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Abstract: Blood plasma is a source of biomarkers in blood and a simple, fast, and easy extraction
method is highly required for point-of-care testing (POCT) applications. This paper proposes a mem-
brane filter integrated microfluidic device to extract blood plasma from whole blood, without any
external instrumentation. A commercially available membrane filter was integrated with a newly
designed dual-cover microfluidic device to avoid leakage of the extracted plasma and remaining
blood cells. Nano-interstices installed on both sides of the microfluidic channels actively draw the
extracted plasma from the membrane. The developed device successfully supplied 20 uL of extracted
plasma with a high extraction yield (~45%) in 16 min.

Keywords: microfluidics; point-of-care testing; blood plasma extraction

1. Introduction

Blood plasma is a primary source of biomarkers in various clinical diagnoses, in-
cluding infectious diseases, autoimmune diseases, inflammation, and even cancers [1].
It comprises proteins, electrolytes, urea, glucose, circulating nucleic acids, bacteria, viruses,
etc., and represents the physiological condition of the human body. Blood plasma ac-
counts for approximately 55% of whole blood after removing the solid contents, i.e., red
blood cells, white blood cells, and platelets. In diagnostic applications, the solid contents
should be carefully removed to avoid the hindrance of biomarker signals during detec-
tion. Breakdown of red blood cell membranes, called hemolysis, causes 40-70% of sample
rejection in laboratories [2]. It also disrupts the detection of microRNA levels, proteins,
and metabolites [3].

Centrifugation is a representative method for blood plasma extraction. Although
hand powered centrifugation methods have been developed for resource-limited point-
of-care testing (POCT) applications [4,5], the extraction could depend on the user’s skill
and handling. Other methods that target POCT applications suffer from various issues
(Table 1). In Table 1, many extraction methods require dilution of whole blood with a high
hematocrit (40-45% for healthy individuals [6]), which causes operation failure, such as
clogging and low separation efficiency [7-9]. The dilution reduces the concentration of
target analytes and, therefore, decreases sensitivity and increases reaction time for detection,
which increases the chance for analyte disruption by hemolysis. It also results in low yield,

Sensors 2021, 21, 1366. https:/ /doi.org/10.3390/s21041366 https://www.mdpi.com/journal/sensors


https://www.mdpi.com/journal/sensors
https://www.mdpi.com
https://orcid.org/0000-0001-7344-6060
https://doi.org/10.3390/s21041366
https://doi.org/10.3390/s21041366
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/s21041366
https://www.mdpi.com/journal/sensors
https://www.mdpi.com/1424-8220/21/4/1366?type=check_update&version=2

Sensors 2021, 21, 1366

20f 10

defined as extracted plasma divided by the total volume of plasma. Therefore, blood
plasma extraction requires minimal dilution and operating time and a large yield from
a small quantity of whole blood. The dilution should be performed using extracted plasma
than whole blood to avoid hemolysis and degradation in terms of POCT application.

Table 1. Efficiency map of the channel variation methods. PD-10 and PD-25 indicate product number of PlasmaDrop Kits
for Free Liquid Plasma from MDI Membrane Technologies INC. WB: whole blood, HCT: hematocrit, N.R: No reference, D:
dilution. Plasma efficiency (%): volume percent between separated plasma and input blood.

Extraction
Fl:/l[gta}::)‘:i“ Type WB Volume (uL)  HCT (%) Volume Efficiency Time REF
(uL) (%) (s)

5 44 2 40 20 10

Centrifugal 100 N.R 58 58 480 4
(Active) External power 9.4 48 4.89 52 200 11
150 N.R 50 33.33 180 12

0.5 6(D) 0.108 216 1 13

L 5 10(D) 0.3 6 600 14
Elei“’l.(mehc External power 05 N.R 0.13 26 N.R 15
(Active) 16 40 3.8 23.75 180 16
60 N.R(D) 10 16.67 360 48

475 20(D) 38 8 3600 46

5 25(D) 0.95 19 1800 25

External power 1000 30(D) 34.7 3.47 3600 24

1000 53 40 4 300 47

75 N.R(D) 1.645 21.93 300 49

325 50(D) 10 30.77 1560 27

25 N.R 2 8 312.5 26

Channel 20 N.R 0.15 0.75 180 35
variation 10 50 0.02 0.2 N.R 36
(Passive) 20 N.R 1 5 120 37
0.2 N.R 0.008 4 2 38

