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We report a simple technique to separate plasma from blood in a flowing immiscible plug. We
investigate the effect of various control parameters such as blood dilution, injection flow rate,
observation time and fluid properties on plasma separation. We find that the technique works best for
diluted blood samples at low plug velocities and long observation times. We postulate that the main
mechanism responsible for efficient separation is the sedimentation of blood cells in the plug and their
subsequent collection by the moving plug causing a significant accumulation of cells at the rear of the
plug. We discuss the time scales determining the sedimentation, advection and collection of a blood
cell in the immiscible plug and propose a phase diagram that is able to predict the operating space for
effective plasma separation. We demonstrate that the technique allows for the extraction of more than
60% of the plasma by volume from 1 pL of diluted blood. We show the practical significance of this
method by compartmentalizing the separated plasma into discrete microfluidic droplets and detecting
cholesterol. This technique features low consumption of blood (nL-scale) and low shear rate (~1
s~ 1. It is inexpensive, easy to use, and has the potential to be developed as an efficient point-of-care
device for blood diagnostics in resource-poor environments. More advanced applications could also

be envisioned by integrating our plasma separation method into existing microfluidic drop

manipulation techniques.

I. Introduction

Blood is a biological fluid that provides a wealth of information
on the state of human health. For this reason, blood tests are
necessary for nearly every clinical diagnosis. The two main
constituents of blood are plasma and red blood cells (RBCs).
Plasma comprises ~55% of blood and contains many biomar-
kers including cholesterol, proteins and circulating DNA which
are frequently used for the clinical diagnosis of diseases ranging
from cardiovascular disorders to cancer."? The first step in
detecting the biomarkers usually requires the removal of blood
cells from the plasma since the cells could interfere with the
accuracy of the tests. The traditional method for separating
plasma from blood utilizes a bench-top centrifuge. Blood cells
precipitate to the bottom of a tube, while plasma is the
supernatant and is decanted from the top after centrifugation.
This method consumes milliliters of blood and relies not only on
the availability of equipment, but also on access to a reliable
source of electricity.

Recently, microfluidic techniques have attracted great interest
for isolating plasma from other cellular components in
miniaturized devices.>™> The benefits of utilizing these
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approaches include low consumption of samples or reagents,
improved sensitivity and faster diagnosis. On the microscale, the
delamination of plasma and blood cells can be driven by
gravitational®® or other external fields such as on-chip
centrifugation,” dielectrophoresis,'® acoustophoresis'' and mag-
netophoresis.'? Plasma can also be separated from blood via
filtration through packed beads,'* membranes,' pillars15 or
weirs'® fabricated in a microfluidic channel while the blood cells
are retained due to their size. In addition, blood flow in
microchannels induces the Zweifach-Fung effect'” or inertial lift
forces, '8! which leads to the separation of plasma from blood
cells which are then directed to different branches or outlets.
However, most microfluidic approaches make use of micro-
fabrication techniques and have complicated channel networks
which require intensive training to fabricate and operate.
Moreover, because of the continuous flow of blood through
the devices, significant dead volumes may result based on the
amount of time needed to stabilize the flow. A portable, easy-to-
use and inexpensive instrument for the on-site analysis of plasma
constituents would be well suited to point-of-care (POC) testing
especially in resource-poor areas.”’ For example, an egg-beater
based plasma separation device was recently reported, which
required the use of 100 pL of blood and 8 min of hand-
centrifugation.?’

Unlike prior microfluidic blood plasma separation devices,
which were based on single-phase flow, here we report a simple
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technique to separate plasma from blood using long two-phase
plugs. This method is motivated by the observations made
during our recent study, in which we tried to encapsulate
leukemia cells and particles in static droplet arrays by injecting
long immiscible plugs into a chip using a cartridge.> We
observed that larger particles, such as leukemia cells, would
accumulate at the rear of the immiscible plug (unpublished data).
Recently, Kurup et al®* have reported a similar collection
phenomenon using spherical particles and argue that the
sedimentation of dense particles coupled with particle transport
due to fluid circulation are responsible for particle accumulation
in the plug. Here we exploit this phenomenon and show that
when a long immiscible plug of blood flows through disposable
tubing surrounded by an oil carrier phase, blood cells in the plug
accumulate in the back of the moving plug while plasma is
located in the front and isolated from the cells (see Fig. 1). For a
given size of tubing, we investigate the factors influencing the
efficiency of plasma separation. Subsequently we discuss the
underlying mechanism that is well corroborated by experimental
data. We also demonstrate that the plasma portion of the plug in
the tubing can be effectively utilized by connecting it to
microfluidic devices, separating it into drops, and combining it
with chemical reagents to perform a colorimetric cholesterol
detection assay.

