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A lab-on-a-disc is a unique microfluidic platform that utilizes centrifugal force to pump liquids. This offers
many benefits for point-of-care devices because it eliminates the need for connections to multiple pumps
and complex tubing connections. A wide range of applications including clinical chemistry, immunoassay,
cell analysis, and nucleic acid tests could be demonstrated on a spinning disc. To enable the performance
of assays in a fully integrated and automated manner, the robust actuation of integrated valves is a prerequisite. However, conventional passive-type valves incur a critical drawback in that their operation is dependent on the rotational frequency, which is easily influenced by the channel geometry and chemistry, in addition to the physical properties of the liquids to be transferred. Even though a few active-type valving
techniques permit the individual actuation of valves, independent of the rotational frequency, complex procedures for the fabrication as well as actuation mechanisms have prevented their broader acceptance in
general applications. Here, we report on a lab-on-a-disc incorporating individually addressable diaphragm
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valves (ID valves) that enable the reversible and thermally stable actuation of multiple valves with unprecedented ease and robustness. These ID valves are configured from an elastic epoxy diaphragm embedded
on a 3D printed push-and-twist valve, which can be easily actuated by a simple automatic driver unit. As a
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proof of concept experiment, an enzyme-linked immunosorbent assay (ELISA) and a polymerase chain reaction (PCR) were performed on a disc in a fully automated manner to demonstrate the robust, reversible,
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leak-free, and thermally stable actuation of the valves.

Introduction
The centrifugal microfluidic platform, also called a lab-on-adisc, is a promising tool for the development of micro total
analysis systems for miniaturized bioanalytical chemistry.1–5
Relative to conventional pressure-driven systems, the lab-on-adisc provides many advantages for point-of-care testing
(POCT) devices. For example, the use of a lab-on-a-disc system
enables the configuration of a simple stand-alone device with
a single motor, without the need for complicated and expensive peripherals such as multiple tubing connections and
pumps. Reagents could be pre-stored on a disc and used on
an on-demand basis. In addition, the integration with external devices to measure electrical signals or the integration of
a heater could provide additional functions that could open
new paths to more versatile applications.6–10 To realize fully
a
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integrated biochemical reactions on a disc, essential unit operations such as bubble-free pumping, instant mixing, and accurate metering are implemented on a disc by spinning the
disc with various spinning profiles.
Among the microfluidic unit operations that occur on a
disc, valving is an essential function because it can connect
and combine multiple functions on a disc to perform complex assays in a fully automated manner. Among the various
types of valving techniques demonstrated on lab-on-a-disc
systems,11–23 the most extensively utilized is a capillary valve.
The liquid can flow though the capillary valves when the centrifugal force generated by the rotation of the disc is greater
than the capillary force holding the liquid in the microchannel.11,12,20 Similarly, the wetting properties of the hydrophobic valves were modified to control the capillary force of
the liquid in the valve structure.15
Such passive valves are actuated by controlling the spin
speed of the disc, in that the open or closed state depends on
the inherent geometries, position, and physical properties of
the valving units in the microfluidic channels. In general,
passive valves are easy to fabricate and their actuation is simple because there is no need for extra devices other than a
motor to spin the disc. However, it is difficult to control
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multiple valves individually and the manufacturing tolerances as well as the diversity of the physical properties of the
liquids adversely affect the robustness of the flow control.
Recently, an advanced passive-type valve, which employed
a dissolvable film for generating vent holes by wetting and
thereby triggering liquid transfer on a disc, has been
reported.18 No external control device nor change in the spin
speed was required to actuate the valve, but this required the
design of a complex fluidic network and many ancillary structures for the valving which increase the large footprint.
Therefore, it would be difficult to integrate multi-step biochemical reactions.
To achieve a more robust and simple flow control, many
kinds of active valves have been developed. The most popular
method involves the use of embedded sacrificial materials
and external energy sources to remove them on demand.
These sacrificial materials include wax,16,23 hydrogels,22 and
plastic film.24 For instance, Park et al. developed ferrowax
valves in which paraffin wax containing iron oxide nanoparticles was melted rapidly by laser irradiation, which
changes a closed valve to a open state in less than a second.16 The on-demand actuation of individual valves could
thus be achieved by irradiation with a laser, which facilitates
robust and precise flow control independent of the radial position of the valves or the rotational speed of the disc. However, sacrificial valves accompanying the phase transition of
the materials are not easy to be applied in cases in which reversible actuation is required, and therefore, many valves are
necessary to enable complex biochemical assays, such that
the footprint of the disc increases.
Recently, reversible valving techniques have been demonstrated on a disc by using a latex film actuated by IR heating,
as well as a PDMS membrane valve with a flyball governor
system.17,25,26 In both cases, the motion of the elastomer was
controlled by the corresponding actuators and no material
was consumed upon the valve actuation so that the reversible
actuation of the valves is possible. However, the operating
range of the spinning frequency is limited, a complex
manufacturing process is required, and more importantly,
the actuating units are too bulky to be able to independently
control multiple valves located nearby, which limits the integration of microfluidic reactions on the disc.
Meanwhile, torque-actuated elastomeric valves using a
PDMS membrane integrated into a microfluidic chip were
demonstrated in conventional pressure-driven microfluidic
chips, which provide simple and robust valving techniques
for the reversible control of the open and closed states.27–31
However, the manual operation and complex fabrication processes limited the broader adaptation in POCT devices or
centrifugal microfluidic systems.
Here, we demonstrate individually addressable diaphragm
valves (ID valves) that can be readily integrated onto a disc.
In our approach, an elastomeric epoxy film, which acts as a
diaphragm, was integrated with a 3D-printed compact valve
adaptor, which can be reversibly actuated by the push and
twist type valve. This enables the automatic control of multi-
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ple valve units by a single computerized driver system. The
robustness of the ID valves was first validated by performing
a fully integrated enzyme-linked immunosorbent assay
(ELISA) on a disc. Furthermore, a polymerase chain reaction
(PCR) was demonstrated on a disc to highlight the leak-free
properties of the valves at high pressures and temperatures.
This provides a streamlined method of integrating the multiple processes of biochemical reactions on a disc for the development of a fully automated lab-on-a-disc system to be used
in POCT settings.

