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An anti-clogging method for
improving the performance and
lifespan of blood plasma separation
e« devices in real-time and continuous
P microfluidic systems

Dong-Hyun Kang(®, Kyongtae Kim & Yong-Jun Kim

On-chip blood plasma separators using microfluidic channels are typically developed as disposable
devices for short-term use only because blood cells tend to clog the microchannels, limiting their

. application in real-time and continuous systems. In this study, we propose an anti-clogging method.

. We applied dielectrophoresis to prevent microchannel clogging in a plasma separator that can be used

. over long periods for real-time and continuous monitoring. Prior to applying the anti-clogging method,

. the blood plasma separator stopped working after 4 h. In contrast, by manipulating the separator with

. the new anti-clogging method at a voltage of 20V, it continued working in a long-term experiment for

© 12h without performance deterioration or an increase in cell loss. Two critical performance parameters
of the manipulated separator, the purity efficiency and the plasma yield, were 97.23 + 5.43% and
38.95 +9.34%, respectively, at 20V after 15 min. Interestingly, the two performance parameters did not
decrease during the long-term experiment. Hence, the blood plasma separator with the anti-clogging
method is an interesting device for use in real-time and continuous blood plasma separation systems
because of its consistent performance and improved lifespan.

Human blood performs many critical function for the body by supporting processes like nourishing tissues, reg-
ulating organ activities, and defending against harmful agents. Plasma, which is the liquid component of blood
. that suspends blood cells and many substances, constitutes more than 50% of the blood volume. Plasma serves in
a variety of functions from maintaining the blood pressure and volume to transporting critical proteins involved
. inblood clotting and immunity"> It also serves as the medium for exchange of vital minerals such as sodium and
: potassium and helps maintain a proper pH balance in the body? Plasma can be rich with indicators of various
diseases, which is why separating plasma from blood is of clinical importance!=>.

Conventional methods for plasma separation use centrifugation, which specifically supports processing
of large volumes of blood. Although the conventional methods are very efficient and most commonly used in
research and clinical laboratories, they have many limitations including the need for highly skilled personnel to
operate the high-cost equipment and analyse the results. To circumvent this limitation, the lab-on-a-chip (LOC)
approach by miniaturization and integration of the blood plasma separation procedure has gained an increasing
interest in the past few years*'°. The approach offers many advantages, such as the use of very small quantities
of samples and reagents, a high resolution and sensitivity in separation and detection methods, low cost, short
analysis times, and a small footprint for the analytical devices. Numerous microfluidic-based on-chip devices and
techniques have been proposed for blood plasma separation, such as capillary force*, geometrical obstacles>®,
sedimentation”®, acoustic forces’, inertial forces'®!!, micro-filtration'>!?, magnetophoresis'4, and electroosmotic
flow" . Some of the on-chip blood plasma separation methods are efficient. However, clogging is an issue for

. applications with long separation time in continuous systems'®~'%. In miniaturized plasma extraction systems,
. blood cells and plasma are typically separated by microfluidic channels. Within a microfluidic channel, blood cells
© tend to move along the axis of the microchannel, thereby increasing the cell concentration along the centre of the
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microchannel. When a microfluidic channel splits into more than two branches for blood plasma separation, the
fluid velocity increases because of the shrinking of the cross-sectional areas in the microchannel. Therefore, blood
cells located near the centre of the microchannel are accelerated by the fluid velocity and approach the micro-
channel wall because of their inertia'®?. This process is accelerated because of the high cell content in blood®.
The phenomenon of blood cell adherence to the microchannel wall is termed a cell loss in this paper. It causes
performance and reliability deterioration and unexpected structural changes or system pressure drops. Hence,
microchannels are very prone to clogging during blood processing because of the extremely high number of cells
and the strong adhesive force caused by a large surface-to-volume ratio. Once blood cells adhere to the micro-
channel wall, it is difficult to detach them. Some research groups already described ‘clogging-free’ blood plasma
separation methods?'-*. However, these reports did not mention how long and how often the device can be used,
and whether it can be only operated using specifically designed microchannel. Moreover, some groups used blood
with very low haematocrit?"?*. For anti-clogging of the microchannel, most research groups have used surfactant
or surface treatment?*. However, using a surfactant, which is a chemical method, pollutes the medium. The sur-
face treatment method is not suitable for a device that is operated for a long time due to the problem of durability.
Hence, the objective of this study was to develop a microfluidic channel device with a long lifespan for contin-
uous, real-time blood plasma separation using an anti-clogging method. In this study, we applied dielectropho-
resis (DEP) to a hydrodynamic blood plasma separation device as anti-clogging technique that does not damage
microfluidic devices. In addition, this technique can be applied to most microchannel devices without any restric-
tion regarding the channel design. To verify the effect of the anti-clogging technique and the prevention of cell
loss, interdigitated (IDT) electrode pairs were integrated into the device at the bottom of the branch channel for
plasma extraction. Moreover, we tested if the technique improves the purity efficiency and the plasma yield.

