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A B S T R A C T

Developing simple, portable, rapid, and easy-to-use diagnostic technologies is essential for point-of-care (POC)
blood molecular testing. Integrated microfluidic devices that include the functionalities of blood separation,
microfluidic pumping, and molecular detection are desirable for POC testing; however, current technologies still
rely on off-chip sample processing or require bulky equipment. We report a fully-integrated microfluidic diag-
nostic device, i.e., an integrated pneumatic microfluidic circuit (iPC), that can autonomously pump whole blood,
continuously sort blood plasma, and readily enable blood plasma proteomic analysis. The iPC contains vacuum
pillars as a vacuum source and waste reservoir, as well as microchannels connecting the pillars as a plasma
separator or a flow stabilizer. We combined the iPC and a miniaturized fluorescence microscope to create a
portable diagnostic platform that enables fluorescence-based biomarker detection. First, we performed sys-
tematic parametric studies to establish design rules for determining the transport and distribution of fluid
streams in the iPC. We then demonstrated the capability of the iPC-based diagnostic platform by successfully
separating blood plasma from microliter quantities of whole blood while simultaneously quantifying thrombin in
blood samples using an aptamer beacon within 5min of sample injection. Our platform holds potential as a
rapid, field-deployable, essentially universal diagnostic tool in POC settings.

1. Introduction

Molecular diagnostics using blood can provide the molecular sig-
natures of various maladies such as infection, inflammation, and tumor
progression reflecting physiological and pathological conditions. This
facilitates disease diagnosis, prognosis, and monitoring of responses to
therapy (Cohen et al., 2018; Meany et al., 2009; Song et al., 2014;
Weiner et al., 2018). Rapid, point-of-care (POC) assays are ideal for
blood tests that target plasma molecules, which can be unstable; for
example, plasma proteins can rapidly degrade after blood collection
(Hsieh et al., 2006) and the half-life of cell-free DNA is known to range
from minutes to hours (Khier and Lohan, 2018; Volik et al., 2016).
Lateral flow test strips (LFTSs) and more advanced microfluidic paper-
based analytical devices (µPADs) have unique features suitable for POC
testing (POCT), such as cost-effectiveness, ease of use, and portability
(Noiphung et al., 2013; Tseng et al., 2018; Yang et al., 2012). However,
most LFTSs are qualitative or semi-quantitative, and both LFTSs and
µPADs often lack the ability to sort blood cells from whole blood which
can interfere with optical and electrical readouts. Integration of a filter
paper or an agglutinating antibody into µPADs enables effective blood
cell separation (Noiphung et al., 2013; Tseng et al., 2018; Yang et al.,

2012) but can pose a risk of hemolysis, (Son et al., 2014) which can
produce assay inhibitors.

Integrated microfluidic devices capable of on-chip blood plasma
separation and in-situ molecular detection have demonstrated several
advantages for POCT, such as integrating sample preparation and
analysis protocols, eliminating the necessity of off-chip transfer of blood
samples, and enabling rapid analysis (Betancur et al., 2017; Dimov
et al., 2011; Fan et al., 2008; Koh et al., 2015; Lee et al., 2009, 2018;
Schaff and Sommer, 2011; Wang et al., 2010; Yeh et al., 2017). The
typical structure of integrated devices contains three major compo-
nents: (i) a pumping mechanism, such as a syringe pump (Fan et al.,
2008), gas-permeable silicone-based vacuum pump (Dimov et al., 2011;
Yeh et al., 2017), capillary pump (Betancur et al., 2017; Wang et al.,
2010), water-head pump (Lee et al., 2018), or centrifugal pump (Koh
et al., 2015; Lee et al., 2009; Schaff and Sommer, 2011); (ii) a se-
paration mechanism, such as Zweifach-Fung effect-based microfluidic
separation (Fan et al., 2008), inertial separation (Wang et al., 2010),
gravitational sedimentation (Dimov et al., 2011; Yeh et al., 2017),
dead-end filtration (Lee et al., 2018) or centrifugal separation (Koh
et al., 2015; Lee et al., 2009; Schaff and Sommer, 2011); and (iii) a
molecular analysis modality, such as immuno-fluorescence (Fan et al.,
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2008; Koh et al., 2015; Schaff and Sommer, 2011; Wang et al., 2010),
field-effect transistor-based biosensing (Betancur et al., 2017), enzyme-
linked immuno-sorbent assay (Lee et al., 2009) or isothermal amplifi-
cation (Lee et al., 2018; Yeh et al., 2017). These devices can be clas-
sified into active and passive depending on pumping mechanism. Active
systems based on external driving forces have the advantage of easily
adopting existing separation methods and achieving effective blood
separation; however, they require bulky instrumental set-ups that can
limit their use for POCT applications. Passive systems based on gas-
permeable materials or capillary wicking structures typically use a
single linear channel with a blocked outlet. Due to their limited
pumping ability to direct multiple separation streams into designated
outlets, these rely on simpler separation principles, such as dead-end
filtration or gravitational sedimentation. However, using a filter can
cause hemolysis by clogging if the hematocrit level is high (Son et al.,

