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Extracellular vesicles (EVs) play an important role as active messengers in
intercellular communication and distant microenvironment modeling. Increasingly,
these EVs are recognized as important biomarkers for clinical diagnostics. However,
current isolation methods of EVs are time-consuming and ineffective due to the high
diffusive characteristics of nanoparticles coupled with fluid flow instability. Here,
we develop a microfluidic CEntrifugal Nanoparticles Separation and Extraction
(LCENSE) platform for the rapid and label-free isolation of microvesicles. By utiliz-
ing centrifugal microhydrodynamics, we subject the nanosuspensions between
100nm and 1000 nm to a unique fluid flow resulting in a zonal separation into differ-
ent outlets for easy post-processing. Our centrifugal platform utilizes a gentle and
efficient size-based separation without the requirements of syringe pump and other
accessories. Based on our results, we report a high separation efficiency of 90% and
an extraction purity of 85% within a single platform. Importantly, we demonstrate
high EV extraction using a table top centrifuge within a short duration of eight
minutes. The simple processes and the small volume requirement further enhance
the utility of the platform. With this platform, it serves as a potential for liquid
biopsy extraction and point-of-care diagnostics. Published by AIP Publishing.
https://doi.org/10.1063/1.5019983

I. INTRODUCTION

Extracellular vesicles (EVs), comprising microvesicles and exosomes, are recognized as key
intermediary components between cell-cell communications.'™ These phospholipid spherical
vesicles, spanning between 50nm and 1000 nm in diameter, are released from mammalian cells
via exocytosis or through the fission of plasma membrane. Biomolecules are transported within
the nanovesicles to distant sites without degradation. The EVs may be assimilated into recipient
cells through endocytosis or fused directly with the plasma membrane, thereby releasing its exo-
somal content into the cytosol of the target cell. In recent years, researchers reported that the
transfer of proteins and nucleic acids by EVs alters the pathways of the recipient cell at a post-
transcriptional level.® Such reconditioning facilitates an optimal environment for diseased cells to
reside, and is an important criterion for cancer metastasis,L11 cardiovascular diseases,lz’13 and
hematological diseases,""'* among others. In fact, exosomes were found to be in higher quantity
in patients of certain cancers,'> and could serve as an important diagnostic biomarker.'¢™'

Despite their diverse role in various pathologies, extraction of EVs is highly challenging
due to the high diffusive characteristics of the nanoparticles. Conventionally, researchers use
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differential ultracentrifugation approaches to remove unwanted debris based on their size and
densities. However, to isolate EVs, high centrifugal forces more than 100 000 x g are often nec-
essary to create sufficient forces on the nanoparticles.'>'??* These methods are not only tedious
and time-consuming (>8h), they also require large purified samples (>10ml) which are often
impractical with biofluids. Moreover, studies have shown that the high centrifugal forces
resulted in exosome fusion, altering their structural properties and functions.”’ Consequently,
this affects the extraction yield and downstream analyses. Alternatively, precipitation kits have
been commercialized in the last few years,”> but these methods require additional reagents,
which may affect the yield and processing time.

In order to overcome these shortcomings, microfluidics has been proposed as a promising
alternative for EV enrichment.*>** Over the past few years, microfluidic approaches utilizing
immunoaffinity capture of specific exosomes have been developed.”>® For example, Kanwar
et al. developed a microfluidic platform functionalized with antibodies against CD63 to facilitate
exosome capture.”> While considerable success has been reported using this approach, the separa-
tion purity is low as CD63 is expressed in both intracellular and extracellular vesicles.”
Furthermore, sufficient time is needed to allow the nanoparticles to bind to the antibodies. More
importantly, extracellular microvesicles that do not present such characteristic surface markers
will inadvertently avoid capture.’*®*' More recently, microfluidics utilizing label-free isolation
methods have also gained significant attention owing to its ease of operation.’> Several
approaches were demonstrated using microfiltration,'>> acoustics,**> viscoelastic lift forces,*®
and deterministic lateral displacement micropillars.®” Typically, these size-based separation meth-
ods allow the optimal capture of extracellular vesicles below 200 nm. However, while these tech-
nologies have shown early promises, separation purity is often compromised with increasing
throughput.