Background
Cell adhesion and clogging in microchannel.  Typically, on-chip blood plasma separation devices have a
microfluidic network consisting of two or more split and branched microchannels that promote the blood plasma
separation because of hydrodynamic forces®>-*!*!!. As shown in Fig. 1a, the branched microchannels have a very
narrow width to facilitate plasma extraction. The fluid flow is accelerated where the microchannel splits into more
than two narrow branch channels because of the difference in channel dimensions. At the same time, blood cells,
for example red blood cells (RBCs), white blood cells (WBCs), and platelets (PLTs), approach the microchannel
wall because of the change in fluid flow. To identify locations of cells in splitted microchannel, a simulation was
performed based on the simple compressible Navier-Stokes equation in the Eulerian reference frame (shown in
Supplementary Fig. 1). At the entrance of the branch channels, blood cells are attached to the microchannel wall
because of the adhesive force near the microchannel wall (shown in Fig. 1b). When the cells start to attach to the
branch channel wall, they reduce the channel diameter and increase the diameter difference between the main
and the branch channel. Therefore, the cell attachment to the channel wall surface is dramatically accelerated and
not only by cell-to-surface attachment but also by cell-to-cell attachment (aggregation), causing microchannel
clogging. Consequently, the adhesion of a single cell to the microchannel wall initiates aggregation and clogging.

The adhesive force between a single cell and a solid surface is critical for the mechanism of microchannel clog-
ging. Typically, when a blood cell is in close proximity to a planar surface, it is pulled to an adhesive contact with
the planar surface by physical and chemical surface forces at the interface?>?. The interactions are a combination
of attraction by van der Waals forces and repulsion by electrostatic double layer forces, which are acting on rela-
tively long-range?>~%". After the initial contact, the cells attach to the surface more strongly through specific cell
membrane factors that selectively bind the cell to the surface!***?7.

In this study, we aimed to prevent the initial cell attachment to the internal microchannel surface. We hypoth-
esized that the long-range adhesive forces which are critical for disturbing initial cell attachment.

The adhesive force F,y; on the single cell is composed of the van der Waals force F, and the electrostatic double
layer force Fyp; '*%°.

Eaw=E + Fgpy (1)

The surface of the microchannel wall can be considered flat and the two forces are normal on the surface. The
strength of these forces depends on the distance h between the cell and the surface and on the surface properties.
The two forces are described as follows.

_ Ad
V12K (2)

Fepr = 327r6mnd'yp'ywexp(—nh)[
e

(3)

A is the Hammaker constant (5 zJ)?, d is the particle diameter, £, is the permittivity of the medium (78 £4)*, k
is the Debye parameter (0.159 nm~1)?, kj is the Boltzmann constant (1.38 x 102*J/K), T is the absolute temper-
ature (296.15K), and e is the fundamental electronic charge (1.602 x 107" C). The terms -, and v, are defined as
Vpiw = tanh[(zeC,,,)/(4ky T), respectively'?, where (., is the surface zeta potential (RBCs: —10.8 mV and PDMS:
—13.825mV) and z the valency of the symmetric electrolyte*°.

The adhesive force on a cell increases sharply close to the microchannel wall surface (h < 0.5nm), as shown in
Fig. 1c. The attractive van der Waals forces cause the cell to spontaneously attach to the surface. At the entrance
of branch channels, initial cell attachment occurs because of the strong adhesion forces at the surface whereas the
following cell aggregations are driven by cell-to-cell adhesion, which accelerate over time, as shown in Fig. 1b.
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Figure 1. The mechanism of cell aggregation and clogging in a microchannel device. (a) Schematic
presentation of a microchannel arrangement for blood plasma separation. If blood moves through the
microchannel, RBCs, in particular, tend to migrate towards the axis of the microchannel, thereby increasing the
cell concentration along the centre. In contrast, cell-free regions appear near the microchannel wall. Therefore,
most of the on-chip blood plasma separation devices for continuous monitoring separate the blood plasma

by extracting the cell-free regions. However, some cells also move through the extracting microchannel as
undesirable material. (b) Schematic representation of the sequence of events during aggregation and clogging in
a microchannel from the initial cell deposition to the clog formation. (c) The adhesive force (sum of the van der
Waals force and the electrostatic double layer force) in relation to the distance between a cell and the surface. If a
cell gets closer to the surface, the adhesive force sharply increases (h < 0.5nm).

Therefore, the microchannels are clogged by aggregated and attached cells, which will be prevented by blocking
the initial cell attachment.

Anti-clogging method. To ensure the anti-clogging effect, DEP was used as a repulsive force for disturb-
ing the initial cell interaction with the microchannel surface as shown in Fig. 2a. DEP is a molecular migra-
tion phenomenon that occurs in the presence of polarizable particles within an inhomogeneous electric field?.
Inhomogeneous electric fields, which may be generated by electrodes in a microfluidic system, induce electric
dipole moments in particles like blood cells. The repulsive force, the DEP force, exerted on particles Fpgp can be
expressed as follows?.

Fpgp = 21 Re(f )V (E )’ (4)

The r is the particle radius, ¢,, is the permittivity of the medium, Re(fcy) is the real part of the
Clausius-Mossotti factor, and E,,,,, is the root mean square value of the electric field. The Clausius-Mossotti factor
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Figure 2. Optimisation of anti-clogging method. (a) Schematic view of the proposed anti-clogging method
for long term use of blood plasma separation. At the entrances of the branch microchannels for blood plasma
separation, nDEP was generated, which blocked blood cells from approaching the channel wall. (b) The
adhesive and DEP force were plotted against the particle diameter range. The DEP force was greater than the
adhesive force (green graph) on blood cells. (c) The adhesive and DEP force were plotted against the distance
between the cells (RBCs: 7 um) and the surface of the microchannel wall (h). At & < 0.5 nm, the adhesive force
(green graph) increased sharply. However, at i > 0.5 nm, the DEP force was higher than the adhesive force. (d)
The real part of the Clausius-Mossotti factor of RBC, WBC, and PLT as various frequency. The real part of the
Clausius-Mossotti factor was about —0.5 for an applied electrical frequency of <10kHz for blood cells.

fems determined by the complex permittivity of the particle ¥, and the medium ¢*,,, is a function of the fre-
quency of the electric field.

