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A B S T R A C T

The research progress in the centrifugal microfluidic platform provides great opportunities for simple and ef-
fective analytical measurements in a variety of areas including biomedical engineering. In this study, we propose
an optical reader that can measure the transmittance in a very sensitive and rapid manner on a hybrid paper-
polymer centrifugal disc platform. This device enables real-time monitoring of multiple samples by measuring
the absorbance of the light transmitted through the paper integrated on the disc between the light emitting diode
(LED) and the photodiode (PD) regardless of the ambient light condition. To confirm its efficiency, we analyzed
one of the blood's important indicators, glucose in a successful manner within 10 s without any additional
complex image analysis. In addition, we discussed the results by comparing with the reflectance-based methods
and with those of the previously reported studies by introducing a figure of merit to evaluate the performance of
the assay.

1. Introduction

Currently, paper microfluidic devices have great potential point-of-
care (POC) diagnostics due to their advantages such as low-cost, simple
fabrication, easiness to dry biological samples, surface functionaliza-
tion, and passive transport of fluids without an external pump (Ahmed
et al., 2016; Akyazi et al., 2018; Morbioli et al., 2017). However, there
are few limitations, including flow control, valving and metering that
are possible on other microfluidic platforms. To overcome these lim-
itations, several studies are in progress to demonstrate the integration
of paper elements within a centrifugal microfluidic platform (Godino
et al., 2014; Hwang et al., 2011; Kinahan et al., 2015; Vereshchagina
et al., 2013; Wiederoder et al., 2017). In general, centrifugal micro-
fluidics or lab-on-a-disc device relies on an automated rotating motor to
manipulate fluid flow in the channel using centrifugal force (Gorkin
et al., 2010; Strohmeier et al., 2015). Moreover, the integration of paper
elements not only helps to improve the assay performance due to their
unique porous 3D network and surface chemistry, but also offers op-
portunities such as bi-directional fluid control, valving, and metering.
However, one of the big challenges with the centrifuge platform is the
signal detection, which is inherently required. Most reports do not
generally detect the output signal while the disc is in spinning.

At present, colorimetric methods combined with paper substrates
have been attracting much attention as the results can be quickly

visualized without any sophisticated equipment (Santana-Jiménez
et al., 2018; Zhang et al., 2016; Zhu et al., 2014). However, colorimetric
changes that make visual interpretation is a difficult task and necessi-
tates the development of new methods for data acquisition. In many
studies, the light reflectance-based analysis was performed using a line
scanner, charge coupled device (CCD), complementary metal-oxide
semiconductor (CMOS) image sensor, or smartphone camera to im-
prove the objectivity of the results in a quantitative manner (Chen et al.,
2012; Gabriel et al., 2017; Ortiz-Gómez et al., 2018; Wang et al., 2016;
T. Wang et al., 2017). However, since the thickness of a commonly used
paper is in the range of 50–400 µm, the light reflectance-based method,
which obtains information only from the light absorbing particles ex-
isting in the upper 10–20 µm may limit the significant sensitivity
(Ellerbee et al., 2009; Swanson et al., 2015). In addition, other im-
portant factor in the accurate analysis of results is color uniformity
(Evans et al., 2014b). To improve color uniformity, various strategies of
enzyme immobilization or modification of paper into nanomaterials
have been reported. However, they are not easily available due to en-
zyme inactivation and complicated experimental procedures (de Tarso
Garcia et al., 2014; Evans et al., 2014a; Figueredo et al., 2015; Gabriel
et al., 2016; Wang et al., 2018; Yetisen et al., 2013). Moreover, as the
high surface area is inherent in the paper, small amounts of the ana-
lytical sample solution can evaporate very quickly and affect the results
of the colorimetric analysis. Therefore, the paper should be uniformly
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wetted for at least till the detection. However, many studies have per-
formed endpoint detection methods without considering liquid eva-
poration, which affects measurement in enzyme-based colorimetric
reactions.

To overcome these technical challenges, we developed hybrid
paper-polymer centrifugal optical devices. With the developed device,
light absorbing particles can be detected over the entire thickness of a
paper by measuring light transmittance with accuracy and high sensi-
tivity compared to light reflectance measurement. Furthermore, the
controlled fluid flow by centrifugal force can enhance reproducibility
and uniformity of color since samples are injected simultaneously into
multiple detection zones with the same force. Additionally, simulta-
neous sample injection allows all reactions to start at the same time,
which provides an opportunity for analysis of enzyme kinetics.
Therefore, results can be delivered within few seconds before the paper
is dried through real-time colorimetric monitoring. As a proof of con-
cept, we have successfully performed simultaneous detection of glucose
at different concentrations. In this paper, we describe the technology of
hybrid paper-polymer centrifugal optics system and present a rapid
quantification platform with high sensitivity, uniformity, and real-time
detection through enzyme-based glucose colorimetric assay. A com-
parison of analytical performance of the present method with pre-
viously reported detection methods were also presented.