2 N.R 0.02 1 25 39

Powerless 10 N.R 0.19 1.88 600 40

5 43 0.35 7 110 41

10 N.R 0.51 5.17 490 4

10 N.R 2 20 900 43

5 45 0.1 2 300 44

15 N.R 0.16 1.07 N.R 45

100 N.R 12 12 420 18

50 11(D) 12.8 256 20 19

External power 50 43 4 8 20 19

Membrane 100 45 30 30 420 20
s 300 N.R 60 20 300 21

; 50 N.R 6.9 13.8 600 2

(Passive)

225 43 20 8 600 17
150 N.R 10 6.67 300 PD-10
Powerless 450 N.R 25 5.55 300 PD-25

340 N.R(D) 23.5 6.9 1200 23

Microfluidics have been highlighted for blood plasma separation in POCT applications
due to the significant advantages of low sample and reagent volume requirement, and
deliverable portability. Microfluidic blood plasma separation can be simply categorized
into active or passive techniques. Active techniques utilize external force fields—such
as centrifugal [4,10-13] and electric [14-16]—while passive techniques do not require
additional instrumentation. Methods using membrane filter [17-23], Fahraeus effect [24],
bifurcation [25], and gravitational sedimentation [26,27] are good examples of passive
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microfluidic passive techniques, useful for POCT applications; however, they still suffer
from low yields and small extraction volume [28].

Here, a membrane filter-based microfluidic blood plasma separation device that does
not require any external power is proposed. Previous membrane filter integrated microflu-
idic devices have a slow and less efficient plasma drawing problem from a hydrophilic
membrane filter to a hydrophobic plastic device. Use of hydrophilic plastic material, such as
cyclic olefin copolymer or hydrophilic treatment of the hydrophobic plastic part, increased
the chance of residual blood component leakage [17]. In the developed device, a robust
Nano-interstice (NI)-driven liquid filling technique was integrated to efficiently draw
extracted plasma from the hydrophilic filter surface into a microfluidic channel [29-32].
A dual polystyrene cover was newly designed to achieve both goals of avoiding leakage
and easy mass production. The extracted plasma was designed to fill the microfluidic
channel, without any additional instrumentation only by NI-driven filling for sensing.

2. Materials and Methods
2.1. Blood Sample Preparation

Five milliliters of blood from healthy donors was collected in EDTA vacutainers
(Ethylene DiamineTetraAcetic acid vacutainer, BD Corporation) to avoid coagulation. All
samples were handled without dilution and were refrigerated if they were not immediately
used. Samples older than 72 h were discarded.

2.2. Membrane Filter Evaluation

Commercially available filter membranes, Vivid Vertical Plasma Separation Membrane
GR grade (Pall Corporation), were cut and prepared to sizes of 10 x 10 mm?, 12 x 12 mm?,
14 x 14 mm?, and 16 x 16 mm?. The absorbent pad was fixed on an electronic scale using
tape and a membrane filter was placed on the fixed absorbent pad. Whole blood with
various volumes (50, 80, and 100 pL) were applied to the membrane filter and the separated
plasma was absorbed into the absorbent pad. The volume of separated plasma in the
absorbent pad was measured to calculate the separation yield, i.e., the volume ratio of

extracted to total plasma.

3. Results and Discussions
3.1. Fabrication of Dual-Cover Microfluidic Device

Three parts (a bottom substrate with a microchannel and two covers (one for the filter
region and another for the microfluidic channel)) of the microfluidic device were injection-
molded of polystyrene (PS). The bottom substrate had a filter region with a pillar array and
a microfluidic channel region with NIs. Each part was assembled via a solvent-injection
method under an in-house press (0.5 MPa) [29-32]. The NIs were formed via 1.5 pL of
acetone injected around the channel region and dissolved outside of the microfluidic
channel wall. The pressure was maintained for 35 s to ensure the formation of a closed
microfluidic channel with NIs. After the microfluidic channel assembly, a commercially
available filter membrane was placed on the filter region. The filter cover was then bonded
using the same acetone injection method under pressure.