¥ — gk
Jou = . -
EP* + 2e5 (5)
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The complex permittivity can be written as follows.

e O
7o (©)

The w is the frequency of the electric field, and o is the electric conductivity.

The real part of the Clausius-Mossotti factor, Re(fcy), ranges from —0.5 to 1.0 and determines the direction
of the DEP force exerted on particles?®*"*2. When Re(fc\,) is positive, it is called positive DEP (pDEP); and par-
ticles move toward high electric field density. Conversely, when Re(f.) is negative, it is called negative DEP
(nDEP); and particles move toward low electric field density?. In this study, nDEP was used as repulsive force to
prevent cell loss and clogging in the microchannels. The real part of the Clausius-Mossotti factor is related to the
permittivity and conductivity of the particles along with those of the medium and the frequency of the electric
field. However, because biological cells, like RBCs and WBCs, are not homogeneous spheres, the high contrast of
conductivity between cytoplasm and the isolating membrane makes it necessary to consider a core-shell model.
To obtain the effective complex permittivity of cells, a mixing equation was developed?.

( Touter )3 + 2 Einner — Eouter

inner Einner T 2€5uter
Touter ’ Einner — Eouter
(E) B Ei;ner+ 2Eo*uter (7)

The 7oy, is the radius of the entire particle (shell + core) and the r,,., is the radius of the core; €* ., and €%,
are the complex permittivities of the shell and core, respectively.

To characterize the anti-clogging method, we calculated the real part of the Clausius-Mossotti factor of blood.
The relative permittivity and electric conductivity of blood plasma are 78 and 60 mS/m, and those of a blood cell
are known to be 63 and 1.0 uS/m, respectively?®*2. The real part of the Clausius-Mossotti factor for blood cells in
plasma as a function of the frequency was calculated using equations (5) to (7) (shown in Fig. 2d). The real part
of the Clausius-Mossotti factor was about —0.5 for an applied electrical frequency of <10kHz for blood cells.
Therefore, to generate nDEP force, the frequency was set to 1 kHz.

To prevent clogging of the microchannel by cell adhesion, the repulsive force generated by DEP must be larger
than the adhesive force acting on blood cells, such as WBCs, RBCs, and PLTs. The adhesive and the DEP forces
were calculated using the equations (2) and (3), respectively. The parameters in the equations were derived from
the general properties of the cell membrane and plasma. Figure 2b shows the adhesive and DEP force expressed as
particle diameter range. When an electric potential was applied, the adhesive force increased linearly, whereas the
DEP force increased exponentially. Moreover, an increase in the electric potential also elevated the DEP force. At
the diameter range of blood cells (WBC: 10-15um, RBC: 7-8 um, PLT: 2-3 um), the DEP force was greater than
the adhesive force. According to the calculated results, although the DEP force is not effective on cells less than
1 um in diameter, it is greater than the adhesive force on cells more than 1 pm in diameter. Thus, the clogging of
microchannels by blood cells is expected to decrease as the electric potential increases.

In addition, the relationship between the adhesive and DEP force expressed as the distance from the cell to the
surface is important for the application of the anti-clogging technique. As shown in Fig. 2c, the adhesive force is
high in the short distance, 4 < 0.5 nm. However, at i > 0.5 nm, the adhesive force is smaller than the repulsive DEP
force for anti-clogging. In addition, when the electric potential for generating the DEP force is further increased,
the cross point between adhesive and DEP force, i.e., the minimum distance of the anti-clogging technique, shifted
to a shorter distance, improving the efficacy of the anti-clogging technique. As a result, the DEP force can disturb
migration of the blood cells toward the surface of the microchannel wall at # > 0.5 nm, which prevents cell adhesion.

* _ *® .
Eeffective — Couter

Blood plasma separation. In a microfluidic channel, blood cells tend to migrate in the axial direction
of the microchannel. Therefore, the cell concentration along the centre of the microchannel increases, and the
cell-free region, which is a marginal zone devoid of cells along the microchannel walls, is formed concurrently,
as shown in Fig. 1a. Moreover, when the blood cells flow through a bifurcating region, they have a tendency to
move to the channel with the higher flow rate than to the channel with the lower flow rate, as shown in Fig. 1a.
The phenomenon is called the bifurcation law. The asymmetrical distribution of pressure and shear forces on the
cell at the bifurcation pulls it towards the channel with the higher flow rate’**. Thus, in a microfluidic channel,
cells are drawn into the microchannel with a higher flow rate because they are subjected to a higher pressure and
atorque which is produced by the asymmetric distribution of shear forces***%. In conclusion, when the blood cells
migrate through the microchannel, the cell-free region is formed near the channel wall and the blood plasma
can be separated using the bifurcation law, without the cells moving to the branch channel. However, some cells
migrate to the branch channel unwantedly; these attaches to the narrow branch channel and promote clogging.

In this study, plasma separation was accomplished by designing a simple microfluidic network based on the
bifurcation law and DEP force for the anti-clogging. Because of the DEP force which disturbed cell migration to
the branch channel for extracting the blood plasma, we can use relatively wide branch channels as compared with
previous hydrodynamic blood plasma separation devices. That ensures a higher plasma yield. Moreover, separa-
tion of pure blood plasma (without PLTs and WBCs) from PLTs and WBCs contained blood, which was mostly
not mentioned in reports about hydrodynamic blood plasma separation devices®#1%!1, is also possible because
of the DEP force.