2014). This filtration also requires an additional process for inserting
the filter. In addition, most integrated devices have demonstrated their
diagnostic capability using bench-top equipment, such as a microscope
or a microarray scanner. Therefore, it is necessary to verify their ap-
plicability to POCT using a portable reader.

To mitigate the above challenges, we present a fully-integrated
microfluidic diagnostic device, i.e., an integrated pneumatic micro-
fluidic circuit (iPC) that enables autonomous pumping, directed fluid
distribution into multiple outlets, hemolysis-free and on-chip blood
plasma separation, and portable signal readout combined with a min-
iaturized fluorescence microscope (Fig. 1). To the best of our knowl-
edge, this is the first report to provide design rules for determining the
transport and distribution of fluid streams in an iPC with a microfluidic
network composed of multiple vacuum pillars as a vacuum source and
waste outlet. Based on the design rules, we can adopt a continuous-flow

Fig. 1. Integrated pneumatic microfluidic circuit (iPC) including the functionalities of microfluidic pumping, blood separation, and molecular detection. (a) In the
straightforward user protocol, a mixture of blood and reagent is dropped onto the inlet, followed by automatic sample preparation and biomarker detection. (b) A
pneumatic circuit diagram of the iPC consisting of vacuum source (i.e., vacuum pillars or a plasma chamber) and fluidic resistors (i.e., separation or interconnection
channels) provides a basic understanding of how fluid streams are autonomously distributed into the channel ends. (c) Binding of the aptamer beacon to the target
molecule, (i.e., thrombin (THR)) results in conformational change, which increases the distance between a fluorescence dye (F) and a quencher (Q) at the ends of the
aptamer beacon, and thereby generating fluorescence that can be detected. (d) Slant ridge-patterned microchannels autonomously remove blood cells by hydro-
phoresis to the vacuum pillars and direct blood plasma into the plasma chamber. Channel and groove dimensions are not scaled.
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microfluidic separation principle easily into the iPC, which has not been
achieved before. After optimizing the iPC design, we successfully iso-
lated blood plasma from whole blood with high purity (over 99.9%)
and demonstrated in-situ, quantitative analysis of thrombin in blood
samples using an aptamer beacon. The iPC represents a universal
platform to convert existing microfluidic devices requiring pumping
equipment into autonomous devices suitable for POC applications.