I1. Control parameters influencing plasma separation

In a typical experiment, we aspirated 1 pL of blood into an oil-
filled cartridge, followed by a certain volume of oil to sandwich
the blood plug in carrier oil. Depending on the flow rate and
blood dilution, the plasma can separate from the blood cells in
both the aspiration and infusion steps as long as there is oil
behind the plug pushing it through the tubing. As shown in
Fig. 1 and Movies S1 and S2, ESIf, cells accumulate in the rear
of blood plug.

To investigate the influence of blood hematocrit on the
efficiency of plasma separation, we diluted whole blood to five
different concentrations with phosphate-buffered saline (PBS)
and prepared cartridges containing 1 pL of blood flanked by 1
puL of oil on either side. The cartridges were connected to a
microchannel to enable clear visualization of the plasma
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Fig. 1 Blood plasma separation in a plug. (a) Schematic diagram
showing the separation of blood cells in a moving plug surrounded by oil.
(b) ~1 pL of blood is taken from a finger prick and aspirated into
disposable tubing. (¢) Demonstration of plasma and blood cell separation
in a 200 nL plug (20 nL whole blood). Close-up of the separation
interface between the plasma and the cells: (d) top view; (e) side view. The
arrows indicate the direction of flow. “g” indicates the direction of
gravity.

separation. Fig. 2 shows top-view snapshots of the plugs in a
microchannel after they have displaced 3 pL of oil at a flow rate
of 0.5 uL min~". In Fig. 2, the shade of gray reflects the density
of the cells at different locations in the plug. A dark shade
indicates a high cell density. Using this grayscale analysis, we
quantify the efficiency of plasma separation as the fraction of the
plug occupied by the cell-free fluid. When the dilution increases
from 5 to 20 fold, the portions of the plasma isolated in the
diluted blood are 40%, 63% and 72%. For non-diluted whole
blood and 2-fold diluted blood, the plasma failed to fully
separate from the cells at a flow rate of 0.5 pL min~!. We note
that all the images in Fig. 2 were taken at an observation time,
tobs = 360 s. Here the observation time is defined as the time
period from when the plug starts pushing the oil in front of it
until a known volume of oil is displaced. For example in Fig. 2,
the displaced oil volume is 3 plL and the flow rate is 0.5 puL
min !, therefore 7.y, is 360 s.

To determine the effect of the injection flow rate on the quality
of plasma separation, we used a 10-fold diluted blood plug.
Cartridges were prepared in a manner similar to that used to
study the effect of hematocrit and the observation time 7,,s was
maintained at 360 s. As shown in Fig. 3, higher separation
efficiencies are achieved for lower volumetric flow rates, which
decrease from 77% at 0.2 L min~" to 43% at 1.0 uL min~'. At
2.0 uL min~!, it is difficult to define the interface between the
plasma and the cells since a few cells are still present in the front
part of plug, while at 4.0 uL min !, there is very little separation
of plasma in the blood plug.

It is possible that higher flow rates appear to result in less
efficient separation because of the short observation times that
were used. We therefore probed the effect of varying the
observation time at a fixed flow rate. To vary 7,5, we controlled
the volume of oil (0.5, 1, 2 and 4 pL) present in front of a fixed
volume (1 pL) of a 10-fold diluted blood plug. The cartridge was
inserted into the microfluidic channel for visualization and the
fluids were infused at a rate of 0.5 uL min . We recorded
movies of the traveling plug at a fixed top view location. To
quantify the separation efficiency, we computed the mean
grayscale value (by averaging over a line of pixels perpendicular
to the direction of the plug flow) at a fixed location downstream
of the cartridge-microchannel intersection for every image in the
movie. The mean grayscale values are shown in Fig. 4 against the
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Fig. 2 Top-view images of plasma separation from blood cells for
different concentrations of whole blood. (a) Non-diluted whole blood.
(b-e) Blood diluted 2, 5, 10 and 20 times by PBS. The flow rate is 0.5 pL

min~ ",
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Fig. 3 The influence of flow rate on the separation efficiency: plasma
isolated in a 10-fold diluted blood plug at flow rate of (a) 0.2, (b) 0.5, (c)
1.0, (d) 2.0, and (e) 4.0 uL min~'. These images are of the top view.