Experimental
Fabrication of disc incorporating ID valves
The disc was designed with a 3D CAD program and then
milled using a CNC milling machine (3D modelling machine,
M&I CNC Lab, Korea). Polycarbonate sheets (PC,
I-Components Co. Ltd., Korea) were used for the stock material, and each layer was milled according to the design. After
milling, all of the layers were laminated using a pressure-sensitive, double-sided adhesive (DFM 200 clear 150 POLY H-9V95, FLEXcon, USA) and customized pressing apparatus.
An ID valve has two essential components: i) a valve adaptor integrated with an elastic diaphragm that can be
deflected and thereby control the flow of fluid in the channel
and ii) a pushpin valve that has a lock key that can be locked
with a valve adaptor with a push and twist motion. The valve
and adaptor sets were designed with a 3D CAD program and
then fabricated with a 3D printer (ProJet® 3510 HD, 3D Systems, USA). After printing, the supporting material was removed by heating, and then, the finished parts were gently
washed with isopropyl alcohol. For the diaphragm part, structures for the insertion of elastic materials were designed and
milled into the top layer of the disc, followed by filling with
elastic epoxy (Super-X, Cemedine, Japan) and drying for 3
hours at room temperature. The top layer was then assembled with the bottom layer containing the microfluidic channels and chambers. Then, the 3D-printed valve adaptor units
were aligned onto the diaphragm and bonded with epoxy
glue (CA-11, 3M, USA) and dried for 30 min at room
temperature.
Operating principle of ID valves
A pushpin valve and valve adaptor set is integrated to manipulate the deflection of the embedded diaphragm and thereby
control the flow of the fluid (Fig. 1). A pushpin valve has a
line groove in its head that facilitates easy actuation by using
an automatic driver. The vertical position of the valve is set
by the position of the lock key on the valve stem. When the
groove in the valve head is aligned in the radial direction, the
channel is in the open state (Fig. 1a). By pushing down the
valve and turning it through 90° clockwise, the lock key slides
in a rail prepared in the inner wall of the valve adaptor and
then assumes the lower position, leading to the closing of
the channel (Fig. 1b). To open the channel again, the pushpin valve is rotated counterclockwise back through 90° by the
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Fig. 1 ID valve and its operation system. Illustrations showing an ID valve in the open (a) and closed (b) states. Pushing the valve down and
turning clockwise locks the valve closed. The ID valves can be reversibly actuated by a simple push and twist motion. The grey colour in the top
layer of the disc represents the elastic diaphragm. The cross-sectional view of the fluidic channel shows the diaphragm in the open (a) and closed
(b) states. (c) Photos of the 3D-printed pushpin valve and valve adaptor sets (top), top view (middle) and side view (bottom) of the valve adaptor
(left, i) and the pushpin valve (right, ii), (d) design of the pushpin valve with a locking key (top, ii) and a valve adaptor (bottom, i); front, right side,
and top views are shown from left to right, and (e) an automatic control system for actuation of ID valves and image capture of fluidic control on
the spinning disc.