2. Material and methods

2.1. Device design and fabrication

Three different types of polydimethylsiloxane (PDMS) devices were
fabricated to characterize vacuum-driven microflows in simple pneu-
matic microfluidic circuits and the iPC. The simple characterization
devices are 1-cm-long or 2-cm-long linear channels with a vacuum
pillar at the end of the channel and a Y-shaped microchannel (8 mm
from the inlet to the branch and 2mm from the branch to each vacuum
pillar). The iPC consists of vacuum pillars, separation channels and a
plasma chamber. For device fabrication, photoresist (SU-8 2015;
Microchem Corp., United States) microstructures were fabricated on a
silicon wafer using standard photolithography. The photolithography
process was repeated to create a multi-layer microchannel for the iPC.
Each photoresist (PR) layer was fabricated by PR spin coating, soft

baking (65 °C for 10min and 95 °C for 40min) to reduce residual sol-
vent, ultraviolet exposure (7 s) through a photomask, baking (95 °C for
30min) to remove residual solvent and solidify the exposed PR pat-
terns, and removal of unexposed PR with a developer solution. The
spin-coating condition for the characterization devices was 2700 rpm
for 35 s. In the iPC mold, the first PR layer comprised flat channel
structures 12 µm in height, and the second layer was slant ridge pat-
terns 18 µm in height. The corresponding spin-coating conditions for
the first and second layers were 3300 rpm for 35 s and 3100 rpm for
35 s, respectively. After silanization of the PR molds, channel patterns
were transferred to PDMS by pouring a mixture of PDMS and its curing
agent (at a 10:1 (wt/wt) ratio) into the molds at a thickness of 1.2mm.
PDMS was cured at 75 °C for 1 h, cut into individual devices, and
punched to form inlet and outlet holes for fluidic access and vacuum
pillars, respectively. An inlet hole (3mm in diameter) and vacuum
pillars (a dimeter range of 0.5–2mm) were manually generated by
punching the PDMS devices using biopsy punches with diameters cor-
responding to the punched diameters. Misalignment between a vacuum
pillar and the corresponding microchannel structure did not sig-
nificantly affect vacuum-driven pumping, flow distribution and plasma
separation in the iPC. Their precise alignment can be achieved by
creating the photoresist structures of the vacuum pillars with additional
photolithography. Then, each device was placed on a glass slide
without any surface treatment. Its top surface, except at the inlet, was
covered with a cover glass. Before all experiments, the PDMS devices
were degassed in a vacuum chamber for a set period of time (Fig. S1).

2.2. Sample preparation and analysis

Canine blood samples were purchased from the Korea Animal Blood
Bank in compliance with safety regulations, and the level of hematocrit
was between 42% and 45% when measured as the ratio of length of
packed red blood cells to length of injected blood sample in a capillary
tube after centrifugation. To evaluate the plasma separation perfor-
mance of the iPC, plasma purity was determined as the ratio of number
of removed blood cells in the plasma chamber to initial total number of
blood cells. For the hemolysis test, a hemolyzed blood sample was
prepared by treating whole blood with an RBC lysis buffer (Biolegend,
Inc., USA). Then, spectral analysis of blood samples was performed in
the plasma chamber of the iPC with a spectrometer (Ocean Optics, Inc.,
United States) equipped with a bench-top microscope (Nikon Corp.,
Japan). For thrombin assays, an aptamer beacon with a specific binding
affinity for thrombin was synthesized by coupling fluorescein at the 5′-
end and a BHQ-1 (black hole quencher-1) group at the 3′-end (Bioneer,
lnc., Korea). The aptamer beacon was heated to 99 °C for 3min and
cooled to 25 °C prior to experiments. The sequence of the aptamer
beacon is CCAACGGTTGGTGTGGTTGG, which forms a quenched stem-
loop conformation without the target (Hamaguchi et al., 2001). Target-
induced conformation changes distance the fluorescent dye and the
quencher, thereby generating florescence signals. Whole blood was
washed with DPBS (Dulbecco's Phosphate Buffered Saline) and re-
suspended in Tris buffer (10mM Tris-HCl at pH 7.5, supplemented with
0.1 mM EDTA and 0.1% bovine serum albumin) to prevent coagulation
when thrombin and blood were mixed. Then, thrombin molecules were
spiked into the washed blood samples at varying concentrations. Before
conducting thrombin assays with the iPC, the aptamer beacon was
spiked in the model blood sample at a concentration of 3 μM. The limit
of detection (LOD) for the thrombin assay is determined as 3σb/s, where
σb is the standard deviation for blank measurements and s is the slope of
the linear detection range.

