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ABSTRACT: Efforts have been devoted to screening various prevalent diseases, such as
severe acute respiratory syndrome (SARS) and coronavirus disease 2019 (COVID-19). \R.
Real-time polymerase chain reaction (RT-PCR), which is currently the most widely used, badlll |
has high accuracy, but it requires several facilities and takes a relatively long time to check; i
s0, new testing technology is necessary for a higher test efficiency. A chemiluminescence
(CL) sensor is a relatively simple device and suitable as an alternative because it can detect
very precise specimens. However, in measurements via CL, the quantitative formulation of ——
reagents that cause color development is important. In the case of mixing using |* :
micropipettes, precise analysis is possible, but this technique is limited by uncontrollable |- »
errors or deviations in detection amounts. In addition, in using a microfluidic chip to g
increase field applicability, a syringe pump or other quantification injection tools are
required, so problems must be overcome for practical use. Therefore, in this study, a
microchip was designed and manufactured to supply a sample of a certain volume by
simply blowing air and injecting a sample into the chamber. By utilizing the luminescence reaction of luminol, CuSO, and H,0, the
performance of the prepared chip was confirmed, and the desired amount of the sample could be injected with a simple device with
an error rate of 2% or less. For feasible applications, an experiment was performed to quantitatively analyze thrombin, a biomarker of
heart disease. Results demonstrated that biomarkers could be more precisely detected using the proposed microchips than using
micropipettes.
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1. INTRODUCTION

Global pandemic diseases, namely, severe acute respiratory
syndrome (SARS) and coronavirus disease 2019 (COVID-19),
have posed a severe risk on human populations, with increasing
infection rates. Moreover, we predict the occurrence of high-
risk infection diseases with unknown viruses and pathogens
earlier in the future. With the emphasis of studies on infections
and diseases shifting toward prevention, early detection, and
monitoring, hassle-free and patient-centered sensor technolo-
gies, such as technologies of point-of-care (POC) testing,
should be developed.

POC diagnostic devices are inexpensive, easy to use, rapid,
and instrument-independent. An idealized POC device can
operate with small sample volumes of complex biological and
chemical samples. As a result, POC diagnostics can reduce
medical costs, mislabeling, mishandling, and analysis misdir-
ection.' ™ Results can be obtained more quickly, enabling
more effective treatments of progressing diseases and infection
outbreaks. As such, POC devices are used for the prevention
and control of disease outbreaks and the monitoring of health
conditions in remote areas and nonlaboratory settings, where a
lack of professional technicians and sophisticated laboratory
infrastructures reduces healthcare parameters. Recent advances
in microfluidic integration, smart soft materials, data analytics,
and connectivity have improved the performance of POC
diagnostic devices.” For instance, microfluidic platforms have
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been developed to enhance the analysis and synthesis of
materials by precisely controlling small volumes of sample
solution according to their purpose and application to other
disciplines since the concept of lab-on-chip (LOC) was
conceived in 1979.°"® This LOC platform has been intensively
investigated and miniaturized with the discovery and develop-
ment of photolithography”'” and soft lithography,' "> which
are used to fabricate nano/microstructures.”'* LOC is a tool
applied to various laboratory-scale experiments composed of
microfluidic channels, which are smaller than a palm.
Moreover, the LOC platform can be expanded to POC
diagnostic sensor devices composed of a reservoir, microfluidic
channels, mixing structures, and a signal detection area.
Numerous POC diagnostic sensors based on LOC technolo-
gies have been constructed using optical, electrochemical, and
surface plasmon resonance (SPR) techniques and chemical
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luminescence (CL).
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Figure 1. Control of quantitative injection sample reagents through two channels by injection of air. (a) First reagent of channel 1 moves to the
reaction chamber (1 — 2), and the second reagent of channel 2 moves to the reaction chamber (3 — 4) by air on another port. (b) Heights of the
channels are 410, 600, and 700 ym, and their target volumes are 13, 19, and 22 yL, respectively. (c) Measurement of each reaction chamber volume
depending on the height of the microfluidic chip channel. Channels 1 and 2: target (black): 12.99 + 0.07, 13.0 + 0.07 uL; target (red): 18.62 +
0.41 18.5 + 0.54 uL; target (blue): 21.68 + 0.3, 21.5 = 0.51 uL.
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Figure 2. (a) Luminol CL exhibits an efficient catalytic activity of luminol in alkaline solution in the presence of CuSO, and H,0,. (b) Schematic
of the injection process (from 1 to 2): for CL intensity generation, reagent 1 containing luminol and CuSO, is injected into the reaction chamber
through channel 1, and reagent 2 containing H,0, is carried at the reaction chamber through channel 2. (c) CL intensity—time curves according to
luminol, CuSO,, and H,0, concentration. (d) CL emission in luminol CL with increasing H,O, concentrations from left to right. (e) CL
intensity—concentration curves of luminol (1 mM H,0,, 1 mM CuSO,), CuSO, (3 mM luminol, 1 mM H,0,), and H,0, (0.1 mM luminol, 1 mM