automatic driver. The 3D printed valve set is 3.3 mm in diameter as shown in Fig. 1c. Detailed schematics of the pushpin
valve and the valve adaptor are given in Fig. 1d.
Fig. 1e is a schematic diagram of the computer-controlled
valve actuation system. The position of the valve as well as
the open or closed state is pre-programmed, and the automatic driver can be operated on demand. Images showing
the actuation process of the ID valve are described in Fig.
S1.† In brief, the position of each ID valve on a disc is coordinated with the radial position (x) and angle (θ) with respect
to the origin.16 Then, coordination input is given to the automatic operating system. For the valve actuation, the disc is
first stopped and then aligned to the pre-programmed coordinate angle of the valve. After that, an automatic driver
(KX050T2-01H1, Nitto Seiko Co., Japan) approaches the pushpin of the valve by movement of the linear stages to control
the position of x and z axes. The groove in the valve head was
used for the simple actuation, e.g. the groove aligned in the
radial direction is the open state, while the perpendicular
alignment is for the closed state.
A servomotor (AKM12C-ANCNC, Kollmorgen, USA) was utilized to rotate the disc with a controlled spinning rate. In the
current version of the ID valve set made of plastic materials,
the mass of one ID valve set (pushpin + adaptor) is 27 mg,
which is negligible compared to the total mass of the disc,
typically less than 100 g.
To capture images of the spinning disc, a CCD camera
(IK-TF5C, Toshiba Corp., Japan) and a strobe lamp
(BUB0641-1A, B&B Corporation, Korea) were synchronized
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using a computer-based system allowing images of the area
of interest to be captured in real time. Details on the configuration of the image-capture system are given in our previous
works.10,32,33

Materials for ELISA
For ELISA, polystyrene (PS) beads (diameter = 2 mm) were
purchased from Hoover's Inc., USA. PS beads (2 g, around
450 beads in total) were washed with 6 mL of coating buffer
(100 mM bicarbonate/carbonate, pH 9.6) and incubated in a
solution of 20 μg mL−1 of capture antibodies in a coating
buffer at 37 °C for 1 h. They were then washed with a 0.1%
BSA-PBS, pH 7.4, buffer, and the unreacted sites were
blocked by incubating with the 1% BSA-PBS, pH 7.4, buffer at
37 °C for 1 h. Then, the beads were washed twice and stored
in 0.1% BSA-PBS buffer at 4 °C until use.
Mouse monoclonal anti-hPSA was obtained from Standard
Diagnostics Inc., Korea. Horseradish peroxidase (HRP) conjugated polyclonal human KLK3/PSA conjugates were obtained
from R&D Systems Inc., USA (Cat. #DKK300, Part# 892941),
and prostate specific antigen (PSA, Cat. # 8P78) was sourced
from Hytest Ltd., Finland. Sodium bicarbonate and sodium
carbonate were obtained from Junsei Chemicals Co., Ltd., Japan. Bovine albumin (99% pure) was obtained from Bio Basic
Inc., Canada. The 3,3′,5,5′-tetramethyl-benzidine (TMB) solution was sourced from AbD Serotec, UK, and the stop solution, composed of 0.2 M sulfuric acid (Matsunoen Chemicals
Ltd., Japan), was prepared in the laboratory.
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The solution of capture antibodies (150 μL, 10 μg mL ) in
the coating buffer was loaded into each well, and the plate
was incubated at 37 °C for 1 h. After the removal of the solution, the plate was washed once with washing buffer, after
which 300 μL of blocking solution was added and then incubated at 37 °C for 1 h. After that, the plate was washed 3
times with washing buffer. Then, 150 μL of a solution
containing a mixture of the target (PSA spiked in whole blood
and centrifuged to separate the plasma, 100 μL) and HRPconjugated detecting antibodies (50 μL) was added and incubated at 37 °C for 1 h, followed by three washings using the
washing buffer. Then, 150 μL of TMB solution was added
and then incubated at room temperature for 15 min. Finally,
50 μL of the stop solution was added to each well. Then, the
absorbance of the solution was measured using a plate
reader spectrophotometer (Envision 2104 multilabel reader,
Perkin-Elmer, USA) at 450 nm.