Results and Discussion
Anti-clogging method and cell loss.  To estimate the anti-clogging method, cell loss 7, was defined as
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Figure 3. Optimisation of cell loss. The cell loss was plotted against applied voltage and flow rate at 15 min after
the beginning of the experiment. An increase of the applied voltage caused a reduction in cell loss because the
DEP force for the anti-clogging increased with the voltage. On the other hand, when the applied voltage was
above 20V, irreversible mechanical breakdown of the cell membrane happened, which led to the complete cell
lysis. Therefore, the cell loss increased at voltages above 20 V.

C,+C, .

where C;, C,, and C, is the original concentration of the blood cells at the inlet, the processed concentration
at the blood outlet, and the concentration at the plasma product outlet, respectively. If the cell loss was high,
adhesion of the blood cells to the microchannel wall was high. Therefore, when the cell loss was closed to zero,
the anti-clogging method was working properly. Figure 3 shows the cell loss plotted against the applied voltage
at different flow rates measured at 15 min after the beginning of the experiment. The cell loss was 37.98 & 1.54
(mean £ S.D.) % and 37.71 4 0.52% without an electric potential at the flow rate of 1 and 7 ul/min, respectively.
When the electric potential was 20V, the cell loss was 27.54 £0.25% at 1 pl/min and 26.35+1.40% at 7 ul/min.
In the 0 to 20 V range of the applied voltage, the change of the cell loss according to the flow rate was not signif-
icant. An increase of the applied voltage caused a reduction in cell loss because the DEP force for anti-clogging
increased with the voltage. When the applied voltage was over 20 V, however, the cell loss was increasing again. At
30V and 1 pl/min, the cell loss was 30.50 &= 1.77%. The increase of the cell loss at higher applied voltage was due
to electroporation, which is a common method for creating transient pores in cell membranes. When the applied
voltage is higher than the threshold voltage, irreversible mechanical breakdown of the cell membrane will happen,
which leads to the complete lysis of cells. Therefore, above 20V, some of the blood cells were lysed. When cell lysis
increased, the concentration of the blood cells in the microchannel dropped. Accordingly, the detected cell loss
increased at voltages above 20 V. Moreover, at a flowrate of 1 pl/min, cell lysis became severe because the exposure
time for cells to the DEP force increased. We found that 20 V was the maximum voltage without cell lysis in the
experimental device.

Initial performance of the experimental device. We monitored the concentration of blood cells in the
processed plasma at 15 min after the beginning of the experiment. Figure 4a—c show the concentrations of RBCs,
WBCs, and PLTs in separated plasma, respectively. When the applied voltage was 0V (without anti-clogging
method), the concentrations of blood cells were relatively high. However, the concentration of blood cells at 20 V
(applied anti-clogging method) was low. By applying the anti-clogging method, the purity of the separated plasma
increased. Moreover, the plasma, which was separated by our device at 20 V had low counts for WBCs and PLTs.
Thus, using the experimental device, the difficult separation of poor WBCs and PLTs plasma from blood is possible.
To evaluate the performance of the experimental device, purity efficiency and plasma yield, which are the
conventional evaluation indexes, were used. The purity efficiency E, and plasma yield 7 are defined as*>:

E = 17C—P x 100 (%)
p— C. 0

1

g 00— H)H ZH)
(100 — H)(H, — H,)

where H,, H, and H, are the haematocrit levels at the inlet, at the blood outlet (concentrated samples), and at the
plasma outlet (processed samples), respectively. To determine the haematocrit levels, centrifugation was used.
Figure 5a presents the purity efficiency of the collected blood plasma at 15 min after the beginning of the exper-
iment, under applied voltages and flow rates in the range of 0 to 30V and 1 to 7 ul/min, respectively. The purity
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Figure 4. Blood cell removal with and without the anti-clogging method. The concentrations of (a) RBCs, (b)
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Figure 5. The purity efficiency and the plasma yield achieved with the experimental device. (a) The purity
efficiency of the collected blood plasma at 15 min after the beginning of the experiments under applied voltage
and flow rate in the range of 0 to 30 V and 1 to 7 pl/min, respectively. When the applied voltage was high (strong
DEP force), the purity efficiency of collected blood plasma was high. However, at values higher than 20V, the
purity efficiency dropped because of cell lysis. (b) The plasma yield of the experimental device at 15 min after
the beginning of the experiments under same condition as in (a). The plasma yield increased to high purity
efficiency if a high voltage was used (20 V). When the applied voltage was higher than 20V, cell lysis occurred,
and the plasma yield dropped because of adhesion of cell fragment to the microchannel wall.

efficiency was 81.16 4-5.00% and 81.72 + 4.44% without an electric potential at flow rate 1 and 7 ul/min, respec-
tively. When the electric potential was 20V, the purity efficiency was 97.23 £ 5.43%, the maximum value of the
proposed device, at 1 pl/min and 94.09 £ 7.19% at 7 ul/min. The purity efficiency improved as the applied voltage
was increased within the 0 to 20 V range. The purity efficiency was saturated when the applied voltage was over
20V. Similarly, the cell lysis increased and the concentration of blood cells dropped at a voltage higher than 20 V.
Accordingly, the purity efficiency also dropped above the 20-V level. The saturated purity efficiency over 20V has
a tendency for higher values at low flow rates because the hydrodynamic force was low and the DEP force, which
is preventing cell migration to the branch channels for plasma separation, was acting effectively. Therefore, the
purity efficiency had a higher value at low flow rate.