Here, centrifugal microfluidics offers a simple and yet robust strategy to overcome these
diffusive effects. Many researchers have exploited the miniaturized rotational platform for parti-
cle handling,”®*° valving,*"** decanting,”> and sedimentation.**~*® These multiple advantages
in microscale manipulation within a single platform enable sample-to-answer possibilities, and
are especially useful in diagnostic applications. Despite its high utility, most of the centrifugal
microfluidic applications have demonstrated success mainly towards microparticle separa-
tion.*”*® More recently, Woo et al. developed a centrifugal biodisk capable of isolating extra-
cellular vesicles between 20nm and 600 nm using membrane filters.*” Even so, centrifugal sep-
aration of nanoparticles is yet to be effectively established due to the complexity of forces
intertwined with fluid instability.

In this study, we utilized centrifugal microfluidics to achieve nanoparticle separation. In
particular, our design reduces the hydrodynamic radius and increases the external force field
effects significantly. As a result, the centrifugal force requirement is significantly lower than
that of conventional centrifugal methods. The processing time is also reduced by more than 100
folds compared to conventional methods. In addition, the microfluidic manifold eliminates the
need for a syringe pump. Here, we demonstrate the utility of this microfluidic platform to
enrich monodispersed nanosuspensions, separate mixed nanosuspensions, and extract microve-
sicles from the cell culture medium. Overall, our device is capable of separating bioparticles
below 100 nm within minutes, and possesses obvious utility in EV extraction for disease detec-
tion and diagnosis.

Il. MATERIALS AND METHODS
A. Design and fabrication of yCENSE platform

Figure 1 shows the main components of the microfluidic CEntrifugal Nanoparticles
Separation and Extraction (uCENSE) platform. The yuCENSE platform comprises three main
parts: the microfluidic chip, the rotor assembly, and the centrifugal rotor. The microfluidic chip
is detailed in Fig. 1(a). It consists of one serpentine inlet channel and two outlets. Interposed
between the inlet and outlets is a separation microfluidic channel. The separation channel is
15mm x 800 um (L x W). Separation of particles by size occurs within this separation channel
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FIG. 1. Overview of the microfluidic centrifugal nanoparticles separation and extraction (uCENSE) platform. (a)
Schematic of the centrifugal microfluidic chip. It consists of one inlet, two outlets, and a separation channel. The scale bar
represents 5 mm. The inset describes the separation principle: centrifugal force drives fluid pressure along the separation
channel and radial force pushes the particles away from the center of rotation by size. (b) Rotor assembly allowing multiple
microfluidic chips to be held in place during centrifugation. The scale bar represents 15 mm. (c) Actual fabricated centrifu-
gal microfluidic platform. The scale bar represents 50 mm. (d) Photograph depicting loading of the sample fluid via a
micropipette and the movement of the red dye. The arrow indicates the position of the dye at different centrifugal intervals
(t=0s, 30s, and 605).

owing to the different forces acting on the nanoparticles [inset of Fig. 1(a)]. The microfluidic
chip was fabricated using standard soft lithography techniques. Briefly, polydimethylsiloxane
(PDMS) (Dow Corning Sylgard 184, Midland, MI) prepolymer was mixed in a 10:1 (w/w) ratio
with a curing agent, poured onto the silanized wafer, and degassed for 1h. The polymer was
then cured in a drying oven at 70°C for 2h. The cured silicone elastomer was removed from
the mold and the fluidic inlet and outlet were formed through hole-punching of diameter 1 mm.
The PDMS substrate was fabricated using the same steps and covalently bonded to the PDMS
microfluidic channel using oxygen plasma treatment. The device was completed after curing in
the oven at 70 °C for another 3 h. Next, the rotor assembly allows multiple microfluidic chips to
be placed in the platform [Fig. 1(b)]. The rotor assembly was fabricated using standard micro-
milling techniques. The centrifugal rotor sets the rotor assembly on a rotational speed within an
enclosure of 120mm diameter. The actual fabricated uCENSE platform is shown in Fig. 1(c).
To initialize the sample extraction process, the sample fluid was loaded into the microfluidic
chip using a standard micropipette [Fig. 1(d)].