3.2. Manufacturing of Membrane Filter Integrated Microfluidic Device

The developed dual covered microfluidic device, one bottom substrate (base), and
dual covers was presented (Figure 1). The base had two regions: a filter region with a pillar
array and a microfluidic channel region. The base and channel cover were first assembled
and a membrane filter was then placed on the pillar array of the base beneath the filter
cover and assembled device. All parts were assembled via the solvent injection bonding
method described previously (Figure 1a,b) [29-32].
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Figure 1. Overall illustration of the plasma separation microfluidic device with the dual cover. (a) Fabrication process of

the device and the result of fabrication. (b) Application of whole blood on the device and feature of the device. (c) Section
AA’ represents the process of plasma flow by the nano-interstice (NI)-driven flow. (d) Section BB” indicates the mechanical
prevention of red blood cell leakage by the dual cover system. (e) Whole blood application to single- and dual-cover devices.

The red arrowhead indicates blood leakage. Scale bar, 4 mm.

The role of the pillar array under the membrane filter was to draw separated plasma
from the membrane filter and transfer it to the main channel via wetting [33,34]. It has
7 x 7 pillars of 0.25 mm radius and 1.25 mm spacing. The pillars also support the wet
membrane filter from touching the bottom surface and not being loose. They distribute
the separated plasma in the filter region before reaching the entrance of the main channel
(Figure 1c). The plasma volume that could be captured in the filter region was approxi-
mately 9.4 pL.

The NIs were installed at both sides of the main microfluidic channel, defined by
the unbonded space between the channel wall and cover at C and E (Figure S1). The
NI increases Young-Laplace pressure at the air-liquid interface in the sub-micron scale
height of NI, which enhances wetting of the connected main channel [29]. The NI driving
mechanism in microfluidic channel enables robust filling of the sample liquid even in
a commercialized microfluidic device [32]. The NI-driven liquid filling powerfully
draws the plasma into the main microfluidic channel. During the bonding of the base
and filter cover, three sides of the membrane filter were tightly clamped but one side
was released over the assembled channel cover (Figure 1d). The dual cover design, with
a released membrane filter on the channel cover, successfully minimized leakage of the
blood components into the main channel (Figure 1e).

3.3. Membrane Filter Performance for Blood Plasma Separation

The blood plasma separation performance of the commercial membrane filter was
evaluated (Figure 2). The weight of the collected plasma in the absorbent pad through the
membrane filter was measured and calculated to volume. The volume of separated plasma
(VoSP) and separation yield decreased as the filter size increased from 10 x 10 mm?
to 16 x 16 mm? owing to the amount of residual plasma in the membrane filter. The
minimum requirement of 20 uL of extracted plasma for analysis is marked on the graphs.
When 80 pL or 100 pL of whole blood was applied, the volume of separated plasma reached
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its maximum with a filter of 14 x 14 mm? in 10 min of operating time. When a small
amount of whole blood (50 pL and 80 pL) was applied, the separated plasma volume
gradually decreased over 10 min due to evaporation. The maximum yield of the membrane
filter was proven to be approximately 50%.
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Figure 2. Evaluation of plasma separation performance of membrane filter according to the filter sizes and volume of whole
blood. (a) Weight-based evaluation process using the absorbent pad. Blood plasma separation volume and yield of the
membrane filter from 50 pL (b), 80 uL (c), and 100 uL (d) of whole blood (N = 8, error bars indicate standard deviation).

3.4. Plasma Extraction Performance in the Dual Covered Microfluidic Device

The yield of blood plasma extraction was monitored using a CCD camera (Figure 3a).
Applied whole blood, with various volumes of 50 uL, 80 uL, and 100 pL, was first vertically
absorbed into the membrane filter, capturing plasma in the filter region. The separation
yield of the microfluidic device was evaluated using only the volume of the plasma in the
main channel, not considering plasma in the filter region. The volume of the main channel
was designed to be 20 pL. The operating time was defined as the duration of the channel
filling with plasma. Figure 3b shows the successful acquisition of 20 uL of extracted plasma
from 80 uL and 100 uL of whole blood. The yield of 50 uL of whole blood of the developed
device was approximately 36%, with 5 uL of plasma acquisition. A maximum yield of 45%
was achieved in 16 min when 100 uL of whole blood was applied. Twenty microliters of
plasma was easily acquired from 100 pL of whole blood in 11 min, with a 36% yield. Note
that 20 uL of plasma is sufficient for various diagnostic applications [31].
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Figure 3. Plasma extraction in the dual cover microfluidic chip. (a) Images of plasma extraction in
the chip depending on time. The red solid line and dotted line indicate the filter and whole blood
insertion parts, respectively. The yellow solid line and dotted line represent acetone bonded edge
and NI channel, respectively. Scale bars, 2 mm. (b) Graph of the volume of separated plasma into

