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This paper presents a LAMP- (loop-mediated isothermal amplification-) based lab-on-disk optical system that allows the
simultaneous detection of hepatitis B virus, hepatitis C virus, and cytomegalovirus. The various flow stages are controlled in
the proposed system using different balance among centrifugal pumping, Coriolis pumping, and the capillary force. We have
implemented a servo system for positioning and speed control for the heating and centrifugal pumping. We have also successfully
employed a polymer light-emitting diode section for turbidity detection.The easy-to-use one-click system can perform diagnostics
in less than 1 hour.

1. Introduction

Centrifugal microfluidics offers convenient pumping and
valving mechanisms and can easily be configured to use dis-
posable disks for complete sample-to-answer designs. These
features have made centrifugal microfluidics devices very
popular for genotypic analysis systems, and many innovative
designs have been developed based on this principle.

This paper presents a loop-mediated isothermal amp-
lification- (LAMP-) based lab-on-disk system designed to
allow the simultaneous detection of hepatitis B virus (HBV),
hepatitis C virus (HCV), and cytomegalovirus (CMV).
LAMP is basically a single-tube technique for the amplifica-
tion of DNA. LAMP uses three pairs of primers to recognize
sections of the target sequence. LAMP produces more DNA
than does the traditional polymerase chain reaction (PCR)
technique and it is less sensitive to PCR inhibitors in the
blood,which has led to it being used to detectmany infectious

diseases, including mycobacterium tuberculosis [1–4], severe
acute respiratory syndrome [5], human influenza [6–8],
avian influenza [9], herpes [10, 11], malaria [12, 13], and
papillomavirus [14].

HBV is detected in blood tests for viral antigens and
antibodies, but the window periods of these tests vary.
Molecular detection of HBV is therefore very important.
Because HCV is very difficult to culture, its detection mainly
depends onmolecular diagnosis [13, 15]. An antigen assaywas
recently developed for the early detection of HCV infection.
HCV is classified into six genotypes, among which the RNA
genotypes vary by 30∼35%,whichmakes it necessary to adopt
a conservative sequencing technique [16]. There are several
antibody tests available for CMV, as well as qualitative and
quantitative PCR tests. Patients with CMV infection are often
not tested since the condition induces very few symptoms,
and so a convenient test procedure would be very desirable
[17].
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Centrifugal microfluidics has been widely studied as a
convenient and inexpensive testing mechanism. It is easy to
add valving, volume metering, mixing, and flow switching
function to the inherent centrifugal pumping in order to
satisfy the requirements in a particular application. While
many studies have demonstrated the required biological anal-
ysis steps [18, 19], not many results are available for sample-
to-answer systems using centrifugal microfluidics [20–22].
Schembri et al. reported a disk analyzer that processes whole
blood using 12 different tests [20]. Although that system is
very capable, it uses very complex specially made disposable
disks. The Madou compact disk (CD) platform balances the
centrifugal force and the capillary force in order to integrate
functions such as flow sequencing, micromixing, and cap-
illary metering onto a CD [21]. Reference [22] designed a
very complicated flow pattern to implement an automated
enzyme-linked immunosorbent assay (ELISA) [22]. They
used laser-irradiated ferrowaxmicrovalves to control the pro-
cedures in microbead-based suspension ELISAs, including
plasma separation, incubation, washing, enzyme reaction,
and absorbance detection.

The LAMP procedure in our microfluidic lab-on-disk
system is a high-sensitivity and high-specificity one-step
DNA amplification process. Recently there have been several
reports on the successful use of LAMP to detect both HBV
and HCV [16, 23–26]. Moreover, the desire for a convenient
CMV test illustrates the need for multipurpose diagnostic
procedures. LAMP uses a one-step incubation for parallel
testing, which prompted us to look into simultaneously
combining the tests for all three viruses on a single disk.

One important advantage of LAMP is the easy reading
based on turbidity. The detection section on the test disk in
our design was implemented by building a bright polymer
light-emitting diode (PLED) at the bottom of the detection
reservoir (Figure 3) for providing illumination when LAMP
is completed. The turbidity of the test sample can then be
easily read by the naked eye or by the standardAOI technique.