denaturation was conducted at 95 °C for 5 min to first activate the Taq DNA polymerase before the thermal cycling.
Then, denaturation at 95 °C for 10 s and annealing/elongation at 60 °C for 30 s were performed for 35 cycles to amplify
the target DNA sequence.
A disc for the PCR test was designed, as shown in Fig. S3.†
A PCR chip, prepared by thermally bonding a polycarbonate
film, was integrated with the disc. We utilized a previously
reported laser-assisted indirect heating system to thermally
cycle the disc.10 An aluminum plate (10 mm × 10 mm) was
installed under the PCR chamber as a heater. Then, 10 μL of
PCR mixture was introduced into the disc together with 5 μL
of mineral oil. Once the PCR reagent filled the chamber upon
the spinning of the disc, the valve was closed and the laser
was irradiated based on the programmed temperature profile, which is the same as that used in a conventional PCR
machine.

Results and discussion

ELISA on a disc for PSA detection

Reversible actuation of the valves

The disc layout for a fully integrated ELISA is shown in Fig.
S2.† The disc consists of seven chambers (labelled C1 to C7)
with channels between them, containing the 6 ID valves (labelled with numbers in light blue circle). Ten PS beads
immobilized with capture antibodies were loaded into the C3
chamber, and the reagents for immunoassay were loaded
into the corresponding chambers: 50 μL of HRP-conjugated
detection antibody solution (C2), 400 μL of washing buffer
(C5), 150 μL of TMB solution (C6), and 50 μL of stop solution
(C7) before the disc operation.
PSA was spiked into 250 μL of human whole blood at various concentrations from 0 to 100 ng mL−1, and blood samples with PSA were injected into the C1 chamber on the disc.
Then, the disc was loaded into the machine to enable the
fully automated assay. Details of the disc operation are described in the results section.

The reversible actuation of the ID valves was demonstrated
with the disc, as shown in Fig. 2. Two chambers are
connected with a microchannel having two ID valves, V1 and
V2. After both valves were closed, a red dye solution was introduced into the injection chamber (C1), and then, the disc
was spun at 4800 rpm. As shown in Fig. 2a-i, V1 is closed to
prevent the solution from flowing down. When V2 is closed,
and then V1 is opened, after which the disc is spun, the
microchannel is filled with the sample (Fig. 2a-ii). There was
no color change in the detection chamber (C2), indicating
that the ID valve was leak-free. Next, V1 was closed such that
there was a metered volume between the valves. This was 0.8
μL in this case, but this can easily be controlled by changing
the position of the valves or the channel dimensions. The
metered volume was then transferred to the detection chamber (Fig. 2a-iii). Repeated addition of the same amount of
sample could be carried out many times by repeating the
metering and transfer steps, as shown in Fig. 2a-iv and v.
To evaluate the accuracy of the reversible metering and
transfer with the ID valves, 20 μL of 1 mg mL−1 FITC solution
was injected instead of the red dye solution and the addition
of 0.8 μL of FITC solution was repeated up to five times. The
results of the fluorescence intensity measurement at each injection of dye exhibited a good linear relationship, as shown
in Fig. 2b.
The reversible actuation and the corresponding metering
and sample transfer are distinctive features of the proposed
ID valves. Due to the reversible actuation ability, the microfluidic layout is simplified and thus significantly reduces the
required amount of real estate on the disc. Fig. 2c and Movie
S1† show the automated addition of six different reagents
using the ID valves. This example demonstrates that multiple
kinds of solutions stored in separate chambers could be
transferred to the reaction chamber either individually or together in any combination depending on the needs. Taken