B. Device testing protocol

Using centrifugal hydrodynamics, particles may be separated according to their size. To
test this, fluorescent nanobeads (Phosphorex, Inc.) of density 1.05kg/m> of various sizes were
loaded separately into the microfluidic chip using a micropipette. The inlet was left open as an
air vent to provide the centrifugal force in the fluid interface. The microfluidic chip was care-
fully placed within the chipholder and enclosed within the rotor assembly. The centrifuge was
set to spin according to the stipulated duration. The microfluidic chip was then removed from
the rotor assembly and observed under the fluorescence microscope. Sample liquid was
extracted from the outlets using vacuum suction for further post-processing analysis. Sample
was air-dried on the mica surface and scanned using atomic force microscopy (AFM).



024103-4 Yeo et al. Biomicrofluidics 12, 024103 (2018)

C. Biological processing protocol

Biological samples were further used to demonstrate the device utility. Human breast ade-
nocarcinoma cell line, MCF-7, and lung adenocarcinoma cell line, H1975, were cultured in low
glucose Dulbecco’s modified Eagle’s medium (DMEM) (Gibco®, CA) supplemented with 10%
fetal bovine serum (FBS) (Invitrogen, CA) and 1% pencillin/streptomycin (Invitrogen, CA).
Cell culture was maintained at 37°C in a 5% CO, incubator with the media replaced every
48 h until 90% confluency. The culture media was aspirated and discarded. Next, the culture
flask was washed three times using phosphorus buffered saline (PBS) and the culture media
was then replaced with low glucose DMEM without FBS and cultured for another 12h follow-
ing which, the cell culture solution was aspirated. The culture solution was centrifuged at 2000
x g for 30 min to remove any remaining cells and debris. The supernatant was loaded into the
microfluidic chip for microvesicle extraction. The microfluidic chip was subjected to a centrifu-
gal spin of two minutes and then removed from the centrifuge. To ensure full extraction of the
separated microvesicles, 10 ul of PBS was slowly loaded into the inlet of the microfluidic chip
using a syringe pump. 5 ul was extracted from each outlet and characterized using atomic force
microscopy. For comparison, the culture solution was further extracted using conventional
methods, as described in previous literature.’®

For Western blotting, the isolated EVs were lysed in a non-reducing sodium dodecyl sul-
fate sample buffer (Thermo Fisher, MA), heated at 85 °C for 5 min and stored at —20 °C before
analysis. Samples were loaded and resolved using polyacrylamide gel electrophoresis (SDS-
PAGE) (Thermo Fisher, MA) and transferred to a nitrocellulose membrane. The membrane was
blocked with a blocking buffer (5% bovine serum albumin in 0.1% Tween 20 in Tris-buffered
saline solution) and incubated overnight with a primary exosomal CD63 antibody (Thermo
Fisher, MA). Next, the secondary antibody was incubated for 1h at room temperature and
washed three times with 0.1% Tween 20 in Tris-buffered saline solution. Finally, enhanced
chemiluminescence was used for detection.

lll. RESULTS AND DISCUSSION
A. Theoretical modelling

The pCENSE platform allows pressure flow handling coupled with centrifugal hydrody-
namics on a handheld centrifugal platform. At equilibrium, the resultant forces create zonal sep-
aration of nanoparticles within the microfluidic chips leading to different outlets. Upon centrifu-
gation, a compressive pressure acts on the fluid inlet interface to initiate fluid flow, which is
further assisted by the Euler acceleration. The fluid movement can be mathematically described
using the Lagrangian derivative as