The proposed overall system employs a novel centrifugal
microfluidic design that uses a combination of centrifugal
pumping and Coriolis force for flow control. The inclusion
of a carefully designed valving system achieves very effective
parallel staging of the flow for the LAMP incubation and
PLED detection.

2. Materials and Methods

2.1. Research Methods. Liquids on a disk are easily moved
from the center to the outer perimeter by the centrifugal
force that creates an artificial gravity in the rotating-disk
reference frame. Flow control on rotating disks can be
achieved by a capillary valve that relies on the capillary force
to stop the flow in microchannels. Passive capillary-burst
valves are hydrophobic patches that block a flow until a
specific rotational speed is reached [27]. Their principle of
operation is based on a pressure barrier that develops when
the cross section of the capillary expands abruptly. Another
essential feature of themicrofluidic system is that the Coriolis
pseudoforce can prevail over all other forces beyond a certain
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the boundaries of a liquid element corresponding to its distances
from the center of the CD. When CD spinning at induces the radial
centrifugal force and transversal Coriolis force with respect to the
flow velocity and the mass density of the liquid 𝜌.

speed of rotation. A sufficiently strong Coriolis force can
divert the fluid flow based on the direction of rotation.

A capillary barrier can be regarded as a valve with respect
to rotation speed 𝜔. There are three forces that can be
described (Figure 1) [28]. The continuum of incompressible
fluids is given by the Navier-Stokes equation
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In the steady state dw/dt = 0 and no rotational Euler
acceleration needs to be considered. In this condition the
Coriolis force can overcome the centrifugal force at angular
velocities higher than a certain threshold.

Consider the effects of the capillary force.
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Figure 3: Experimental setup for CD microfluidic testing.

which is highly dependent on 𝜔 and 𝑥
0
. This indicates that

surface tension has a minor impact since it only becomes
significant when the rotation speed is far beyond the critical
threshold.

In Figure 2, 𝑃
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𝑠

is the capillary force per unit area. When liquid pressure Δ𝑃
𝑐

prevails over capillary pressure 𝑃
𝜃
, the liquid will move from

the channel into the reservoir according to

𝑑𝑃

𝑐

𝑑𝑟

= 𝜌𝜔

2
𝑟.

(6)

Thus, integrating (3) yields

Δ𝑃

𝑐
= 𝜌𝜔

2
⋅ Δ𝑅 ⋅ 𝑅, (7)

where Δ𝑅 = 𝑅
2
− 𝑅

1
. The capillary force per unit area (𝑃

𝑠
)

equals the interfacial tension:

Δ𝑃

𝑠
= 𝑃

𝜃
= 𝛾 ⋅ 𝑙 =

4𝜎 cos 𝜃
Δ𝑥

. (8)

Figure 4: Photograph of the components of the biomedical diag-
nostic system.

The centrifugal force drives the sample liquid released from
the reservoir when liquid pressure Δ𝑃

𝑐
overcomes the capil-

lary barrier (𝑃
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), and the liquid moves into the channel. The

burst frequency is the rotational speed at which the fluids are
released. Integrating (7) and (8) yields
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Δ𝑥𝜌Δ𝑅𝑅

)

1/2

.
(9)

The burst frequency can be precisely controlled by appropri-
ately choosing the dimensions and location of the channel.

2.2. Microfluidic Channels and System Design. The architec-
ture of the diagnostic system, as shown in Figure 3, consists
of four main components: the disposable microfluidic disk,
the temperature control system, the servo motor and control
unit, and the SPR detection system. The actual components
are shown in Figure 4.

To enable simultaneous detection of different viruses,
the test regions on the CD are directed into four radial
channel paths: three for virus detection and the fourth for
comparison.The systemcontrols the flow staging by changing
the balance between the centrifugal acceleration and the
Coriolis acceleration. Such staged flow resistance divides the
diagnostic process into discrete stages. The configuration of
the microchannels is shown in Figure 5.