2.3. Experimental setup

All experiments were performed by dropping a liquid sample onto
the inlet of a device without external pumps. The distribution ratio of
volumetric flow rates of fluid streams at the branch point of the Y-

Fig. 2. Characterization of vacuum-driven microflows with DI water. (a) Effect
of PDMS degassing time on vacuum level in the vacuum pillar and speed of
capillary filling under vacuum. The capillary was 200 µm in width, 30 µm in
height, and 2 cm in length. The diameter of the vacuum pillar was 0.5mm. (b)
Distribution kinetics of vacuum-driven fluid streams at the branch of the Y-
shaped microchannel can be affected by the capillary valve effect, valve burst,
and complete filling of a vacuum pillar. The diameters of the vacuum pillars on
the left and right sides were 0.5 mm and 1.5mm, respectively.
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shaped channel was determined by spiking 1 µm fluorescent micro-
particles into deionized (DI) water and observing the strikelines of the
particles using a bench-top fluorescence microscope (Nikon). As a
portable fluorescence reader, a miniaturized fluorescence microscope
was fabricated by assembling an LED (470 nm; LED Engin, Inc., United
States), optical filters with 460 nm and 609 nm center wavelengths
(Semrock, Inc., United States), a 10× objective lens (Newport Corp.,
United States), a dichroic mirror (Semrock, Inc., United States), and a
CMOS sensor (PCO AG, Germany). These optical components were
compactly assembled using lens tubes (Thorlabs, Inc., United States)
and a 3D-printed housing. Captured fluorescence images were analyzed
using ImageJ software (National Institutes of Health, United States).

3. Results and discussion

3.1. Design rules for integrated pneumatic circuits

A partial vacuum generated by absorption of air molecules into
degassed PDMS is an ideal source for passive microfluidic pumping and
has been exploited for POC applications (Xu et al., 2015). Although
many efforts have been made to understand the underlying mechanisms
of air diffusion through PDMS and the resulting vacuum-driven
pumping (Han et al., 2007; Hosokawa et al., 2004; Li et al., 2012; Xu
et al., 2015), these studies are mainly limited to simple linear channels.
Comprehensive understanding of fluid transport and distribution in a
vacuum-driven pneumatic channel circuit with multiple bifurcations
and vacuum pillars remains elusive. This limitation is a major cause of

difficulties in applying previous microfluidic technologies (i.e., con-
tinuous-flow blood plasma separation technologies) into pneumatic
channel circuits. Thus, we first performed a parametric study to identify
key factors to determine the ratio at which a fluid divides into multiple
streams at the branches of the pneumatic channel circuit. For this, we
examined how fast PDMS can be fully outgassed by measuring the time
(τc) required to fill the dead-ended capillary with a vacuum pillar. As
shown in Fig. 2a, τc decreases with PDMS degassing time and becomes
constant after 30min of degassing. To maintain a constant vacuum, we
used PDMS devices after degassing them for more than 1 h. We then
studied the effects of various design parameters, such as diameter of a
vacuum pillar (d), number of vacuum pillars (n), surface area (A) of a
microchamber, and hydraulic resistance from the branch of the Y-
shaped microchannel to a vacuum pillar (R) on fluid distribution. Since
the distribution ratio of volumetric flow rates (Q2/Q1) at the branch
point can be affected by the capillary-valve effect, which is a phe-
nomenon where the flow of liquid can stop as the channel cross-section
is suddenly changed, we measured Q2/Q1 at the equilibrium state when
both vacuum pillars were partially filled with liquid; the ratio became
constant (Fig. 2b). As shown in Fig. 3, Q2/Q1 increased linearly in
proportion to d, n, and A; however, it was independent of R. These
results can be explained as a larger A increasing the amount of air
absorbed, allowing a stronger vacuum to be formed (Hosokawa et al.,
2004).