Figure 5b is the plasma yield of the proposed device at 15 min after the beginning of the experiment as a func-
tion of the applied voltage and flow rate. When the flow rate was 1 pl/min, the plasma yield had a minimum value
of 1.04 £ 1.21% without applied voltage. When the applied voltage was increased, the plasma yield increased to a
maximum value of 38.95+9.34% at 20 V and 1 pl/min. The plasma yield was also saturated at voltages over 20 V
like the purity efficiency in Fig. 5a. When the applied voltage was higher than 20V, cell lysis occurred and cell
debris increased. The cell debris can easily attach and clog to the microchannel because of the small size (small
particles were not blocked from clogging, see Section 2). Therefore, at high voltage (over 20 V), the plasma yield
dropped because of the adhesion of the cell debris.

All the results of the cell loss, the purity efficiency, and the plasma yield did not change significantly in relation
to the flow rate change. However, when the applied voltage was 20 V and the flow rate was 1 pl/min, the experi-
mental device had the best results in the cell loss, the purity efficiency, and the plasma yield. Therefore, we set the
values for applied voltage and flow rate were 20 V and 1 ul/min, respectively, in the time-dependent experiment
for testing the long-term use.
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Figure 6. Performance parameters of the experimental device over time. (a) The cell loss, (b) the purity
efficiency, and (c) the plasma yield over time (from 15 min to 12h). The flow rate was 1 pl/min. Without the
anti-clogging method (0V), the cell loss increased over time. After 4h, the attached cells fully clogged branch
microchannels for the plasma extraction and the device did not work anymore. Similarly, the purity efficiency
was dropped sharply and the plasma yield was very low until 4h. In contrast, using the anti-clogging method
(20V), the cell loss, the purity efficiency, and the plasma yield were maintained over a much longer period
(12h).

Time-dependent experiment. To expand the lifespan of the device, an anti-clogging method was applied.
The range of the applied voltage without cell lysis was 0 to 20 V. Additionally, at 1 ul/min flow rate, the device had
a maximum value of purity efficiency and plasma yield. Therefore, we set the applied voltage to 20 V and the flow
rate to 1 pl/min for anti-clogging.

Figure 6a presents the cell loss of the experimental device over time. We measure the cell loss at vari-
ous time points, at 15 min, 30 min, 60 min, 4h, and 12h. When the applied voltage was 0V, the cell loss was
37.99 4 1.54% at 15 min. The cell loss was increased over time without the anti-clogging method. The cell loss
without anti-clogging method was 84.47 £ 11.66% at 4 h. Then, over the 4 h, the cell loss was even higher, and the
microchannel was fully clogged by blood cells. Therefore, the experimental blood plasma separation device was
no longer working after 4 h. In contrast, when the anti-clogging method was applied (applied voltage of 20 V),
the cell loss did not rise over time. The cell loss at 15min and 12 h was 26.86 +0.226% and 26.68 £ 3.28%, respec-
tively. Thus, cell clogging to the microfluidic channel wall was prevented by the anti-clogging method, and the
device lifespan was increased due to the prevention of unwanted changes to the microchannel by clogging with
blood cells. Figure 6b,c show the purity efficiency and the plasma yield of the experimental device in relation to
the timeline of the experiment. Without applied voltage (without anti-clogging method), the purity efficiency
dropped sharply from 81.16 4= 5.00% at 15 min to 46.25 £ 6.67% at 4h. The plasma yield was 1.04 - 1.21% at
15min and 0.99 £ 1.74% at 4h. Without the anti-clogging method, the plasma yield was very low. When the
applied voltage was 20 V, however, the purity efficiency and the plasma yield did not decrease but maintained high
values throughout the experiment. The purity efficiency was 97.23 - 5.43% at 15min and 95.52 +5.43% at 12 h.
The plasma yield at 15 min and 12h was 38.95 £ 2.34% and 38.03 = 7.01%, respectively.

The time-dependent experiment showed that using the applied voltage at 20 V was crucial for extending the
lifespan of the experimental blood plasma separation device to at least 12h without any cell clogging within the
microchannel network. In addition, the performance of the experimental device, the purity efficiency, and the
plasma yield were maintained over time. When the anti-clogging method was not applied, however, the micro-
channel was quickly clogged by the blood cells and the device stopped working at the 4-h time point (as shown
in Fig. 7).
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Figure 7. Assessment of microchannel clogging by image analysis. Images captured 4 h after the experiment
initiation (a) without the anti-clogging method and (b) with the anti-clogging method (using DEP at 20 V).
Without the anti-clogging method, the blood cells aggregated until the microchannel was fully clogged (t >4h).
In contrast, when the anti-clogging method was applied, the blood cells were not attached and did not clog the
microchannel wall. The scale bar is 50 pm.

Whole blood processing. To resolve the issue of diluting blood samples for on-chip device process-
ing, we tested whether undiluted, whole blood can be processed using our experimental device. When whole
blood was infused through inlet of the device at 1 pl/min, the purity efficiency was 87.96 £7.59% at 15 min and
82.12+3.42% at 12h (applied voltage, 20 V), as shown in Fig. 8a. The probability of cell adhesion was higher with
whole blood than with diluted blood because of the high blood cell concentration in the undiluted sample. The
purity efficiency of the whole blood sample started out low and gradually decreased over time. Figure 8b shows
the plasma yield of whole blood test. The plasma yield at 15min and 12h was 38.18 =0.09% and 33.73 £0.01%,
respectively. Thus, the plasma yield was low at the start and dropped over time. Interestingly, the experimental
device was still working after 12h. However, the performance of blood separation dropped over time. We con-
firmed the possibility of plasma separation using whole blood, but for clinical applications, a higher purity effi-
ciency and plasma yield will be needed.