elapsed time since the plug has entered the field of view; this
constitutes a spatial measurement of grayscale along the length
of the plug, where the position along the length of the plug
corresponding to each time point is simply the product of the
plug velocity and the elapsed time. We found that for 7., = 60 s,
the amount of accumulated cells at the back of the plug was low.
We did not observe a clear interface between the plasma and the
cells in the plug for a short observation time (as indicated by the
gradually decreasing grayscale values at short times in Fig. 4a).
In contrast, at longer observation times of 120, 240 and 480 s
(Fig. 4b-d), we found a significant reduction in the grayscale
value indicating a clear separation between the cells and the
plasma. The time for the separation to be fully achieved was 120
240 s and we didn’t observe a significant enhancement of the
separation efficiency (~ 66% for Fig. 4c, d) when the observation
time increased from 240 s to 480 s.

Thus, we have shown that the efficient separation of the
plasma of cells can be achieved by infusing 1 pL of 5-20-fold
diluted blood plugs behind 1-2 pL of an oil carrier at volumetric
flow rates of 0.2-1.0 puL min~'. The repeatability of the
separation efficiency was also found to be excellent. In five
independent experiments conducted at the same flow rate (0.5 L.
min~ ') and observation time 7, = 360 s, we have observed that
the separation efficiency is 64.01%, 62.91%, 63.16%, 63.07%, and
64.04% of plasma (v/v) isolated from 10-fold diluted blood in a 1
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Fig. 4 The effect of increasing the observation time of a blood plug on
the separation efficiency: plasma isolated in a 10-fold diluted blood plug
infused at a rate of 0.5 pL min~ ! behind (a) 0.5, (b) 1, (c¢) 2, and (d) 4 uL
of oil.

puL plug. The computed relative standard deviation from this
data set is <0.6%.

III. Description of the plasma separation mechanism

Our observations described above indicate that blood cells
collect at the back of long plugs resulting in the separation of the
plasma. In the plug, the blood cells experience a number of forces
including viscous fluid forces, gravitational forces and inter-
particle forces that could lead to aggregation. In addition to
these forces, the kinematics of the flow in the plug could also
affect the distribution of blood cells in the plug. Indeed, Kurup
et al.® suggest that for the case of microspheres and short plugs
(L/IW < 10, here L and W are the plug length and width
respectively), sedimentation, aggregation and fluid circulation
can play a role in the separation properties. In our experiments
with long plugs (L/W > 100), we postulate that the main
mechanism responsible for efficient separation is the sedimenta-
tion of the cells to the bottom of the plug due to gravity, and if
sufficient observation time is allowed, the moving plug collects
the sedimented cells at the rear of the plug. Below, we estimate
the time scales which govern this mechanism, and provide
experimental data to support our interpretation of the relevant
time scales which govern this process.

(i) Sedimentation time (7,)

At the dilute limit, we estimate that the time required for a single
red blood cell to sediment to the lower half of the tube is given by
ty = Ry/Vs, where Vi = (2a2Apg)/(9,up) is the sedimentation
velocity, determined by equating the gravitational force acting
on a sphere (Fg = (4/3)na’Apg) with the drag force acting on it
due to the presence of the liquid (Fp = 6mupaVy).?* Here R, is the
radius of the tube, a is the particle radius (~3.5 pm for a red
blood cell,)*! Ap is the difference in the density between the cell
and liquid medium (~97 kg m > for a red blood cell),>! g is the
acceleration due to gravity and up is the viscosity of the fluid in
the plug (2.8-1.5 mPa s for blood diluted 5-20 times with PBS).’
This situation is illustrated in Fig. Sa.