∝ = ∆ −Q FA AD C
l

t τ2 exp ( / ) (1)

Fig. 3. Experimental investigation of multiple design parameters determining fluid transport and distribution in the iPC with DI water. (a, b, c) The volumetric flow
rate to the vacuum pillar or the microchamber of the Y-shaped microchannel is linearly proportional to (a) pillar diameter (d), (b) number of pillars (n), and (c)
surface area (A) of the microchamber. These parameters are a major consideration for designing an iPC. (d) The difference in hydraulic resistance (R) from the branch
of the Y-shaped microchannel to each vacuum pillar has no effect on the distribution of vacuum-driven fluid streams. The left vacuum pillar of the microchannel was
fixed with d1 = 0.5mm for all experiments.
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where F is the air flux at the PDMS surface, D is the diffusion coefficient
of air in PDMS, ΔC is the difference in air concentration between at-
mospheric and vacuum environments, l is the thickness of the PDMS
substrate, and τ is the characteristic time constant. As normalized in
terms of A, the data sets for d, n, and A show a linear correlation, with
an R2 value of 0.9692 (Fig. S2). This demonstrates that A is an im-
portant design parameter for determining Q2/Q1. We note that Q2/Q1 is
unprecedentedly unaffected by R, which is a typical determinant of the
volumetric rate of a pressure-driven flow. The reason for this is likely
that the vacuum pressure (ΔPv) in a vacuum pillar can be rapidly sa-
turated and depends on R. ΔPv can be defined as (Truskey et al., 2009)

⎜ ⎟∆ = ∆ − = − ⎛
⎝

+ ⎞
⎠
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( ) ( ) 2 1 1
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where ΔPd is the pressure drop between the inlet and advancing front of
the liquid; Pc is the capillary pressure; L(t) is the fluid length inside the
channel at a given time; v(t) is the fluid velocity at a given time; S is a
constant related to the channel geometry; μ is the fluid viscosity; and Dh

is the hydraulic diameter of the channel, which is defined as Dh = 2hw/
(h+ w); h and w are the channel height and width, respectively; γ is the
surface tension of the fluid; and θ is the contact angle of the fluid
flowing though the PDMS microchannel. In dead-ended capillaries
(1 cm and 2 cm in length) with a vacuum pillar, saturated ΔPv is pro-
portional to hydraulic resistance (Fig. S3). The higher is R, the higher is
the saturated ΔPv; thus, even though one channel has a higher R, fluid
can flow at the same flow rate through both branched channels

(Fig. 2d). These findings indicate the following design rules for a va-
cuum-driven pneumatic channel circuit.

1. The A of vacuum pillars and microchambers is a major consideration
when designing the pneumatic channel circuit. The volumetric flow
rate to vacuum pillars or microchambers is linearly proportional to
their surface area.

2. R has no effect on fluid distribution in the pneumatic channel cir-
cuit. This means that we can freely insert a desired channel (e.g.,
microfluidic separators) between a channel branch in the channel
circuit and a vacuum pillar without affecting the circuit design.

3.2. Integration of a pneumatic microfluidic circuit and a microfluidic
separator

We applied the established design rules to the iPC for continuous-
flow plasma separation and in-situ molecular detection. The iPC is a
dead-end microfluidic network in which vacuum pillars are arranged at
regular intervals, and separation channels patterned with slant ridges
are connected between the pillars (Fig. 4a). We adopted an autonomous
cell separation technology, referred to as hydrophoresis, in the iPC to
harness the advantages of continuous-flow, passive cell separation, such
as hemolysis-free separation and easy device fabrication without ad-
ditional filter assembly (Kim et al., 2016, 2017, 2018; Yan et al., 2014).
For continuous-flow blood plasma separation by hydrophoresis, the
first three separation channels from the inlet are designed with