Conclusions

Blood plasma separation is an important method because plasma is widely used to assess the health status of peo-
ple. In step with the general progress in further developing the LOC technology, various on-chip plasma separa-
tors have been described. However, unwanted clogging by blood cell adhesion to the microchannel walls has been
blocking any progress in this field. Clogging remains a major source of performance deterioration and, as a result,
most plasma separators are disposable and not for long-term use or real-time monitoring, which is a limitation
for expanding the on-chip technology. In this study, we applied an anti-clogging method for blood plasma separa-
tion to prevent unwanted cell adhesion to the microchannel wall and deterioration of device performance. When
the anti-clogging method was applied, the purity efficiency, and plasma yield of the experimental device were
97.23 £5.43% and 38.9549.34% with diluted blood and 87.96 +-7.59% and 38.18 4-0.09% with whole blood,
respectively, at 15 min after test initiation. In previous studies, when the high purity efficiency was achieved, the
plasma yield was low and vice versa. For example, Tripathi et al.’” achieved a purity efficiency of 80%, but the
plasma yield was only 3% with whole blood. Lee et al.*® achieved a plasma yield of 62.2%, but the purity efficiency
was only 60% with whole blood. In contrast, the proposed device obtained both relatively high purity efficiency
and plasma yield in real-time and continuous blood plasma separation with whole blood.

Over time and without the anti-clogging method, cell loss increased dramatically, eventually clogging the device,
which did no longer work after 4h. In contrast, when a voltage of 20 V was applied as an anti-clogging method, the
experimental separation device was still working after 12h without general performance deterioration, although
areduction in purity efficiency and plasma yield was observed. According to these results, we demonstrated that
our anti-clogging method ensured the long-term use of an experimental on-chip device for plasma separation. We
expect that the anti-clogging method can be applied for other blood plasma separators composed of a main channel
and narrow branch channels. The experimental device with anti-clogging function is a promising candidate for
usage in real-time and continuous blood plasma separation systems, because of its extended lifespan.

Methods

The following sections provides a brief description of design of proposed device, fabrication techniques, and the
experimental procedure. All the blood samples in this study were obtained with informed consent from all sub-
jects. All the experiments in this study were performed in accordance with the guidelines and regulations which
were approved by the bio-safety committee, Yonsei University, Korea.
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Figure 8. Application of the experimental device for whole blood processing. (a) The purity efficiency and
(b) the plasma yield of the experimental device using diluted blood (Hct: 25%) and whole blood (Hct: 45%).
The flow rate and the applied voltage were 1 ul/min and 20V, respectively. After the whole blood sample was
injected, the device continued working up to the last time point, 12 h. However, the purity efficiency was
relatively low (82-88%) for whole blood processing.

Design. The proposed blood plasma separation was accomplished using a microfluidic channel device specifi-
cally designed for blood processing. The details of proposed blood plasma separator are shown in Supplementary
Fig. S2. The branch channels were positioned on each side of the main channel to separate the blood plasma.
The number of branch channels were 50 (25 branches on each side). The width of the branch channels for blood
plasma extraction was 15um. For adjusting the anti-clogging method to a hydrodynamic blood plasma separa-
tion device, the electrode for applying the DEP force was placed at the bottom of the microchannel.

Fabrication. To test the anti-clogging method and blood plasma separation technique, the interdigitated
(IDT) electrodes and the microchannel device were fabricated (Supplementary Fig. S3). The proposed microflu-
idic channel for separation of the blood plasma was made of polydimethylsiloxane (PDMS) using conventional
soft lithography techniques. PDMS can be used as microchannel because it is suitable for optical detection (trans-
parent), non-cytotoxic, and easily molded into patterned substrate. To form a PDMS replica of the microchan-
nels, SU-8 (SU-8 2050, MicroChem Co.) was spin coated on a 4-inch silicon wafer at 1,800 rpm for 30s to form a
photoresist film (thickness: 80 um). After soft baking (first: 65 °C for 3 min, second: 95 °C for 9 min), the SU-8 was
exposed to UV light by a mask aligner (Karl Suss MJB3 Mask Aligner). The SU-8 was post-exposure baked (first:
65 °C for 2 min, second: 95 °C for 7 min) before developing. The SU-8 was soaked in fresh SU-8 developer solution
(SU-8 Developer, MicroChem Co.) for more than 15 min with agitation and rinsed by IPA. A PDMS prepolymer
and curing agent (10:1 mixture, Sylgard 184; Dow Corning, MI) was poured onto the patterned SU-8 and cured
at 70°C for 1h. To form the IDT electrodes for anti-clogging methods, Ti (adhesion layer) and Au (working
electrodes) were deposited on glass substrate at a thickness of 50 nm and 500 nm, respectively, using an e-beam
evaporator, and patterned using a conventional photolithography method. For passivation and prevention of
electrolysis, a SiO, layer was deposited using PECVD at a thickness of 100 nm. To complete the proposed blood
plasma separation device, both the PDMS replica and the IDT electrodes on a glass substrate were aligned (Karl
Suss MJB3 Mask Aligner) and bonded after oxygen plasma treatment.