2. Experimental

2.1. System design and fabrication

In this study, real-time quantitative glucose assays were optimized
through the integration of hybrid paper-polymer discs, optoelectronic
devices, and enzymatic assays. For this, the hybrid paper-polymer disc
was placed between two electronic circuits designed to measure light
transmittance through the paper. The acrylic case
(140×110×32mm) was manufactured using a milling machine
(COMCON, CM-3525) to completely block the influence of external
light sources and align two optical devices (LED and photodiode) and
the detection zone on the disc (Fig. 1a). The device design is shown in
Fig. S1.

2.1.1. Hybrid paper-polymer disc design and fabrication
The hybrid paper-polymer centrifugal disc (radius = 45 mm,

thickness = 1.2 mm) was assembled from the standard black compact
disc, laminating film (thickness = 100 µm) and cellulose chromato-
graphy paper (Whatman, 3MM Chr, thickness = 340 µm). The fabri-
cated hybrid paper-polymer centrifugal disc has detection zones (5 × 3
mm), inlet channels (7 × 1 mm) and reference hole (diameter = 3 mm)
as illustrated in Fig. 1b. The black acrylic paint was applied to the disc
surface to minimize light scattering and loss. Laminating film and
chromatography paper were cut based on the shape and size of the disc
using a CO2 laser marking machine (DONGIL, MC30). For disc as-
sembly, the laminating film was attached firmly to the bottom of the
disc using a hot press (Ocean Science, South Korea) and chromato-
graphy paper was placed on each detection zone.

2.1.2. Electronics
The photodiode (OSRAM, SFH2440) (λmax = 620 nm) is a trans-

ducer that converts received light into a current signal. A transimpe-
dance amplifier circuit (I-V converter) was used to convert and to
amplify current signal into a voltage. The amplifier (TEXAS INSTRU-
MENTS, OPA2376) has rail-to-rail, low power, low input bias current
with low noise and low offset characteristics and was chosen to reduce
errors due to offset and 1/f noise while maintaining low power con-
sumption. The output voltage of the PD transimpedance amplifier cir-
cuit was converted to digitized voltage with a 16-bit analog-digital
converter (ADC) (LINEAR TECHNOLOGY, LTC1859) and transmitted to
the computer using UART communication (Fig. 1c). The ADC sampling

rate was set sufficiently faster than the Nyquist rate to recover the
pulsed data with a high temporal resolution. A LED (Samsung Electro-
Mechanics, SLSNNGA825TS) (λmax = 520 nm, green) is used as a light
source, which emits light in proportion to the flowing current, and the
efficiency of light emission changes due to heat generation when driven
by voltage (Bui and Hauser, 2015). As a result, a stable light source can
be secured by using the constant current LED driver circuit. The fab-
ricated PD transimpedance and constant current LED driver circuit
board are shown in Figs. S2 and S3, respectively. The DC motor (Ma-
buchi motor, RF-300FA-11420) was able to mount the disc easily by the
products used in general CD/DVD-ROM. Pulse width modulation
(PWM) technology and a motor driver circuit (TEXAS INSTRUMENTS,
DRV8838) were used for controlling the rotational speed of the motor.
All circuits were controlled using the Arduino Uno 8-bit microcontroller
and all systems were powered using a lithium polymer battery.