Fig. 4. Blood plasma separation using the iPC. (a) (Top) Micrograph of the blood separation process in the iPC consisting of three CSA channels and one DSA channel.
Scale bar, 500 µm. (Bottom left) Three separate whole-blood samples can be processed at once. Scale bar, 3 mm. (Bottom right) Four different separator designs with
different combinations of capillary valves and interconnection channels between the last valve and the plasma chamber. Scale bar, 300 µm. (b) Effect of separator
design on plasma purity. (c) Effect of PDMS degassing time on the plasma purity and plasma separation time (i.e., the time it takes the sorted blood plasma to fill the
plasma chamber).
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continuous slant ridges (CSAs), and the last channel is patterned with
discontinuous slant ridges (DSAs) (Fig. 4a and S4). The slant ridges on
the channel top can generate secondary flows, superimposing a rota-
tional flow pattern onto the axial flow (Stroock et al., 2002). Ad-
ditionally, the channel dimension (i.e., height) similar to the cell size
allows the cells to be sterically controlled outside the ridges and located
under the ridge structure. These two combined effects make it possible
to focus blood cells at an angle opposite the inclination angle of the
ridges (Fig. 1d), directing them into the vacuum pillars. We also de-
signed four vacuum pillars (d=0.5mm) in the iPC, where the A of the

plasma chamber is two times smaller than the A of the vacuum pillar.
Thus, less than 10% of the injected blood flow can be directed into the
plasma chamber, which corresponds to the plasma recovery efficiency
of previous hydrophoresis plasma separators (Kim et al., 2017). We
note that additional secondary flows driven by the non-uniform surface
tension at the advancing front of the blood flow can affect plasma
purity (φ) by directing some blood cells into the plasma chamber
(Figs. 4a, b, and 5). Placing a capillary valve before the next separation
channel or plasma chamber can direct the leading front of the blood
flow toward the vacuum pillars, thereby improving φ. In addition,

Fig. 5. Effect of capillary valve on plasma separation. (a) The slant capillary valve directs the leading front of the blood flow to the vacuum pillar, preventing inflow
of blood streams containing blood cells into the next separation channel. (b) The capillary-valve effect lowers the amount of blood cells in the advancing front of the
blood flow as it moves downstream, finally obtaining high-purity blood plasma in the plasma chamber. Scale bars, 300 µm.
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connecting the plasma chamber with a microchannel that has a gra-
dually increasing width can reduce the sudden inflow of blood con-
taining cells into the plasma chamber by the capillary-valve burst;
again, this improves φ (Fig. 4b). Using the optimized design with the
capillary valves and the connecting channel that increases in width, we
achieved high-purity plasma separation from a drop of whole blood
(3 μL) with φ greater than 99.8%, regardless of ΔPv (Fig. 4c). To assess
hemolysis, we performed spectral analysis of hemoglobin species in the
plasma chamber of the iPCs loaded with whole blood, hemolyzed blood,
and centrifuged plasma. As a direct evidence of hemolysis, the he-
moglobin absorbance (541 and 576 nm) can be used to determine
whether hemolysis occurred during plasma separation. As shown in Fig.
S5, the characteristic absorbance peaks were observed only in hemo-
lyzed blood but not in on-chip sorted and centrifuged plasma, in-
dicating that the iPC offers a simple and gentle plasma separation
method without hemolysis as well as providing a passive pumping
method.

3.3. In-situ thrombin detection from blood using the integrated pneumatic
circuit

Finally, we integrated an aptamer-based biosensing platform with
the iPC. The biosensing platform uses an aptamer beacon with a specific
binding affinity for thrombin as a bio-transducer and a miniaturized