the microchannel.

3.5. Comparison with Previous Extraction Methods

Plasma extraction efficiency, different from yield, was defined as the ratio of the vol-
ume of extracted plasma to that of whole blood. Figure 4 shows a graph of the extraction
efficiency and extraction volume of previous plasma extraction methods. Instead of yield,
extraction efficiency was adapted in the graph because some of the references did not
supply hematocrit information of the whole blood samples. From the various methods,
centrifugation boasts the highest (more than 30%) efficiency and a wide range of extraction
volumes [4,10-13]. Generally, microfluidic methods have a wide efficiency range but very
limited extraction volume due to the small scale of the channel. For example, electro-kinetic
techniques show a limited extraction volume of less than 5 pL owing to their limited
working flow rate [14-16]. Structural interruption in microfluidic channels can extract
plasma via just capillary forces (P—) or with external force fields due to a pump or pressure
regulator (P+). Structural interruption techniques without an external force field (P—)
can only extract a very limited volume of plasma (less than 3 uL), with low efficiency of
less than 10% [35-45], but with an external force field the extraction volume [24,26,46,47]
or efficiency [25,27,48,49] are increased. Similarly, membrane filters can extract relatively
large amounts of plasma without an external force field (10-20 uL) but with a very limited
extraction efficiency of less than 8%, even in commercial kits [17,23]. Extraction of a large
volume of plasma with relatively high efficiency (20-30%) requires additional instrumenta-
tion to apply the pressure (P+) to the blood on the membrane filter. Table 1 summarizes the
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previous methods used to extract plasma from whole blood. The dual cover design with
a membrane filter can extract more than 20 uL of plasma, with an improved extraction
efficiency of 20—25% and without any external instrumentation.

60 >

&
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o
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NI-d system (P-)
20
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Figure 4. Position of plasma extraction efficiency graph. The solid rectangle represents the developed
system. P+: External Power Type, P—: Powerless Type.

4. Conclusions

In conclusion, we developed an optimized dual-cover microfluidic chip for plasma
separation without channel clogging and red blood cell leakage using a membrane filter,
two cover designs, and NIs. The developed system successfully satisfied four requirements
for POCT plasma separation. Our system accomplished (1) the use of whole blood, (2) high
extraction yields of 36—45% within 100 pL, (3) 16 min of operating time, and (4) powerless
operation. The developed chip exhibited 20-25% plasma extraction efficiency, which
significantly improved upon previous powerless membrane filter techniques. However,
operation time is still longer than other active plasma extraction methods, which could
be reduced by an additional optimization of filter membrane, channel structure, and
characteristics of channel surface. Integration with small and easy instrumentation, i.e.,
hand-powered pump [50] could be additional solution to reduce the required operation
time. Possible absorption of target proteins to the filter membrane could limit highly
sensitive detection. We expect that our system could be applied for the detection of
diseases with only ~20 uL plasma, for analysis via integration of immunoassay technology
into the downstream portion of the straight channel. The developed device to be improved
as an on-chip immunoassay platform using whole blood, by integrating our previous
published protocols using diluted plasma [31,32]. Despite the successful development of a
powerless plasma separation platform, we need to investigate the number of blood cells in
the extracted plasma and to validate the recovery rate of proteins, metabolites, and nucleic
acids for diagnostic applications in future studies.
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Supplementary Materials: The following are available online at https:/ /www.mdpi.com /1424-822
0/21/4/1366/s1, Figure S1: Measured height of the device after acetone bonding (n = 3, Error bars
indicate standard deviation) (5T4080-OSP, K-MAC, Daejeon, Korea).
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