2.1.3. Assay procedures
D-(+)-Glucose, glucose oxidase (GOD) (100 U/mg), peroxidase

(POD) (250 U/mg), 4-aminoantipyrine (4-AAP), sodium 3,5-dichloro-2-
hydroxybenzenesulfonate (DHBS), D-(+)-trehalose dihydrate
(≥98.5%) and phosphate buffered saline powder (10 mM, pH 7.4) were
purchased from Sigma-Aldrich. All chemicals were used as received and
prepared with ultrapure water (18 MΩ cm, Millipore) without further
purification. For glucose assay, the enzymatic method was based on the
Trinder's reaction (Fig. 1d). The glucose assay was realized using a
mixture of GOD (100 U/mL) and HRP (250 U/mL) prepared in 0.3 M
trehalose in phosphate buffered saline (trehalose-PBS) and PBS (pH =
7.4). Chromogen solutions (4-AAP (40 mM) and DHBS (40 mM)) were
dissolved in water respectively. All solutions were stored in the re-
frigerator until analysis time. Enzyme and chromogen (assay reagent)
were freshly mixed in a 1:1:1:1 ratio, after which 5uL of assay reagent
was spotted on each detection zone and perfectly dried for 2 h in the
dark environment. Working solutions of glucose (2.5–400 mg/dL) were
prepared from a stock solution of 400 mg/dL in water. Finally, working
solutions containing glucose (4 μL) were introduced into each inlet
channel and allowed to reach the detection zones by centrifugal force.
All reactions were performed at room temperature.

2.2. Data acquisition and analysis

2.2.1. Hybrid paper-polymer centrifugal optical devices
All data were stored as a comma separated value (CSV) extension

file using the serial-oscilloscope free software (http://x-io.co.uk/serial-
oscilloscope/). The plot shown in Fig. S4 can be obtained when the
device operates. Each time the disc rotates, 19 pulses are generated
continuously. Due to the disc reference hole (without paper), one pulse
has the maximum ADC output value (216–1 = 65,535) of the 16-bit
ADC and is used as the reference value for data alignment. Peak values
of each pulse were extracted and aligned using a programming lan-
guage, Visual Basic for Applications (VBA) to obtain real-time absor-
bance for each detection zone. The aligned peak values were converted
to absorbance values using Eq. (1), where N (1–19) is the number of the
detection zone and M (≥35) is the cycle number. Therefore, as the
colorimetric reaction proceeds, the light source is blocked, so that the
denominator of Eq. (1) decreases and the absorbance increases. In this
way, colorimetric reactions of 18 detection zones can be monitored in
real time. In this paper, we collected data from the 35th cycle as a
starting point (See Section 3.1.).

⎜ ⎟= ⎛
⎝

⎞
⎠

Absorbance
ADC Value N th zone

ADC Value cycle N th zone
log 10

,
,Nth zone

th cycle

Mth

35

(1)

2.2.2. Reflectance measurement using a scanner
The reflectance was measured using a line scanner (HP Scanjet 200)

and the scan was performed in color mode at a resolution of 2400 ×
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4800 dpi (dots-per-inch). Images were saved as Tagged Image File
Format (TIFF). Adobe Photoshop CS6 was used for image analysis and
color extraction. Color extraction was performed using the eyedropper
tool by averaging the color value with 102 × 51 pixels of each detec-
tion zone and by using the RGB color values for data analysis.
Background white RGB value was obtained in a similar manner and
used as a reference value of color difference value. The color difference
was calculated using Eq. (2), where (R2-R1)is the red variation, (G2-G1)
is the green variation, and (B2-B1)is the blue variation.

= − + − + −Color difference R R G G B B( ) ( ) ( )2 1
2

2 1
2

2 1
2 (2)

3. Results and discussion

3.1. Optimal data collection cycle decision

After loading 18 sample solutions into the inlet channels, the solu-
tion can be transferred to the paper by centrifugal force of the operating
device. As the paper becomes wet (during 1.5 s), increased peak ADC
values were observed due to higher light transmittance of the wetted
paper than the dry paper (Fig. 2). The enzyme reaction started at 1.5 s,
the time when the paper was completely wetted, and an additional 3.5 s
also required to stabilize the peak ADC value. This is thought to be
caused by the optical noise due to diffraction and refraction in the
process of completely immersing the solution in the paper, and the
radiation noise during deceleration of the brush DC motor. As a result,
data analysis was performed after 35 cycles (5 s after device operation)
as stable data and setting this cycle as default. After the start of the
reaction, dead time (3.5 s) was present but did not significantly affect
the analytical results. For convenience, the graph time axis that will be
shown will start at 5 s (acceleration time + dead time). Also, AT is the

absorbance value at T seconds, and ΔAT is defined as the linear re-
gression slope for T seconds.