To verify whether sedimentation plays a role in particle
collection, we conducted experiments using polystyrene micro-
particles (¢ = 5 um, p = 1050 kg m ™) where the density of the
fluid was varied by diluting it with deuterium oxide (D,O, p =
1105 kg m>). As shown in side view images of the back of the
plug in Fig. 6, only when there is a density difference between the
particles and fluid do we find appreciable separation of the
particles at the rear of the plug. We also observe that the
collection zone is at the bottom of the plug when the particles are
denser than the liquid, and at the top when the particles are less
dense than the liquid, thereby confirming the role of sedimenta-
tion in our observations.

(ii) Advection time (,q4y)

Particle transport due to the flow field in the plug could also
affect the separation efficiency, since the fluid flow can advect
cells to either the front or rear of the plug, shown schematically
in Fig. 5b. This transport depends on the nature of the flow field
and the particle’s position in the flow field. We therefore
quantified the flow field in long plugs by seeding 2 pm
microparticles in PBS and tracking their positions in the flow
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Fig. 5 [Illustration of the timescales for a spherical particle to be
collected in the back of a flowing plug. (a) Sedimentation occurs when
the force of gravity acting on the particle exceeds the drag force, and the
particle sediments with a velocity V5. (b) Particle advection can occur in
an axisymmetric parabolic flow field; we have illustrated the particle
being advected away from the accumulation zone with the fastest velocity
along the centerline. (c) Particle collection can occur if the particle has
sedimented to the edge of the plug and is collected at the back.

field. Velocities were determined by differentiating the trajec-
tories in time. Fig. S1, ESL,§ shows the experimentally derived
velocity vector map in the reference frame of the plug. We find
that there is a single toroidal flow in the plug, with the bulk of
the fluid in the center of the plug moving in the same direction as
the plug, and a small amount at the edges moving in the opposite
direction. Since the bulk of the fluid flow field approximates a
Poiseuille axisymmetric parabolic velocity profile,**® the mini-
mum advection time would be along the centerline. The
centerline velocity (7¢) from our particle tracking experiments
(see Fig. S1, ESIT) and modeling by Hodges et al.*¢ indicates that
it is of the order of the mean plug velocity, V},. Therefore we
estimate t,qy = Lp/Ve = Ly/Vy, where L, is the plug length. We
have selected the minimum advection time occurring at the
center of the plug since this quantity relative to the sedimenta-

(b)
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Fig. 6 The influence of a density mismatch between the particles and the
fluid on particle sedimentation and collection. (a) Polystyrene beads in PBS,
Ap =50 kg m >, 1, = 37 s. (b) Polystyrene beads in a 1 : 1 mixture with
D,0, Ap=—3.5kgm >, 1,=533s. (c) Polystyrene beads in a 1 : 2 mixture
with D,O, Ap = —21.3kgm >, #, = 87 s. For these experiments 7ops = 120's,

feoll = 96'S, faqy = 96 s and the volumetric flow rate Q = 0.5 L min ™.

tion time 7, should indicate if the strength of the flow field affects
the particle’s ability to sediment.

(iii) Collection time (7o)

According to our postulated mechanism, the sedimented blood
cells need to be scooped by the moving plug if they are to form a
collection zone at the back of the plug, therefore it is important
to determine the time for this collection of cells. As shown
schematically in Fig. 5c, the limiting collection time can be
estimated as .o = L,/ V). Here we have assumed that the cell is
located at the lower boundary of the plug, where its velocity is
zero in the laboratory frame of reference.

In addition to the three time scales discussed so far, the results
of Fig. 4 indicate that the observation time also affects the
separation efficiency. Considering all of these competing time
scales, it is expected that if #y/f,4, < 1, then a collection of cells
will be observed in the bottom of the plug in the side view
experiments given an appropriate f.,s. If however, tJ/t,qy > 1,
then no sediment will be observed in the side view experiments
regardless of the 7,,s chosen. Similarly, if a particle were to
sediment in a regime where #,/t,4, < 1, and if .oy/tops < 1 then no
cells would be observed at the front of the plug in experiment.
However, if t/t,qy < 1 and t.on/tons > 1, a sediment would be
observed at the front of the plug in the experiment. We note that
since the moving plug can pass through the field of view over the
course of several minutes (typically 1-5 min), we take #,,s to be
the shortest possible observation time (ie. the time period
elapsed from when the plug motion begins until the plug appears
in the field of view).