Blood sample. Fresh human blood from healthy donors was collected into an EDTA-2K coated vacuum
tube to prevent the blood coagulation. The blood samples were pretested for any communicable diseases. Samples
were stored at 4°C and used within a week after harvest. The collected blood was diluted in a phosphate buffered
saline (PBS) solution. The haematocrit of the diluted blood was measured adjusted by centrifugation at 25%. The
haematocrit of whole blood was 45%.

Experimental design. For the anti-clogging method, we used sinusoidal voltages ranging from 0 to 20V
generated with a function generator (CFG 253, Tektronix, USA) to create the DEP forces acting on blood cells.
We used a syringe pump (KDS-410, KD Scientific, USA) to control the flow rate of the solution through the
microchannel device. Before the experiment, the microchannel was rinsed by PBS. The microchannel during
the experiments was monitored with a microscope and images were captured by a CCD camera (SOMETECH
SV35, Republic of Korea). To determine the performance of the proposed device, a haemocytometer (Neubauer
improved C-chip, INCYTO) was used to count cells at the inlet and outlets. All the experimental setup is shown
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in Supplementary Fig. S4. For counting WBCs and PLTs, blood and plasma was diluted with 1% ammonium
oxalate solution to achieve an isotonic balance that only lysed RBCs, but not WBCs and PLTs.

Data Availability
All data generated during this study are included in this published article and its Supplementary Information files.

References

1.

2.

w

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.
22.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

Araujo, L. H. et al. Carbone, Impact of Pre-Analytical Variables on Cancer Targeted Gene Sequencing Efficiency. PLoS One 10,
0143092 (2015).

W. S. Mielczarek, W. S., Obaje, E. A., Bachmann, T. T. & Kersaudy-Kerhoas, M. Microfluidic blood plasma separation for medical
diagnostics: is it worth it? Lab Chip 16, 3441-3448 (2016).

. Stern, E. et al. Label-free biomarker detection from whole blood. Nat. Nanotechnol. 5, 138-142 (2010).
. Lee., K. K. & Ahn, C. H. A new on-chip whole blood/plasma separator driven by asymmetric capillary forces. Lab Chip 13,

3261-3267 (2013).

. Hsu, C. H,, Di Carlo, D., Chen, C., Irimia, D. & Toner, M. M. Microvortex for focusing, guiding and sorting of particles. Lab Chip 8,

2128-2134 (2008).

. Stroock, A. D. et al. Chaotic Mixer for Microchannels. Science 295, 647-651 (2002).
. Jaggi, R. D., Sandoz, R. & Effenhauser, C. S. Microfluidic depletion of red blood cells from whole blood in high-aspect-ratio

microchannels. Microfluid. Nanofluid. 3, 47-53 (2007).

. Sun, M., Khan, Z. S. & Vanapalli, S. A. Blood plasma separation in a long two-phase plug flowing through disposable tubing. Lab

Chip 12, 5225-5230 (2012).

. Lenshof, A. et al. Acoustic whole blood plasmapheresis chip for prostate specific antigen microarray diagnostics. Anal. Chem. 81,

6030-6037 (2009).

Lee, M. G,, Shin, J. H., Choi, S. & Park, J.-K. Enhanced blood plasma separation by modulation of inertial lift force. Sens. Actuators
B Chem. 190, 311-317 (2014).

Shatova, T. A., Lathwal, S., Engle, M. R, Sikes, H. D. & Jensen, K. F. Portable, constriction-expansion blood plasma separation and
polymerization-based malaria detection. Anal. Chem. 88, 7627-7632 (2016).

Li, C,, Liu, C., Xu, Z. & Li, J. The dual role of deposited microbead plug (DMBP): A blood filter and a conjugate reagent carrier
toward point-of-care microfluidic immunoassay. Talanta 97, 376-381 (2012).

Xie, Y., Chen, D, Lin, S., Wang, Z. & Cui, D. A robust and easily integrated plasma separation chip using gravitational sedimentation
of blood cells filling-in high-aspect-ratio weir structure. RSC Adv. 6, 30722-30727 (2016).

Peyman, S. A., Kwan, E. Y., Margarson, O., Iles, A. & Pamme, N. Diamagnetic repulsion—A versatile tool for label-free particle
handling in microfluidic devices. J. Chromatogr. A 1216, 9055-9062 (2009).

Jiang, H., Weng, X., Chon, C. H., Wu, X. & Li, D. A microfluidic chip for blood plasma separation using electro-osmotic flow control.
J. Micromech. Microeng. 21, 085019 (2011).

Kang, T. G., Yoon, Y.-J, Ji, H., Lim, P. Y. & Chen, Y. A continuous flow micro filtration device for plasma/blood separation using
submicron vertical pillar gap structures. J. Micromech. Microeng. 24, 087001 (2014).

Kersaudy-Kerhoas, M. & Sollier, E. Micro-scale blood plasma separation: from acoustophoresis to egg-beaters. Lab Chip 13,
3323-3346 (2013).

Kim, D, Yun, J. Y., Park, S.-J. & Lee, S. S. Effect of microstructure on blood cell clogging in blood separators based on capillary
action. Microsyst. Technol. 15, 227-233 (2008).

Dressaire, E. & Sauret, A. Clogging of microfluidic systems. Soft Matter 13, 37-48 (2016).