3.2. Real-time glucose measurement

3.2.1. Effect of trehalose
Trehalose is a commonly used reagent for stabilizing enzymes and is

known to protect the activity of the dried form of the enzyme (Curto
et al., 2013; Evans et al., 2014b; Gabriel et al., 2016; Klasner et al.,
2010; Paz-Alfaro et al., 2009). The enzyme solution (GOD, POD) was
prepared in 0.3 M trehalose-PBS and PBS (pH = 7.4) to confirm the

Fig. 1. (a) The manufactured acrylic
case has a frame to mount the DC
motor. The detection zone of the disc is
aligned between the photodiode and
the LED circuit. (b) Hybrid paper-
polymer discs have 18 inlet channels
and detection zones. It also has one
reference hole for data sorting. (c) The
constant current LED driver circuit is
designed to adjust the brightness of the
light source using a potentiometer. In
photodiode transimpedance circuit, the
photodiode is reverse biased, and the
gain and bandwidth can be determined
by feedback resistor (RF) and feedback
capacitor (CF) values. The output vol-
tage is digitized by 16-bit analog-di-
gital converter (ADC) and transmitted
to the PC via universal asynchronous
receiver/transmitter (UART) commu-
nication. The microcontroller also
controls the DC motor with pulse-width
modulation (PWM). (d) Bienzymatic
colorimetric glucose detection assay
diagram.

Fig. 2. Cycle versus motor rotation frequency and Peak ADC value of each
detection zone.
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effect of trehalose in the glucose assay. Various concentrations (2.5–400
mg/dL) of glucose solution were continuously monitored for 60 s
Fig. 3a shows representative results of the trehalose effect at 100 mg/dL
glucose concentration and Fig. S5 summarizes the results of other tested
concentrations. As shown in Fig. 3b, trehalose does not significantly
affect the A60 results. On the other hand, Fig. 3c shows that trehalose
increases the initial reaction rate significantly. The obtained results
were consistent with previous reports of the role of trehalose in in-
creasing the initial rate (efficiency) of glucose oxidase (Paz-Alfaro et al.,
2009). In this experiment, the device enabled the kinetic analysis of the
enzyme through real-time data acquisition.

3.2.2. Calibration curve of glucose
After establishing optimal experimental conditions for assay, the

glucose standard solution was appropriately diluted to generate a ca-
libration curve in the concentration range of 2.5 mg/dL to 400 mg/dL.

Absorbance over time was plotted and showed strong differentiation
between the different glucose concentrations (Fig. 4a). Fig. 4b shows
the absorbance graph for the initial 9 s. As can be seen from the graph,
the absorbance at the blank (0 mg/dL) continues to decrease below
zero. This is a result of the reduction of the path length due to the
evaporation of the liquid layer on the paper, which had initially been
wetted with sufficient solution. On the other hand, in the presence of
glucose, the effect of net potential between color conversion and liquid
evaporation showed a change in absorbance is sufficiently distin-
guishable from the blank. Fig. 4c and d show A60 and ΔA4 graphs and in
both graphs, the linear calibration curve were in the concentration
range of 2.5–50 mg/dL. Fig. 4e shows the Pearson's correlation analysis
results of A60 and ΔA4. The correlation coefficient was 0.9974, which
shows a very high positive correlation.

Fig. 3. Analytical performance of colorimetric based glucose assay with and without trehalose. (a) Absorbance graph for glucose (100 mg/dL) over time. (b)
Absorbance at 60 s (A60) for each concentration. (c) Linear regression slope (ΔA4) for each concentration. All values represent the mean and standard deviation of two
independent experiments.

Fig. 4. Analytical curve of glucose. The graph for absorbance over time at various glucose concentrations (a) 60 s (b) 9 s (c) Absorbance at 60 s (A60) for each
concentration. The inset shows the linear calibration curve of glucose at the range of 2.5–50 mg/dL. (d) Linear regression slope (ΔA4) for each concentration. The
inset shows the linear calibration curve of glucose at the range of 2.5–50 mg/dL. (e) Pearson's correlation analysis and correlation coefficient. All values represent the
mean and standard deviation of four independent experiments.
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3.2.3. Comparison with reflectance-based measurements
To evaluate the performance of our transmittance-based device, we

also compared it with the reflectance-based measurement method.
Many studies have reported methods for quantifying colorimetric re-
actions based on reflectance by developing their image analysis algo-
rithms using CCD, CMOS image sensors, smartphone cameras, and
scanners (Chen et al., 2012; Gabriel et al., 2017; Ortiz-Gómez et al.,
2018; Wang et al., 2016; T. Wang et al., 2017). However, when cap-
turing images using these devices, the lighting conditions must be
carefully adjusted. The external light source greatly affects the color
intensity of the image, and a change in the lighting condition can cause
a considerable variation in the colorimetric determination. Therefore,
we used a scanner that can minimize the deviation from the external
light source. To compare under the same conditions, after the real-time
quantification experiment using centrifugal optical devices, we scanned
the disc immediately and obtained an image.