We have performed numerous side view plug imaging
experiments to check the validity of these arguments by varying
several of the timescales. We have increased the viscosity of the
diluted blood samples by adding glycerol to PBS while keeping
the plug velocity and the observation time fixed; this results in a
systematic increase of ¢; while 7,4y = 240's, .o = 240 s and s =
300 s are held fixed, shown in Fig. 7a—-d. In Fig. 7a, where ty/t,4,
> 1, no sedimentation is observed. In Fig. 7b, where /.4, =
0.65 and 7.op/tops = 0.8 (i.e. both ratios are smaller than 1), we
observe that sediment is present in the front of the plug.
However, as this plug passes through the field of view, we also
observe an accumulation zone at the rear of the plug which
means that this collection of sediment occurs at a longer
observation time. Finally, in Fig. 7c and d, where t/f,q, < 1
and f.on/tops < 1, we observe that the front is devoid of cells, and

—
(d): =
Y

Fig. 7 The influence of increasing the fluid viscosity on 5-fold diluted
blood. (a) up = 10.6 mPas, 7, =417 s. (b) up =4 mPas, 1, =157 s. (c) up =
3mPas, t,=120s. (d) up = 2.8 mPas, 7, = 110 s. For all experiments, .y
=240's, t,qy = 240's, fops = 300 s, and Q = 0.2 uL min "
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the sediment has been collected at the back of the plug when it
arrives in the field of view. Additionally, viscosity influences the
cell collection effect, as suggested by the steepness of the plasma/
cells interface in Fig. 7c, d, resulting in an increase in the
separation efficiency from 51% to 79%.

We have also varied the velocity of a diluted blood plug while
keeping 7, fixed, which is equivalent to varying z,q4y, fcon and Zops,
as shown in Fig. S2, ESI.+ The plasma is separated from the
blood cells in the front of plugs at the low flow rates of 0.1 and
0.2 uL min~' (Fig. S2e and f, ESI{). We also observe that as 7,/
t.qv Increases above 1, and simultaneously, as 7.o/fops INCreases
above 1, the blood cells undergo a transition from being
sedimented to being suspended (Fig. S2d-a, ESI¥).

In Fig. 8, based on the two parameters fy/t,q, and fcop/tops, We
summarize the data from all of our experiments including Fig. 2—
4,6, and 7, and Fig. S2 and S3, ESIf (a detailed tabulation of the
data is provided in Table S1 in the ESIf). The zone demarcated
by tJtaay < 1 and feon/tops < 1 is where both the sedimentation
and accumulation of particles at the tail of the plug is expected to
occur. Indeed, all of the experimental data in which we observed
sedimentation and separation lie in this zone. Likewise for 7¢/t,4y
> 1, we expect neither sedimentation nor separation to occur,
and our observations are in good agreement with this prediction.
Thus, our model based on competing time scales predicts these
two limits of particle behavior in long plugs well. However, it is
unable to explain the transitional behaviors where the sedimen-
tation of blood cells occurs but no separation occurs at the front
of the plug. This may be due to the reduced ability of the blood
cells to be transported to the rear of the plug because of the
presence of a highly viscous sediment layer. Nevertheless, the
two parameters presented in Fig. 8 can be used to design and
optimize blood plasma separation. For example, the analysis
presented above predicts that non-diluted whole blood can take
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Fig. 8 Diagram showing the sedimentation and collection behavior of
the particles. The colored symbols correspond to our observation of
sedimentation and collection (red), sedimentation alone (blue), and no
sedimentation or collection (black), and the background colors of the
different “zones” demarcate our expectation of what will occur. See text
for details.

13-65 min to separate because of its high viscosity at low shear
rates (20-100 mPa s).>” When we conducted an experiment with
non-diluted whole blood, we found that it took ~40 min for
plasma separation to occur (see Fig. S3b, ESI), consistent with
the range estimated by our simple model.