Kendall, K. & Roberts, A. D. van der Waals forces influencing adhesion of cells. Philos. Trans. R. Soc. B Biol. Sci. 370, 20140078
(2015).

Beattie, W, Qin, X., Wang, L. & Ma, H. Clog-free cell filtration using resettable cell traps. Lab Chip 14, 2657-2665 (2014).

Cheng, Y., Ye, X., Ma, Z., Xie, S. & Wang, W. High-throughput and clogging-free microfluidic filtration platform for on-chip cell
separation from undiluted whole blood. Biomicrofluid. 10, 014118 (2016).

. Yoon, Y. et al. Clogging-free microfluidics for continuous size-based separation of microparticles. Sci. Rep. 6, 26531 (2016).
. Kang, D.-H., Kim, M. & Kim, Y.-]. An anti-adhesion technique in microfluidic channel using dielectrophoresis for particle

processing microfluidic chip applications. J. Biomed. Nanotechnol. 11, 1524-1534 (2015).

. daSilva, L. E M., Ochsner, A. & Adams, R. D. Handbook of Adhesion Technology. (Springer, Berlin, DE, 2011).

. Kendall, K. Adhesion: Molecules and Mechanics. Science 263, 17201725 (1994).

. Kendall, K., Kendall, M. & Rehfeldt, E. Adhesion of Cells, Viruses and Nanoparticles. (Springer, Berlin, DE, 2010).

. Valero, A, Braschler, T. & Renaud, P. A unified approach to dielectric single cell analysis: Impedance and dielectrophoretic force

spectroscopy. Lab Chip 10, 2216-2225 (2010).

Ribeiro, M., Domingues, M., Freire, J., Santos, N. & Castanho, M. Translocating the blood-brain barrier using electrostatics. Front.
Cell. Neurosci. 6,44 (2012).

Kirby, B. J. & Hasselbrink, E. F. Zeta potential of microfluidic substrates: 2. Data for polymers. Electrophoresis 25, 203-213 (2014).
Erdem, N, Yildizhan, Y. & Elitag, M. A numerical approach for dielectrophoretic characterization and separation of human
hematopoietic cells. Int. J. Eng. Res. Technol. 6, 1079-1082 (2017).

Leung, S. L., Lu, Y., Bluestein, D. & Slepian, M. J. Dielectrophoresis-mediated electrodeformation as a means of determining
individual platelet stiffness. Ann. Biomed. Eng. 44, 903-913 (2016).

Kang, D.-H., Kim, K. & Kim, Y.-J. Plasma extraction rate enhancement scheme for a real-time and continuous blood plasma
separation device using a sheathless cell concentrator. J. Micromech. Microeng. 28, 025008 (2018).

Roberts, B. W. & Olbricht, W. L. The distribution of freely suspended particles at microfluidic bifurcations. AICKE J. 52, 199-206
(2006).

Kersaudy-Kerhoas, M., Dhariwal, R., Desmulliez, M. P. Y. & Jouvet, L. Hydrodynamic blood plasma separation in microfluidic
channels. Microfluid. Nanofluid. 8, 105-114 (2009).

Yang, S., Undar, A. & Zahn, J. D. A microfluidic device for continuous, real time blood plasma separation. Lab Chip 6, 871-880
(2006).

Tripathi, S., Varun Kumar, Y. V. B., Prabhakar, A., Joshi, S. S. & Agrawal, A. Performance study of microfluidic devices for blood
plasma separation—a designer’s perspective. J. Micromech. Microeng. 25, 084004 (2015).

Lee, M. G. et al. Inertial blood plasma separation in a contraction-expansion array microchannel. Appl. Phys. Lett. 98, 253702
(2011).

Acknowledgements
This work was supported by the Technology Innovation Program (10077651, Development of IoT fusion sensor
system based on artificial intelligence) funded by the Ministry of Trade, Industry & Energy (MOTIE, Korea).

SCIENTIFICREPORTS|  (2018)8:17015 | DOI:10.1038/541598-018-35235-4 11



www.nature.com/scientificreports/

Author Contributions
Dong-Hyun Kang performed the experiments, Dong-Hyun Kang, Kyongtae Kim, Yong-Jun Kim designed the
research and analysed the data, Dong-Hyun Kang, Yong-Jun Kim wrote the paper.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-35235-4.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

CE ] jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS|  (2018)8:17015 | DOI:10.1038/541598-018-35235-4 12


http://dx.doi.org/10.1038/s41598-018-35235-4
http://creativecommons.org/licenses/by/4.0/

	An anti-clogging method for improving the performance and lifespan of blood plasma separation devices in real-time and cont ...
	Background

	Cell adhesion and clogging in microchannel. 
	Anti-clogging method. 
	Blood plasma separation. 

	Results and Discussion

	Anti-clogging method and cell loss. 
	Initial performance of the experimental device. 
	Time-dependent experiment. 
	Whole blood processing. 

	Conclusions

	Methods

	Design. 
	Fabrication. 
	Blood sample. 
	Experimental design. 

	Acknowledgements

	Figure 1 The mechanism of cell aggregation and clogging in a microchannel device.
	Figure 2 Optimisation of anti-clogging method.
	Figure 3 Optimisation of cell loss.
	Figure 4 Blood cell removal with and without the anti-clogging method.
	Figure 5 The purity efficiency and the plasma yield achieved with the experimental device.
	Figure 6 Performance parameters of the experimental device over time.
	Figure 7 Assessment of microchannel clogging by image analysis.
	Figure 8 Application of the experimental device for whole blood processing.