fluorescence microscope as a portable signal reader (Fig. 6). Aptamer
beacons are suitable for realizing point-of-care molecular diagnostics in
the iPC because they can directly transduce target binding into an easily
measurable signal (e.g., fluorescence) without requiring additional
sample preparation steps such as target labeling or washing (Deng
et al., 2014; Hamaguchi et al., 2001). To prevent coagulation when
thrombin and blood are mixed, we washed whole blood samples two
times and then spiked thrombin molecules into the washed blood
samples. As a model system for diagnosis of coagulation abnormalities
(Chung et al., 2018; Muller et al., 2011), we successfully detected
thrombin level in the final blood samples via on-chip blood separation
and in-situ fluorescence detection in the iPC (Fig. 6b), showing a dy-
namic range up to 600 pM, which corresponds to a high level of
thrombin in patient blood samples (Muller et al., 2011). Thrombin as-
says were performed by simply dropping 3 μL of a blood sample onto
the inlet of the iPC and measuring the fluorescence intensity within
5min of sample loading. The limit of detection (LOD) was calculated to
be 133.37 pM, which is higher than the typical plasma level (less than
1 pM) in healthy individuals (Muller et al., 2011). Thus, further im-
provement in LOD is required to differentiate patients and healthy in-
dividuals. The proposed platform exhibits moderate detection perfor-
mance (LOD=133.37 pM) as compared with existing aptamer-based
sensors: 490 pM for an aptamer-based amperometric sensor (Chung
et al., 2018) and 0.47 pM for an aptamer-based enzyme assay (Muller
et al., 2011). Adopting enzyme-based signal-amplification strategies
can improve the LOD of the iPC by continuously generating fluorescent
products (Muller et al., 2011). In addition, further improvement in LOD
can be achieved by incorporating microfluidic molecular pre-con-
centrators into the iPC platform and thus increasing the local con-
centration of thrombin (Cheow et al., 2010; Oh et al., 2016). If the
concentration of thrombin exceeds 600 pM, the fluorescence signal will
saturate under the current fluorescence imaging settings (i.e., exposure
time and gain), thus limiting the detection range. Given that aptamer
sensors for thrombin detection can detect nanomolar ranges (Chung
et al., 2018), extending the dynamic range of the iPC can be achieved
by adjusting the imaging settings. Based on the various aptamer sensors
developed so far, our iPC platform can be easily extended to POC de-
tection of many diseases beyond thrombin diagnosis. The iPC can be
vacuum-packed to eliminate the need for additional bulky vacuum
equipment when end-users use the devices. Instead of vacuum pillars,
capillary pumps based on wicking structures can be used for con-
structing the iPC, thus fundamentally eliminating the need for vacuum
equipment and the degassing process.

4. Conclusion

In summary, we established design rules by which fluid transport
and distribution in a vacuum-driven pneumatic channel circuit can be
determined. We applied these design rules to develop an integrated
pneumatic microfluidic circuit capable of autonomous micropumping,
on-chip, hemolysis-free blood separation, and in-situ molecular detec-
tion, which can enable rapid POC testing from a tiny amount of blood
obtained by a finger prick. We believe our investigation into vacuum-
driven microfluidics will have broad implications for extending its ap-
plications with more complex channel networks and functionalities. As
an example of such applications, the integrated microfluidic circuit
represents a portable diagnostic platform for rapid and reliable detec-
tion of fragile biomarkers that can be easily degraded in sampled blood.
Based on the simplicity, portability, and quantitative molecular detec-
tion demonstrated, POC testing with the iPC could be performed at the
patient's bedside to continuously provide diagnostic information for
therapeutic intervention.

Fig. 6. Point-of-care testing of thrombin using the iPC. (a) Miniaturized fluor-
escence microscope consisting of a light-emitting diode, optical filters, a di-
chroic mirror, an objective lens, a CMOS sensor, and a 3D-printed sample
mount for portable signal readout of aptamer-based bioassays. Scale bar, 2 cm.
(b) Correlation of the fluorescence signal and corresponding thrombin con-
centration. Blood samples spiked with varying concentrations of thrombin were
automatically processed in the iPC. Then, the binding events between the ap-
tamer beacon and the target biomarker were measured in situ using the min-
iaturized fluorescence microscope. The insets show representative fluorescence
micrographs taken using the microscope at corresponding thrombin con-
centrations.
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