%z—%—l—nvzﬁ—ﬁx(ﬂxr)—%Zxﬁ, (1)

where %’f is the Euler acceleration, % is the pressure gradient, anﬁ’ is the viscous drag term, Q X
(Q x r) is the centrifugal force, and 2Q x i is the Coriolis force. Accordingly, the serpentine inlet
channel provides sufficient hydrodynamic resistance to provide fluid movement at the onset of cen-
trifugation. To demonstrate the fluid movement within the microfluidic chip during the centrifugal
process, we loaded 5 ul of red dye in the inlet and spun at various time intervals. Figure 1(d) illus-
trates the movement of the fluid at different centrifugal intervals (t=0s, 30s, and 60s). Notably,
by the end of the centrifugation, the fluid has migrated to the outlets for subsequent retrieval.
Simultaneously, a centrifugal force field is acting perpendicular to the axis of the fluid flow
direction which is counteracted by the hydrodynamic drag, buoyancy, and Coriolis force [Fig.

1(c)]. Under the steady state, the particles achieve terminal velocity u, described by

d*ro?

_ _ 2
Up 18”_2d2ppw(pp pf)? ( )



024103-5 Yeo et al. Biomicrofluidics 12, 024103 (2018)

where d is the diameter of the particle, r is the distance from the center of rotation, w is the
angular velocity, u is the dynamic viscosity of the fluid, and p, represents the density of the
particle (refer to supplementary material). The resultant terminal velocity results in the migra-
tion of the nanoparticles towards the outer channel wall. Clearly, different terminal velocities
could be achieved with nanoparticles of different sizes.

Therefore, using our centrifugal platform, we created a centrifugal speed of 5000 rpm,
equivalent to approximately 1300 x g. Furthermore, by manipulating the hydrodynamic resis-
tance, the residence time for each nanoparticle within the separation channel may be adjusted.
In particular, we chose three different channel heights (100 um, 50 um, and 25 ym) to adjust the
characteristic time for the nanoparticles (1000 nm, 500 nm, and 200nm) within the separation
channel. This further determines the vertical displacement of each particle according to its parti-
cle diameter. By doing so, a distinguishable separation between particle sizes could be estab-
lished and bifurcations may be designed to separate these particles into different outlets.

B. Device performance

Next, we performed flow analysis within the microfluidic chip to characterize the device per-
formance. Figure 2(a) shows the pressure difference within the microfluidic channel upon
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FIG. 2. Separation of monodispersed nanoparticles. (a) Simulation of the microfluidic chip upon centrifugation. Color
denotes the pressure difference within the microchannels. The inset shows the magnified view of the separation channel.
(b) Separation of nanoparticles of reducing sizes (i.e., d = 1000, 500, and 200 nm) observed with the microfluidic chip of
reducing channel heights (i.e., h= 100, 50, and 25 um) respectively. The dotted line indicates the position of the channel
wall. The scale bar represents 200 pm.
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centrifugation. Notably, the difference in pressure accounts for the fluid movement from the inlet
to the outlet. At the onset of centrifugation, pressurization occurs at the inlet to overcome the ini-
tial hydrodynamic resistance, resulting in fluid flow towards the outlets. When the fluid enters the
separation channel, further zonal separation occurs. The inset shows the macro view of the fluid
movement in the separation channel. Notably, a differential pressure exists within the separation
channel due to the centrifugal force. Based on the equation, the particles migrate based on the
centrifugal force which is proportional to the square of the particle diameter. Evidently, the larger
particles experience larger centrifugal force leading to longer migration distances.

We first demonstrate size separation efficiency by loading monodispersed fluorescent nano-
beads of different sizes (d = 1000 nm, 500 nm, and 200 nm) into the inlet and subjecting them to
centrifugation. We used different centrifugal intervals to assess their optimal separation duration
(see supplementary material Fig. S1). We noted that migration was achieved within 6 min of cen-
trifugation even for the 200 nm nanobeads. This is significantly shorter than most of the conven-
tional methods of EV isolation. After centrifugation, the microfluidic chips were removed and
observed using fluorescence microscopy. Figure 2(b) further illustrates the separation efficiency
of the nanoparticles at the characteristic centrifugal intervals. A significantly higher fluorescence
intensity was observed towards the outer channel. Clearly, this indicates the migration of nano-
particles to the outer separation channel wall. By comparing the fluorescence intensity of the out-
lets, we observed that monodispersed nanoparticles may be separated with 90% efficiency.