CuS0,).
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Figure 3. Schematic of the CL generation mechanism based on the thrombin aptamer (TBA) conjugated with 6-FAM. TMPG binds to guanine of
the aptamer and transfers intra-CRET to 6-FAM, which intensifies the generated strong CL. The TBA—thrombin complex decreases the dim light
produced by the G-quadruplex structure, which has no site to bind to TMPG.

CL sensors have been used to detect the concentration and
content of target materials by evaluating the luminescent
reaction generated from a mixture of a luminescent reagent
and a target sample.”"® CL studies have been performed to
develop an accurate and rapid analysis method that uses only a
small amount of reagents; the detection precision of this
method is higher than that of other similar optical analysis
techniques, such as adsorption UV spectrometer and
fluorescence analyses.'” Indeed, the CL method is applicable
to various detection and analysis fields, such as gas and liquid
component analysis, organic matter analysis, DNA sequencing,
and combustion analysis.”*">* For typical applications,
however, CL detection requires specific quantitative conditions
of reagents and samples,”"*> expensive analytical equipment,
and specific reagents. Even if this method provides precise and
accurate analytical data, typical CL is not user-friendly and has
low accessibility, so it is only utilized in laboratories with
related complex equipment.

In this study, a CL detection device with a quantification
injection function was developed by using microchannels to
achieve effortless sample quantification and easy sensing. The
significance of this study is that a novel microfluidic chip
system with a precise amount of reagents and small equipment
was designed for the CL detection of luminol and thrombin as
a model target sample by controlling the microfluids. However,
the application of microfluidic chips for miniaturizing and
simplifying the scale of CL experiments has not been universal.

2. RESULTS AND DISCUSSION

2.1. Quantitative Controlled Injection Volume De-
pends on Channel Geometry. Luminescence intensity
measurements are sensitive to variations in the illumination
pathway, including the light source itself, interfering ambient
light, and variations in detectors. The quantification of analytes
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can also be affected by variations in the concentrations of dyes
in matrices, photobleaching, and light scattering. Therefore,
the amount of CL reagents needs to be precisely controlled to
detect a target material quantitatively. In this study, a
microfluidic chip was designed to control the injection volume
and maintain the concentration of CL reagent without using
other devices, such as syringe pumps and micropipettes.
Indeed, our microfluidic chip could hold a minimum volume of
expensive reagents for detection. First, both channels are filled
with the sample reagents from one port and an appropriate
amount of air is blown through another port to reach the
reaction chamber. Second, the reagent of channel 2 is similarly
moved into the reaction chamber (Figure 1a). Moreover, we
verified to control of injection volume by channels which are
fabricated three different height and same wide, quantitively.
The heights of the channels are 410, 600, and 700 um (Figure
1b), and their target volumes are 13, 19, and 22 uL,
respectively. Experiments were replicated 40 times for each
injection volume depending on the height of channels. Figure
lc shows that the measurement of reaction chamber volume
almost reached the target volume, and no significant variation
was observed under +1 yL even though the blown air volume
was not exact.