There are three test stages on the disk: (i) an input sample
reservoir to house the original test sample and to aid even
distribution of the sample into the four channels, (ii) a LAMP
stage for virus incubation, and (iii) an illuminating stage for
detection.The input stage uses centrifugal force to ensure that
the liquid is distributed equally into the second stage. The
second-stage reservoir is for the LAMP heating.

The first stage of the test is the input stage. We construct
the first and second reservoirs with the same depth (the
red region in Figure 5), while the third-stage reservoir (the
yellow region) is considerably shallower.The fluid flows easily
from the first reservoir into the second reservoir under the
combined influence of the centrifugal force and the capillary
force, and the second reservoir fills up with liquid from left
to right. After the LAMP process is completed, the system
rotates the disk in the reverse direction and at a much higher
speed. The combined strong centrifugal pumping and the
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Figure 5: Configuration of the microfluidic channels.

Figure 6: The microfluidic disk.

Coriolis force then drive the flow into the third stage from
left to right for diagnostics. Figure 6 shows an actual CDwith
microfluidic channels.

The second stage is the LAMP stage.The depth difference
between the second and third reservoirs stops the flow and
restricts the fluid at the second stage for heating. The heating
pads are capable of heating the samples to 65∘C in 20minutes.
The control unit takes temperature measurements from an
RTD-based temperature sensor and provides on-off control
to the heating pads through two digital I/O terminals.

The depth of the curved channels could cause an evapo-
ration problem during heating. This is solved by making the
second reservoir much deeper than the next step along the
flow route.

These mechanisms make it possible to control the reac-
tant reacting at the reservoir, with LAMP occurring without
dissipation due to heating and all reactants being controlled
at their assigned reservoirs.

The third stage after the pumping requires lighting for
the turbidity test. Our team developed the technology to
deposit composite metal and oxide layers on the disk surface
to form a fully transparent PLED and also to sputter on a
ZnO layer for protective packaging [29] (Figure 7). The disk

Figure 7: Illuminating PLED stage for turbidity examination.

surface contains conducting leads and the cover has electrical
contacts for power input (Figure 8). After the final pumping
action, the servo system will turn the disk to the turbidity
test position and an automated procedure will light up the
PLED and carry out the diagnostic procedure, with the results
appearing on the user-interface monitor (Figure 9). The
detection unit shines a laser on the detection stage for SPR
detection. The occurrence of SPR at the corresponding angle
provides an indication of whether the sample is infected.

3. Results and Discussion

3.1. Experiments on Fluid Flow in Microchannels. We per-
formed experiments to investigate the two key points of
pumping and blocking fluid flow in the microchannel. The
simulation results suggested that capillary forces can be used
to regulate flow in a rotating lab-on-disk system. Beyond a
certain rotation-speed threshold, which is a function of the
geometry of the channels, selecting the appropriate rotation
speed and implementing a clockwise rotation can be used to
stagnate the flow at the second reservoir (Figures 10(a)-10(b)).

Based on the capillary bursting occurring at certain
angular velocities, as determined by the dimensions and
location of the microchannel, according to (9), we were able
to smoothly transport fluid to the second stage for LAMP.
The rotation speed was initially 500 rev/sec and increased to
1500 rev/sec to drive the fluid filling in the second reservoir
from left to right. The second processing step was based on
using the Coriolis force to divert the fluid flow into the third
stage from left to right in a counterclockwise direction at over
1600 rev/sec. The results show that the centrifugal force can
be used to propel the liquid and that combining the capillary
force and Coriolis force allows perfect control of the fluids to
the desired stage.

3.2. Optical Turbidity Test Based on LAMP Reaction. The
LAMP reaction was performed according to the results of
experiments and the test results as identified by turbidity.
The amplification of DNA produces pyrophosphate, which
exhibits white turbidity. The amplification was performed at
65∘C in a laboratory for 1 hour, with the naked eye or a
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Figure 8: Electrical contacts to supply electricity to the test disk.

Figure 9: User interface for the automated control system.

Table 1: Reagent values for each virus.