Fig. 5a shows the scanned image before and after the glucose assay
on the disc. We extracted the color difference with the scanner, and the
linear calibration curve generated from 10 to 100 mg/dL (Fig. 5b).
Fig. 5c, d shows the correlation analysis graph of A60 and ΔA4 and color
difference, respectively. Especially, it showed non-linearity at low
concentration. Therefore, it can be proved that our device's transmit-
tance measurement method is more sensitive than the reflectance-based
measurement on a scanner.

3.3. Figures of merit

The endpoint measurement method is to measure the result after the
substrate is exhausted with sufficient reaction time. It can be employed

to minimize errors when simultaneous sample injection and real-time
measurements are not available. On the other hand, because our de-
vices are capable of simultaneous sample injection and real-time de-
tection, the measurement results are not affected by the reaction time.
Thus, we obtained all LODs between 5 and 60 s in absorbance (AT) and
linear regression slope (ΔAT). The LOD was calculated using Eq. (3),
where σ is the standard deviation of the reagent blank (where n = 10)
and S is the slope of the calibration curve.

=LOD σ
S

3.3( )
(3)

As can be seen in Fig. 6, the short time measurement shows a re-
latively high LOD. On the other hand, the longer the measurement time,
the lower the LOD and converged to a constant value. This shows that
there is a trade-off relationship between LOD and time to result. That is,
a fast "time to result" bring about a deterioration in sensitivity, and a lot
of time is required for high sensitivity. In biosensors and in diagnostics,
time to result is an important factor to be considered just as LOD.
Therefore, we have defined the reciprocal of the product of LOD and
"time to result" as a new figure of merit to numerically interpret it. The
figure of merit was generally higher in the linear regression slope (ΔAT)
method than the absorbance (AT) method (Fig. 6). The optimal figure of
merit were 0.1279 and 0.1560, respectively. And there, the LOD values
of A11 and ΔA11 were 0.7418 mg/dL (41.18 μM) and 0.6080 mg/dL
(33.75 μM), respectively. On the other hand, the lowest LOD was
0.4704 mg/dL (26.11 μM) in A33 and 0.3727 mg/dL (20.69 μM) in
ΔA28. The linear regression slope based measurements, which calcu-
lated from multiple data points, can provide in a shorter time with more
resilient measurement results for reading errors and singular values.

Fig. 5. (a) A digital image obtained using a scanner before and after the glucose reaction. (b) Image used for color extraction. The average color difference values and
standard deviations are plotted for each glucose concentration. The inset shows the linear calibration curve of glucose at the range of 10–100 mg/dL. (c) A60 and
color difference correlation graph and pearson correlation coefficient. (d) ΔA4 and color difference correlation graph and pearson correlation coefficient. All values
represent the mean and standard deviation of two independent experiments.
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Table S1 shows the LOD values in the colorimetric glucose detection
studies performed on paper devices and the analytical data using the
figure of merit suggested by us.

In addition, we extracted information on repeatability and re-
producibility by comparing zone to zone and disc to disc. In terms of
repeatability, the relative standard deviation (RSD) found for simulta-
neous analysis (n = 4) on a single disc were 3.96% and 3.78% in A60

and ΔA4, respectively. On the other hand, the RSD values of the disc to
disc (n = 8) were 6.97% and 6.92% in A60 and ΔA4, respectively.
According to the data, the proposed hybrid paper-polymer centrifugal
optical devices can be inferred that provides excellent repeatability and
reproducibility.

4. Conclusion

In conclusion, we have demonstrated that the concentration of
glucose can be analyzed in real-time by the hybrid paper-polymer
centrifugal optical device system through light transmission measure-
ments. The real-time monitoring enables slope-based measurement and
can provide results within a short time (maximum of 30 s) while
maintaining high sensitivity. Under the optimal conditions, linear range
was obtained in the range of 2.5–25 mg/dL with the detection limit of
0.3727 mg/dL, with excellent repeatability and reproducibility.
Further, this sensing system may provide a cost-efficient, robust, and
high-throughput opportunities for the simultaneous detection of mul-
tiple biological targets by simply adding reagents embedded in the
paper depending on the application. In future, the hybrid paper-
polymer centrifugal optical device system integrated with systems such
as automated sample injector and meter, plasma separator (membrane)
and microchannel will allow for real sample applications.
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