As a result, the fabricated microchip could precisely control
the injection volume and quantitatively analyze the volume of
the injected specimen through a CL technique. Especially,
when a micropipette was used to mix the reagents, the CL
intensity varied because it is difficult to inject the precise
amount of reagent using micropipettes. Several problems
occur, such as the quantitative detection of target samples,
waste of reagents, and loss of CL intensity during processing.
Our microfluidic chip could exactly control the volume of
reagents depending on the height or width of channels by
blowing an appropriate amount of air without any fine
injection devices.
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Figure 4. Quantitative detection of the target thrombin based on two kinds of injection methods. (a) Injection of CL reagents into the reaction
chamber through a microfluidic chip by air blowing. (b) Injection of the CL reagent into the reaction chamber via a micropipette. (c) CL optical
images depend on the increase in the concentrations of thrombin from 0 to 1 mM. (d) Comparison of the variations in CL intensity (AI) according
to the concentration of thrombin via the microfluidic chip and the micropipette. Error bar indicates the standard deviation of the CL intensity from

five times in both injection methods.

2.2. CL Detection Performance of the Microfluidic
Chip. Luminol was used to amplify the CL response and
determine the ability of the microfluidic chip to quantitatively
inject a given volume. The luminol reaction has been used in
H,0, determination, which is important for medical diagnosis
because it is involved in many detection processes as an
intermediate product. Figure 2a shows that luminol is oxidized
in an alkaline solution in the presence of a catalyst (CuSO,) to
form 3-aminophthalate in an excited state, exhibiting wave-
lengths of maximum emission at 425 nm. Figure 2b illustrates

23415

that CL intensity is detected using the PMT sensor, which is
located under the reaction chamber. The mixing solution of
luminol—catalyst (CuSO,) and H,0, solution was filled into
channels 1 and 2, respectively. Both solutions are carried in a
series to the reaction chamber as well as 23 uL by air injection.
The luminol CL reaction occurs, and the luminescence
intensity is immediately measured using the PMT. The relative
CL intensity is sharply increased within a few seconds and
dramatically decreased regardless of the concentrations of
luminol, CuSO,, and H,0, (Figure 2c). Figure 2d shows that

https://doi.org/10.1021/acsomega.1c03347
ACS Omega 2021, 6, 23412—-23420
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the brightness of light emitted in the luminol CL reaction
depends on the concentration of H,0,. The detection ability
was also investigated on the basis of the increase in the
concentrations of luminol, CuSO,, and H,O,. Figure 2e
demonstrates that the quantitative CL response of CuSO, with
different concentrations while maintaining the concentration of
the luminol and the oxidizer exhibits a dramatic increase with
0.1-0.5 mM and was maintained regardless of the increase in
concentration. For CL response of luminol with different
concentrations while maintaining the concentration of the
catalyst and the oxidizer exhibits a gradual increase with 0.1—
2.8 mM and reaches the saturation intensity. The CL response
of H,O, with different concentrations while maintaining
concentrations of luminol and catalyst exhibits a linear increase
with 0.01—10 mM. This shows that the microfluidic chip had
good sensitivity and reliability in the detection of H,0,, and
the regression equation and correlation coefficient are
indicated on the graph (Figures 2e and 3).

These results indicate that our microfluidic chip can detect
the CL reaction with high sensitivity and control the reagent
injection volume by blowing an appropriate amount of air
without using any complex device.