Unit HBV HCV CMV
Betaine M 1 0.8 0.8
MgSO4 mM 4 6 10
dNTPs mM 1.6 1.4 1.4
Bst polymerase U 8
F3/B3 𝜇M 0.2
LF/LB 𝜇M 0.4 1 0.8
FIP/BIP 𝜇M 1.6 2 1.6
Temperature ∘C 63 65 65
Time Minutes 45 60 60
DNA volume 𝜇L 5
Sensitivity Copies 50 60 10

fiberoptic sensor used to detect the solution turbidity during
LAMP, which was then confirmed by the LAMP detection
system.

For the experiments we prepared the reagents according
to the proportions listed in Table 1. The reaction volume of
3 𝜇L was added to a small centrifuge tube (0.5mL).When the
LAMP reaction occurred, 1 𝜇L of the DNA sample was mixed
with 24𝜇L of the LAMP reagent, of which a 2.5𝜇L aliquot was
placed in the PCRmachine. LAMP lasted for 45minutes, and
then electrophoretic analysis was performed. Five concentra-
tions were used (20 ng/mL, 2 ng/mL, 0.2 ng/mL, 20 pg/mL,

and 2 pg/mL) (Figure 11) to confirm the analysis results for
the reactant.

A 2.5 𝜇L aliquot of the liquid mixture was placed in the
reservoir of the chip and covered with 1.5 𝜇L of mineral
oil. An Al substrate was used for sealing together with the
heating plate, and electrophoretic analysis was performed.
We found that the signal intensity (RU) is obviously relative
to 𝑅2 = 0.985 (Figure 12). The use of different reaction
intensities in an SPR LAMP detection system will yield
different concentrations of the sample. Although it is difficult
to observe changes in the luminance from Figure 2, it is easy
to distinguish the reaction turbidity in Figure 3.The obtained
results indicate that the SPR LAMP detection system—using
a spectrometer to detect and examine the spectrum signal
via a human interface—can be used to assess the degree of
turbidity, making it possible to detect viruses on the CD.

4. Conclusion

This study designed a fully automated optical biomedical
diagnostic LAMP-based lab-on-disk system. LAMP amplifi-
cation can easily be carried out bymeasuring luminous inten-
sity of DNA samples at minimal cost and using a disposable
disk. To implement the SPR procedures, we deposited an
organic light-emitting diode on the test disk with electricity-
conducting leads and designed the microchannel, by means
of the Coriolis force, centrifugal force, and capillary force,
to control sample flow into the reservoir. The samples are
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(a) (b)

(c) (d)

Figure 10: Fluid flows for rotation speeds of (a) 660, (b) 1500, (c) 1600, and (d) 1700 rev/sec. The rotation was in the clockwise direction for
panels (a)-(b) and in the counterclockwise direction for panels (c) and (d).

(1) (2) (3) (4) (5) (6)

Figure 11: Turbidity in the traditional LAMP reaction for DNA
samples at various concentrations: (1) 20 ng/mL, (2) 2 ng/mL, (3)
0.2 ng/mL, (4) 20 pg/mL, (5) 2 pg/mL, and (6) negative control.

directed to sequentially flow into the system’s four channels
for the on-site detection of the three kinds of the virus:
HBV (using 50 copies), HCV (using 60 copies), and CMV
(using 10 copies). The key advantages of our system include

(1) (2) (3) (4) (5) (6)

Figure 12: Turbidity in the SPR LAMP reaction in the reservoir of
the chip for DNA samples at various concentrations: (1) 20 ng/mL,
(2) 2 ng/mL, (3) 0.2 ng/mL, (4) 20 pg/mL, (5) 2 pg/mL, and (6)
negative control.

smaller sample quantity and decreased time needed for
sample processing when compared to the requirements of a
traditional LAMP reaction employing a PC-based glass prism
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for SPRdetection. Real-timediagnostics using an inexpensive
disk and achieving high sensitivity have been performed by
the fully automated system. We successfully provide an easy
procedure to detect with one click three viruses within an
hour.
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