Typically, cells secrete membrane bound vesicles in two different size classifications: exo-
somes characterized with the size between 30nm and 200 nm, while the size of microvesicles
lies between 100nm and 1000 nm.*®>'"? Therefore, of interest, is the ability to separate micro-
vesicles from the exosomes. To demonstrate this, we loaded 5 ul of fluorescent mixed colloidal
suspensions (200nm and 500 nm) into the inlet of the microfluidic chip and subjected them to
centrifugal spin. As the polydispersed nanobeads exhibit different excitation and emission spec-
tra, we tracked the dispersion of the respective nanoparticles before and after centrifugation.
Figure 3(a) shows the merged fluorescence image of the polydispered nanobeads within the sep-
aration channel before centrifugation, indicating a homogenous distribution of the nanoparticles
of different sizes within the microfluidic channel. Upon centrifugation, we observed distinctly
different spectra. In particular, we noted that the larger nanoparticles experienced a significant
migration, as indicated by the change in the fluorescence emission profile near the outer chan-
nel wall in Fig. 3(b). Conversely, the centrifugal intervals are not sufficient to result in any sig-
nificant migration of the smaller nanoparticles below 200 nm. By using higher optical magnifi-
cation, we further observed that only the smaller nanoparticles remain dispersed towards the
inner channel wall, as shown in Fig. 3(c). Similarly, we observed that the larger nanoparticles
have migrated towards the outer channel wall, as shown in Fig. 3(d). By performing fluores-
cence intensity scattering analysis on the mixed colloidal nanoparticles, we reported separation
of polydispersed nanoparticles with purity up to 85%.

As further confirmation, we retrieved the nanosuspensions from the outlets and scanned the
fluid sample by atomic force microscopy. Figure 4(a) through Fig. 4(c) shows the representative
images of the nanobeads retrieved from the upper outlets of the microfluidic chips of increasing
channel heights (h=25 um, 50 um, and 100 um), respectively. The images show the distinct
size difference in particles, indicating its extraction efficiency. Figure 4(d) further shows the
representative image of the larger nanoparticles that are retrieved from the lower outlet of the
microfluidic chip. To acquire statistical information about the size distribution of the nanobeads
in each outlet, we evaluated more than 200 nanobeads for each outlet of the microfluidic chip.
Figure 4(e) shows the size distribution obtained from the upper outlet (labeled in green) and the
lower outlet (labeled in black) for a microfluidic chip of height 25 um. Expectedly, the average
size of the nanoparticles from the lower outlet is distinctly larger than the average size of the
nanoparticles from the upper outlet. Similarly, Fig. 4(f) shows the size distribution for a micro-
fluidic chip of 50 um. Notably, the nanoparticles extracted from the lower outlet (labeled in
red) are distinctly larger. Finally, Fig. 4(g) shows the size distribution of the extracted nanopar-
ticles from a microfluidic chip of height 100 um. Again, as expected, the nanoparticles obtained
from the upper outlet are significantly larger. We further observed that the average size of the
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FIG. 3. Separation of polydispersed fluorescent nanoparticles. (a) Representative fluorescence micrographs of the separa-
tion channel before centrifugation filled with 0.1% v/v polydispersed fluorescent nanoparticles (500 nm in red and 200 nm
in green) within the microfluidic chip. (b) Corresponding fluorescence micrographs after centrifugation for the polydis-
persed nanoparticles. The scale bar represents 100 um. (c) Micrograph of the inner portion of the microfluidic channel
under 20x optical magnification showed monodispersed nanoparticles, indicating that the larger nanoparticles have
migrated to the outermost channel wall. (d) Fluorescence micrograph of the outer microchannel indicating a higher fluores-
cence intensity at the outermost channel wall. The scale bar represents 50 um.

extracted nanoparticles from each outlet represents a close approximate of the sizes of mixed
colloidal particles mixed into the microfluidic chip. Overall, we noted that the size distribution
of the nanosuspensions is distinctly different from each outlet, indicating effective nanobead
separation and extraction by size.