2.3. Microchip-Based CL Sensor for Thrombin
Detection Compared with a Micropipette System as
an Application. The antithrombin aptamer is widely known
to adopt a stable G-quadruplex structure when it binds to
thrombin.”* ™' The conjugation of hemin into the resulting G-
quadruplex TBA—thrombin complex produces an active
TMPG that was used to catalyze the generation of CL. No
fluorescence probes, quantum dots, and enzymes as amplifying
labels were available, but the CL intensity emitted a relatively
weaker dim light because of the absence of intra-CL resonance
energy transfer (intra-CRET).>*~>* Figure 3 illustrates the use
of TBA labeled with a fluorescence probe (6-FAM)—thrombin
complex for the generation of CL in the presence of TPA and
O,. TMPG reacted with guanine of 6-FAM-TBA to emit dim
light, which was generated from the reaction of TMPG and
guanine of TBA can transfer energy to 6-FAM-TBA and to
emit bright green light based on the principle of intra-CRET.
The G-quadruplex TBA binds to thrombin and does not react
with TMPG. The CL intensity of the TBA—thrombin complex
decreases as the thrombin concentration increases.”” >’ In
recent studies on chemiluminescence immunoassay for
biomarkers through the lab-on-a-chip are using the diffusion
dominant mixing of the laminar flows in the micro-
channels.”®* This process needs a fluid injection system
such as syringe pumps, which need to be controlled, and
sample mountings. Indeed, microfluidic chemiluminescence
immunoassay detection using a microfluidic chip and instru-
ment has a complex process such as loading samples,
incubation, and washing. It is necessary to prepare the complex
microfluidic chip for loading reagents inside reservoirs and
requires a lot of time. Also, before the stabilization of the flows,
all of the sample fluids need to be wasted and precisely
controlled. The ultrasensitive detection of thrombin was
evaluated using the microfluidic chip, which was applied to
all reagent solutions for precise injection without a complex
device. In the experimental section, the detection ability of 6-
FAM-TBA for thrombin was compared with that of a
micropipette and a microfluidic chip. First, various concen-
trations of the thrombin sample solution were mixed with 6-
FAM-TBA and incubated for 10 min at room temperature.
Second, the reaction chamber was filled with a TMPG solution

(220 pL) using a micropipette. Figure 4a shows that 6-FAM-
TBA-conjugated thrombin and TPA solution filled the channel
volume and moved into the reaction chamber in a quantitative
volume (22 uL) through air blowing. The other injection
method involving a micropipette can be used to simply drop
the sample solution on the reaction chamber (Figure 4b). The
guanines of free 6-FAM-TBA reacted with TMPG to emit light
by intra-CRET, but thrombin arranged the G-quadruplex
structure via the reduction in the binding site between TBA
and TMPG. Figure 4c shows that the brightness of light
emitted via the guanine CL reaction depended on the
concentration of thrombin.

The performance of CL sensitivity was compared between
the microfluidic chip and micropipette methods for detection
in terms of linear detection range, reproducibility, and limit of
detection (LOD). All of the injection volumes of the reagents
in both methods were unified following the process. The
performance of the two injection methods was verified by
applying 220 uL of TMPG and 22 uL of target solution with
thrombin at various concentrations. Figure 4d shows that AI of
the CL intensity linearly increased with thrombin concen-
tration regardless of the target sample injection methods. In
the case of a microfluidic chip, a linear relationship with a small
error of variation was observed, and the LOD was 10~ mM.
The microfluidic chip also had good sensitivity and reliability
in the detection of thrombin samples. The regression equation
and correlation coefficient are shown inside the graphs. The
regression values were comparable in both cases. However, the
correlation coefficient and standard deviation of CL intensity
differed depending on the sample injection methods. In the
case of microfluidic chips, the variation in the standard
deviation was constant even though several microfluidic chips
were used. A large variation in the standard deviation was
found when a micropipette was utilized. Therefore, CL
detection using the microfluidic chip platform could lessen
errors in manual injection and precisely control the reagent
volumes without requiring complex devices, which promised
more quantitative analysis of CL.

3. CONCLUSIONS

In this study, a portable microfluidic CL analysis platform is
developed to quantitatively control reagent solutions. The
channel size and height of the microfluidic chip can be
designed with the exact sample volume to be transferred to a
reaction chamber. Air blowing by syringe without any complex
device is applied to control the reagent volume. The
microfluidic platform can be used to detect luminol, CuSO,,
and clinical targets, such as thrombin, which has an important
role in some blood-related diseases. Specifically, the early
mixing of CL reagents is solved using this microfluidic chip
platform, which is composed of four ports, two channels, and a
reaction or view chamber for the detection of CL intensity.
These results indicate that the microfluidic chip platform
improves the reproducibility of CL intensity to detect
thrombin and exhibits a broad linear range of 1.0 X 107° to
1 mM. The CL signal variations caused by the controlled
reagent volume can be eliminated with this platform.
Therefore, the proposed CL sensor based on a microfluidic
chip may be utilized to detect thrombin in actual samples.
However, its application to samples with a large volume, such
as several thousand microliters, is limited because of difficulty
in extending the size and height of channels, which are

