A and
I'. The obstacle diameter is indicated by d. The offset is indicated
by A. the shoulder-to-shoulder gap is 6um and the offset angle is
0.16°
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Fig. 2 Device Performance and Transport. a Calculated Displace-
ment. The total calculated displacement per obstacle as a function
of ESV diameter was determined by FEM (COMSOL). The mark-
ers represent calculated displacement accounting for particle—obstacle
interactions; the vertical bars represent the maximum possible dis-
placement resulting from diffusional transport over the timescale
between obstacle interactions. This diffusional transport is a function
of particle diameter (x Refjow dpal;ide, where T is the center-to-center

spacing in the direction transverse to flow, and Reoy, is the Reynolds
number of the flow). The curvature in the displacement curve for
ESV diameters above the threshold diameter is a consequence of

ESVs (i.e. exosomes), which are on the order of 10—100nm,
diffusional transport plays a significant role. As such, diffu-
sion may limit a particle’s ability to enter a collision-mode
trajectory, as mediated by DLD, and decrease the device’s
separation efficiency (Heller and Bruus 2008).

The post array and device geometry were designed in
an incremental process. Approximate particle trajectories in
this system were predicted by means of a ballistic model
(Gleghorn et al. 2013); this approach predicts trajectories
for dilute particles treated as Lagrangian tracers experienc-
ing inelastic obstacle collisions (Gleghorn et al. 2013). The
ballistic model provides a baseline obstacle array geometry
from which subsequent designs are based. Subsequently, a
finite element modeling (FEM) approach (Gleghorn et al.
2013) was used to predict the threshold diameter and resul-
tant particle trajectories and displacements. Informed by the
FEM data, iterative changes were made to the array’s geo-
metric parameters, accounting for device length, pressure
drops, and diffusional transport, until the target threshold
diameter, 250nm, and total displacement across the device
length, O(100um), were achieved. The total displacement is
designed to yield a spatial separation that overcomes small-
diameter particles’ diffusion across the device length. The
displacements resulting from the final array, as shown in
Fig. 1b, are shown in Fig. 2a.

On-device microvesicle separation performance was
evaluated by processing three sets of fluorescent micro-
spheres whose diameters represent ESV diameters of inter-
est, one whose diameter is below the threshold diameter
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diameter-dependent particle migration resulting from obstacle interac-
tions. The dashed line indicates the maximum theoretical displacement
per row. b Transport Length Ratio. The ratio of the characteristic
diffusional transport length to the characteristic deterministic lat-
eral displacement (DLD) transport length as a function of particle
diameter demonstrates that multiple transport phenomena must be con-
sidered in a separation device. For the device described in this work,
small-diameter ESVs (below the threshold diameter) move laterally
by diffusion. Large-diameter ESVs (MVs with diameters above the
threshold diameter) move laterally by DLD-dominated transport, and
the role played by diffusion decreases with particle size

(51nm), one whose diameter is less than but near the
threshold diameter (190nm), and one above the threshold
diameter (2.01um). As shown in Fig. 3, microspheres with
diameters less than the 250-nm threshold diameter were
negligibly displaced whereas microspheres with diameters
above the threshold diameter were displaced, by means of
deterministic lateral displacement, into the adjacent output
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Fig. 3 In polystyrene bead separation experiments, the microfluidic
obstacle array preferentially deflects large-diameter particles in the
target output (¢). Particles with diameters below the threshold diam-
eter demonstrate minimal deflection from the input stream across the
length of the device. Particles with diameters near the threshold diame-
ter indicate a minimal degree of device-mediated deflection into output
€. There is a statistically significant difference between the compo-
sition of large- and intermediate-diameter particles in output € (p <
0.05). Note: “< Threshold Diameter” indicates 51nm particles;“<
Threshold Diameter” indicates 190nm particles; “> Threshold Diam-
eter” indicates 2.01pum particles
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(output €). For the 190nm-diameter population, the popula-
tion with a diameter near the threshold, there is some degree
of device-mediated displacement in excess of diffusion, as
indicated by the composition of this population in output
€. In comparing output € to output §, there is a significant
concentration of microvesicle-sized species in output €, in
accordance with the device design. The MV-concentrated
output, output €, is 98.5 &= 31.6 % pure, by volume, with a
recovery efficiency of 39.3 + 12.4 %.

Following validation of this novel microfluidic platform,
by means of polystyrene nano- and microsphere separation,
we processed ESVs harvested from BxPC-3 cells through
the microfluidic device. As ESVs are not readily visual-
ized during separation experiments, given their size and
the similarity of their optical properties to those of the
buffer solution, ESV-containing conditioned media samples
were supplemented with fluorescent microspheres to verify
flow separation. The fidelity of this approach for microvesi-
cle chemical analysis was determined by quantifying the
amount of VEGF present within the effluent of output
3, the heterogeneous-ESV containing output, and output
€, the microvesicle-containing output. We selected VEGF
detection as an exemplary chemical readout, as VEGF (a)
stimulates angiogenesis, () is found in cancer-cell-derived
ESVs (Skog et al. 2008; Taraboletti et al. 2006; Lee et al.
2011), and (c) promotes metastasis (Skobe et al. 2001;
Stacker et al. 2001; Ishigami et al. 1998).