IV. Coupling plasma separation to droplet-based
microfluidics for biomarker detection

The simplicity and robustness of this technique to separate
plasma in diluted blood samples offers unique opportunities for
drop-based technologies. For example, even though significant
advances have been made in droplet-based microfluidics, current
studies”™?° have not been able to integrate blood plasma
separation into drop-production devices and rely on off-chip
separation. However, as shown in Fig. 9a and b, it is
straightforward to split the plasma portion of the blood plug
into discrete droplets with a T-junction. We have produced 86
clear plasma droplets and 41 droplets containing blood cells as
shown. The ratio of isolated plasma-filled drops to blood-cell
containing drops is close to the volume fraction of isolated
plasma in the flowing blood plug (~66%). Interestingly, as
shown in Fig. 9b, this method also delivers the capability to
produce droplets with a gradually varying cell density, which
could be a useful tool for cell-based assays.

We note that although single-phase devices (based on, for
example, inertial migration'®!?) can be used to extract plasma
and coupled to drop generation devices in a modular fashion,
challenges might be present because pressure fluctuations
induced by confined drop production could couple in an
uncontrolled way to the hydrodynamic pressure distribution
needed for skimming plasma from the single-phase device.
Another concern during plasma separation in single-phase
microfluidic devices is the possibility of shear-induced cell lysis
due to the high shear rates (~ 1000 s ). In our method, because
the shear rates are very low (~1 s~ 1), the plasma is expected to
be essentially cell lysis-free in the plug.

Finally, to demonstrate the applicability of the technique to
detect simple biomarkers such as cholesterol, which is relevant
for POC applications, we implemented a colorimetric assay using
Amplex Red as a cholesterol indicator. The clear isolated plasma
channel merged with a channel containing colorless Amplex Red
in the microfluidic device upstream of the T-junction where
drops are produced (see Fig. 9c). This combined stream was then
fragmented by oil to produce a train of pink droplets, where the
color is due to the reaction of horseradish peroxidase (HRP) and
Amplex Red in the presence of hydrogen peroxide (H,0,), which
is a product of cholesterol and cholesterol oxidase present in the
plasma.

The ability to detect cholesterol indicates that even though
diluted blood was used in the assay, our method is relevant for
certain diagnostic applications. Other diagnostic assays may
require non-diluted whole blood, in which case our technique
will require a long sample preparation time (~40 min), which
makes our approach best suited for assays that can accommo-
date dilution. However, the ability of our method to encapsulate
plasma and reagent directly into droplet-based microreactors
could confine the diffusible species by eliminating the dispersion
of biomolecules that is typically present in single-phase plasma
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Fig. 9 Isolated blood plasma and cells split into individual droplets. (a) The introduction of a blood plug into a microchannel and the fragmentation
of the plug into droplets. (b) A droplet array shows the droplets containing clear plasma and a density gradient of the cells indexed with the numbers 1—
5 (see close-up images). (c) Plasma mixing with Amplex Red to form a colorimetric assay where the pink droplets produced downstream indicate the

presence of cholesterol in the plasma.

separation and analysis systems, thus enhancing the sensitivity of
the assays and reducing the detection time.*® Potential applica-
tions in this field are drop-based digital PCR on circulating
tumor DNA for cancer diagnostics;*'*? and the detection of
protein biomarkers in plasma relevant for cardiovascular
diseases.>**

V. Conclusions

In conclusion, we have demonstrated a very simple technique to
isolate plasma from blood in a long flowing immiscible plug.
With this technique more than 60% of the plasma by volume can
be extracted from 1 pL of diluted blood and less than 200 nL of
non-diluted whole blood is required. It takes ~ 1 min to load the
blood sample and carrier fluid and 2-4 min for fractionation to
occur. Without requiring the fabrication of microfluidic chips
with complicated channel networks, all of the operations can be
simply accomplished using inexpensive disposable tubing. These
features meet the requirements for a POC device, where an
appropriate driving module for the fluids (e.g. gravity-driven
flow) needs to be integrated. We also discuss the underlying
mechanism for plasma separation in long plugs, which is well
supported by experimental data. This mechanistic understanding
should enable the rational design and optimization of more
advanced drop-based platforms where discrete plasma droplets
can be merged with other reagent-loaded drops for sensitive
biomolecule analysis.
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