https://doi.org/10.1021/acsomega.1c03347
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Figure S. (a) Photo image and illustration of the fabricated microfluidic chip composed of two channels connected to four injection ports, an
injection tube, and reaction chamber parts. (b) Schematic of the reagent solution injection from the channels to the reaction chamber
quantitatively. (1) Microchannels were completely filled with each reagent. (2, 3) Two reagents from the channels were quantitatively injected into
the reaction chamber by airflow through another injection port. (4) CL intensity was detected in the reaction chamber via the chemical reaction of
the sample reagents. (c) Photo images of the process of a quantitative injection reagent in channels. The microchannels were fully filled with the
reagent solution that was moved into the reaction chamber via air blowing from an empty inlet port. The reagent solution was separated at the cross
section of the channel and reached an amount of quantitative volume into the reaction chamber. (d) Signal of CL intensity immediately increased
in two reagents mixed in the reaction chamber compared with that in the control sample of pure water without any reaction reagents.

fabricated via MEMS. Nevertheless, it can be quantitatively
applied to an intra-CRET process as a readout CL signal.

4. EXPERIMENTAL SECTION

4.1. Materials and Regents. Thrombin aptamer (TBA)
and TBA conjugated with 6-carboxyfluorescein (6-FAM) were
purchased from Geno Tech. Corp. (Daejeon, South Korea). 6
FAM-TBA was HPLC purified and freeze-dried by the supplier
and used as provided and diluted in 10 mM phosphate buffer
solution with pH 7.5 to prepare 100 uM stock solutions. The
following ssDNA sequence was used: 5’-6-FAM-
TTTGGTTGGTGTGGTTGG-3'. Tetra-n-propylammonium
hydroxide (TPA, 40% w/w aqueous solution) and 3-amino-
phthalhydrazide (luminol) were procured from Alfa Aesar.
Human thrombin was bought from Heamatologic Tech.
Incorp (HCT-0020). Copper(Il) sulfate pentahydrate
(CuS0O,). All other reagents were obtained from commercial

suppliers (Sigma-Aldrich) and used without further purifica-
tion. All solvents used were of analytical reagent grade. 3,4,5-
Trimethoxylphenyl-glyoxal (TMPG) was synthesized under
the following previously described conditions.*’ 3,4,5-Trime-
thoxyacetophenone (10.5 g, SO mmol) was added to a stirred
solution of selenium dioxide (5.0 g, 45 mmol) in dioxane (40
mL) at 40 °C. The mixture was refluxed for 2 h, and selenium
dioxide (5.0 g, 45 mmol) was added to the reaction mixture.
After being refluxed for 3 h, the mixture was filtered to remove
insoluble selenium. The filtrate was mixed with 240 mL of
distilled water and kept at 4 °C for approximately 15 h. The
formed precipitate was recrystallized from water to produce
pure TMPG as a colorless needle (mp 101—102 °C, yield =
60—70%). TMPG is unstable in solvents, so it was prepared
just before use. A 1.0 M stock solution of 3-amino-
phthalhydrazide (luminol) was prepared by dissolving luminol
in 100 mM sodium hydroxide in 10 mM phosphate buffer
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solution. An oxidant solution of hydrogen peroxide (H,O,)
was prepared by diluting 30% (v/v) H,0, stock solution.