C. Extraction of EVs

Finally, to demonstrate device utility, cell culture mediums of cancer cell lines, MCF-7 and
H1975, were aspirated and loaded into the microfluidic chip using a micropipette. The chip was
then mounted on the platform and centrifuged for eight minutes. Microvesicles were then
extracted from the upper outlet and scanned using AFM. This approach allows the characteriza-
tion of extracellular vesicles in their native environment without any fixation, staining or label-
ing requirements, which is ideal for biological samples.’®> As a comparison, we extracted micro-
vesicles using conventional ultracentrifugal methods (at 10 000 x g for 1h) and scanned the
sample using AFM, as shown in Fig. 5(a). The size distribution of the extracted particles was
represented in Fig. 5(b). We compared the size of the nanoparticles extracted using our centrif-
ugal microfluidic platform, in Figs. 5(c) and 5(d), respectively. Figure 5(c) shows the represen-
tative images of the scanned microvesicles, which correlate well with previously reported litera-
ture.>* % Furthermore, we noted that the microvesicles extracted from the platform were
similar in size to those extracted with ultracentrifugation, further highlighting their separation
utility [Fig. 5(d)]. With this, we demonstrated that even with centrifugation speeds 10
folds lower than traditional methods, microvesicles may be extracted from the uCENSE
platform. Furthermore, we performed immunoblotting on the extracted samples from the outlets
to determine the presence of exosomal CD 63 markers in microvesicles of different cell lines
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topological profile of nanoparticles as characterized by tapping mode atomic force microscopy. Nanoparticles are extracted
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FIG. 5. Comparison of extracted microvesicle separation using a commercial kit and the puCENSE platform. (a)
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CD63 markers in the microfluidic outlets for the MCF-7 cell line but absence in the H1975 cell line.
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[Fig. 5(e)]. Western blot analysis confirmed the presence of CD63 exosmal markers on micro-
vesicles extracted from the MCF-7 cell line. Interestingly, microvesicles extracted from the can-
cer cell line H1975 showed the absence of CD63 exosmal markers. This is consistent with other
exosomal studies on lung cancer patients of low CD63 expression,’®>’ further indicating the
heterogeneity of surface markers on the microvesicles.

IV. CONCLUSIONS

Effective capture of EVs will aid tremendously in early disease detection and diagnosis.
Despite the heightened interest in exosomes for diagnostic or prognostic utility, extraction
methods are still labor intensive, time-consuming, and require expensive reagents or equipment.
To this end, we developed a centrifugal microfluidic system (uCENSE) for label-free fraction-
ation of EVs. By implementing the novel combination of fluid pressure driven flow and centrif-
ugal sedimentation in a single platform, we optimized a distinguishable separation of mixed
colloidal nanosuspensions into different outlets within minutes. By altering the microchannel
dimensions, we significantly reduced the hydrodynamic instability that is characteristic of nano-
suspension. Analytical analyses further confirmed the capability of the centrifugal platform in
extracting microvesicles. The size selection separation microfluidic chip is highly versatile as
different microfluidic chip designs can be easily implemented in the system. Furthermore, the
implementation of a low centrifugal speed platform and the minimal use of accessories not
only increase its cost effectiveness, but also its viability as a point-of-care diagnostic Kit.
Remarkably, the entire process takes less than ten minutes, enabling a rapid and cost-effective
nanoparticle separation technology.

SUPPLEMENTARY MATERIAL

See supplementary material for detailed derivation of centrifugal microhydrodynamics,
channel height calculation, and separation characteristics at different centrifugal intervals.
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