As shown in Fig. 4, output € has higher VEGF con-
tent than output §; the statistically significant difference
between the VEGF content of output § and output € is

250
Kk

200

150

100

VEGF [pg/1e6 cells]

50

MVs 5 £
(a)

Fig. 4 a VEGF Readings. An ELISA assay was used to measure
the total VEGF content in concentrated MVs harvested from 35mL
of BxPC-3 conditioned medium, and from 200uL samples collected
from output § and € of the microfluidic device, all measurements are
scaled by total cell numbers and volume harvested, and are adjusted by
the volume of diluent added. These measurements show that process-
ing conditioned medium directly in the microdevice affords sufficient
sample for immunodetection. The statistically significant difference
(p < 0.05) in results between the VEGF content of the unique outputs
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likely attributable to the preferential concentration of MVs
in output €. Soluble VEGF contained within the conditioned
medium primarily contributes to the VEGF readout in out-
put §, as compared to that of output €, given the limited
diffusion of this species across the device length (radius of
gyration, rg EGF ~10nm; Ldiffusion ~101m).

Current extracellular shed vesicle and microvesicle
harvesting approaches rely on centrifugation, filtration,
and immunoaffinity. ESVs isolated by means of centrifu-
gation, in which samples are pelleted (Jorgensen et al.
2013; Wubbolts et al. 2003; Yuan et al. 2009; Tauro et al.
2012) or enriched (Choi et al. 2007), and immobilization
(Coren et al. 2008; Tauro et al. 2012), in which ESVs are
chemically-bound to an immunocoated surface, yield sam-
ples consisting of all species (i.e. exosomes and microvesi-
cles) within the sample. By comparison, our microfluidic
device yields a pure sample of intact microvesicles. As
such, chemical analyses from our system, as compared
to centrifugation or immobilization, represent components
only expressed by microvesicles, instead of those expressed
by all constituent ESVs. Filtration, in which off-the-shelf,
low-protein-absorption 0.22um filters are typically used
(Antonyak et al. 2011; Mathivanan et al. 2010; Simpson
et al. 2009; Lawrie et al. 2009), benefits from the serendip-
itous fact that the pore size aligns well with the natural
gap (Santana et al. 2014) between small- and large-diameter
ESV subpopulations. An attractive aspect of filtration is that
it recovers and concentrates the resultant sample (Antonyak
et al. 2011). Increasing pressure drops across filters, result-
ing from pores being filled by microvesicles, may damage

500
400
300

200

VEGF [pg/ml]

100

0
cM BSA PBS LB SFM

(b)

likely results from the preferential concentration of MVs in output €
as compared to §. b Controls. VEGF measurements were conducted
on the following controls: unlysed conditioned medium (UCM), BSA,
PBS, lysis buffer (LB), and serum-free medium (SFM). BSA, PBS,
LB, and SFM are diluents in various measurements, the controls
demonstrate that none but soluble VEGF in conditioned medium con-
tribute additional VEGF to output readings. Note: n = 2 for all
controls, except the conditioned medium
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the harvested population; to date, this phenomenon has
not been quantified but a direct comparison between filter-
concentrated MVs and microfluidic-concentrated MVs in
future studies may clarify this. The current microfluidic
device’s most appealing aspects are its geometric tunabil-
ity of threshold diameter and gentle treatment of ESVs,
ensuring no ESV destruction or consolidation, and the
demonstrated purity of the isolated MVs, and the con-
firmed difference in protein content of separated ESV sub-
populations. As this device does not concentrate vesicles,
it has not demonstrated, to date, the sample volumes
achieved via filtration and centrifugation (Antonyak et al.
2011; Jorgensen et al. 2013) for use in cell transforma-
tion assays or Western blots. Next-generation devices may
address this by multiplying throughput.

4 Conclusions

Cancer-cell-derived ESVs, specifically microvesicles, are
believed to play important roles in cancer progression
including changing the behaviors of cells that make-up
the tumor microenvironment in ways that drive primary
tumor growth. ESVs, which as also shed into circulation,
are believed to contribute to the priming of the metastatic
niche. As cargo is believed to be correlated with size, it
is important to isolate the large-diameter microvesicle pop-
ulation to identify unique cargoes and further establish
microvesicles’ role as a cancer biomarker. In this work, we
developed a deterministic lateral displacement microfluidic
device for the isolation of cancer-cell-derived microvesi-
cles from conditioned medium containing a heterogeneous
cancer-cell-derived extracellular shed vesicle population.
We highlighted an exemplary case of chemical detection
by measuring VEGF within each ESV-containing microflu-
idic output and showed a statistically-significant difference
between the outputs, which likely results from MV deflec-
tion to and concentration in the target output (¢). Additional
chemical analyses could be conducted to measure other
cargo of interest in on-going efforts to establish cancer-
cell-derived MVs as cancer biomarkers and their role in
cancer progression. The microfluidic device we designed
and tested demonstrated a microvesicle-sized particle recov-
ery efficiency of 39 % with a corresponding purity of
98.5 % in target output. The primary limitation of effi-
ciency is attributable to the role of diffusion in the transport
of such small particles. This technology enables separation
of microvesicle-sized particles and can be used to identify
cargo carried by the microvesicle subpopulation. Such anal-
yses could enable future investigations revealing microvesi-
cles’ provenance, functional activity, and mechanisms of
transformation in cancer.
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