4.2. Design and Fabrication of a Microfluidic Chip
Platform. Microfluidic chips (60 mm X 60 mm X 8 mm) were
fabricated via PDMS casting using a positive silicon wafer and
an aluminum mold. The fabricated chip was composed of three
layers: a top microfluidic layer, a middle layer with tubing
holes, and a bottom substrate layer with a reaction and
measurement chamber. The detailed process is described in
Figure S1. The top microfluidic layer is composed of two
microchannels that can quantitatively classify and inject
reagent and target solutions. The microfluidic chip also had
a chamber with 10 mm diameter and 3 mm height for the
mixing of injected reagents and transmitting chemical
luminescent signals from the mixture to a photomultiplier
tube (PMT) sensor. The microchannels and the chamber were
hierarchically arranged, and the structure was bound with three
PDMS layers. Afterward, a 130 mm X 130 mm X 120 mm
chemical luminometric device containing a microfluidic chip
controller, a PMT photosensor module, and a darkroom for
blocking external light sources was set up to measure chemical
luminescent reactions inside the fabricated microfluidic chips.

4.3. Detection of Luminol and Thrombin by CL. For
luminol analysis, a CL assay was performed in a microfluidic
chip containing 1.3 M H,0, and different concentrations of a
luminol solution and a CuSO, solution as a catalyst at channels
1 and 2, respectively. Different concentrations of thrombin
were added to 100 nM 6-FAM-TBA prepared in water at room
temperature for 10 min to detect thrombin. Then, 2 mM
TMPG and 10 mM TPA were prepared in N,N-dimethylfor-
mamide (DMF) and water, respectively. The solution of 6-
FAM-TBA—thrombin (11 pL) and TPA (11 uL) was poured
into the microfluidic channel, and 8 mM TMPG (220 uL) was
added dropwise to the reaction chamber via a micropipette.
The light emission intensity from the reaction chamber was
measured immediately.

The portable chemical luminometric device was approx-
imately 130 mm X 130 mm X 120 mm and had two floors
composed of (1) a system of fluid transportation in
microchannels to assay the chamber and (2) a detector of
CL intensity via PMT sensor modules. The bottom floor had a
PMT sensor module consisting of a photosensor module with
PMT, a voltage controller, and a power supply (H10722-110,
HAMAMATSU). The top floor had a darkroom for installing
the microfluidic chip and blocking external light sources and
pistons to control syringe pressure (Figure S2). The inside of
the device blocks external light sources to preserve the
darkroom, and a weak CL intensity could be sensitively
detected. The bottom floor had a microfluidic chip hold (60
mm X 60 mm X 4 mm) and a 10 mm diameter of the view
hole to deliver a photon signal to the PMT photosensor. The
sensor was connected to an oscilloscope (Picoscope 4262,
Picotech) and a computer to analyze the changes in the
measured CL intensity. Exclusive software provided by a
manufacturing company was used.

4.4. Precise Control Injection of Reagents. Channel
structures were designed to control the injected reagent
solution from two channels to the reaction chamber. The
microfluidic chip was composed of two channels, four inlet
ports, and an injection tube connected to the reaction chamber
(Figure Sa). Briefly, each channel was filled with reagent
solutions through one of the ports until the injection tube was
reached, and adequate air volume was sequentially injected via

the other inlet ports (Figure Sb). In the cross section between
the channel and the inlet line, the precise volume of the
reagent solution was moved to the reaction chamber, and an
extra solution was retained in another port area. The volume of
the reagent solutions was precisely controlled depending on
the width, length, and height of the channels. In Figure Sc, the
quantitative injection reagent is moving on microfluidic
channel following by above process. The filled-up reagent
solution was moved into the reaction chamber by air blowing
from an empty inlet port and separated at the cross section of
the channel. The reagent finally reached an amount of
quantitative volume into the reaction chamber. Figure 5d
shows the CL intensity when two reagent solutions reached the
reaction chamber, immediately increasing within a few
seconds. Conversely, the signal did not increase in the pure
water solution as the control sample. Figure Sc presents the
photo images of the quantitative injection of the reagent into
the channels. The microchannels were fully filled with the
reagent solution, which was then moved into the reaction
chamber by air blowing from an empty inlet port. The reagent
solution was separated at the cross section of the channel and
reached an amount of quantitative volume into the reaction
chamber.
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