PCR
Staphylococcus aureus (S. aureus) was chosen as a positive
sample for target DNA amplification. To perform PCR,
DiastarTM Fh-Taq DNA polymerase including a 10× buffer,
2.5 mM dNTP, and 5 U μL−1 of Taq polymerase were purchased from Solgent, Korea. The primer and probe were
obtained from Cosmogenetech, Korea, and the concentrations of the stock solution of each primer and probe were 10
μM and 5 μM, respectively. The design for the forward primer
was 5′-TGTACCTGTTATGAAAGTGTTCAAGT-3′, while that of
the reverse primer was 5′-GGATCGATATGTAGGTATAGACAACG-3′, and that of the probe was (6-FAM)-5′-CAAATCGCGGTCCAGTGATCG-3′-(TAMRA).
We mixed 104 cfu/5 μL of S. aureus with 5 μL of the PCR
reagent mixture, giving a final PCR volume of 10 μL per reaction. For the PCR with the conventional machine, the assay
was carried out using a LightCycler 480 II PCR system
(Roche, Switzerland) with the TaqMan probe method. Pre-
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Fig. 2 Reversible actuation of ID valves. (a) Reversible actuation of ID valves and multiple additions of the metered amount of dye solution in the
detection chamber. Two chambers, the injection chamber (C1) and detection chamber (C2), are connected with a microchannel having two valves
(V1 and V2). C and O represent the closed and open states of the valve, respectively. The disc was rotated at 4800 rpm (i), the rotation was
stopped and V1 was opened using the automatic driver of the control system such that the liquid fills the channel when rotation is resumed (ii),
the rotation was stopped again and V1 was closed, V2 was opened and the metered amount (0.8 μL) was transferred to the detection chamber
when the rotation is resumed (iii). The rotation was stopped again and V2 was closed, V1 was opened, and the liquid filled the metering channel
again when rotation is resumed (iv), and then rotation was stopped again and V1 was closed, V2 was opened and the metered amount of sample
was added to the detection chamber again when rotation is resumed (v), (b) plot of the fluorescence intensity normalized by the signal of the
sample with the first addition of the metered amount of dye solution as a function of the number of additions. During the addition of the metered
amount five times, each valve was reversibly actuated ten times. (c) Examples showing the individual actuation of the valves. Various kinds of
reagents could be injected simultaneously or independently depending on the need. Six sample solutions were metered in the microchannels
between the two ID valves and the desired combination of solutions could be transferred to the reaction chamber simultaneously. The blue
arrows indicate the empty channels after the transfer of the metered solution. (d) Result of the maximum holding pressure measurement.

together, the automatic, reversible, and individual actuation
of the 3D printed ID valves enables the simple and robust
fluid transfer on a spinning disc.
Maximum holding pressure
During the rotation of the disc, the diaphragm of the ID valve
securely prevents the flow of the liquid. The pressure at the
meniscus (Pm) generated by centrifugation can be defined as
follows:
(1)
where ρ is the density of the fluid, ω is the angular velocity,
is defined as the average radial distance of the fluid from
the disc center and Δr is the radial extent of the fluid. Under
the above experimental conditions (rotational speed of 4800
rpm, as shown in Fig. 2a), Pm is 36 kPa and 186 kPa at V1
and V2, respectively.
To measure the maximum pressure that an ID valve can
withstand, a customized pressure measurement system was
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developed using Labview software. With the ID valve closed,
air was infused by a syringe pump at a flow rate of 50 μL s−1
and the pressure was measured. Fig. 2d shows the measured
pressure profile. We can see, therefore, that the ID valve is
able to withstand a pressure of 420 kPa, which is the maximum measureable value due to the limitations of the syringe
pump. From the calculation using eqn (1), the pressure generated by spinning the disc at 6000 rpm, which is the maximum rotational speed attainable with our system, is less than
400 kPa. This confirms that the ID valves can be used with
high spin speeds without the risk of any leakage.

Fully automated ELISA on a disc
Protein quantification by ELISA is a well known method
in vitro diagnostics. However, it consists of multiple reaction
steps that give rise to a very laborious and time-consuming
procedure. Although many lab-on-a-disc studies have demonstrated protein quantification, only a few of them have
addressed a fully integrated solution, from sample
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preparation to final detection, due to the absence of a robust
valving technique.34–36
In the case of passive type valves such as capillary or hydrophobic valves, the actuation is dependent on the spinning
frequency which is highly sensitive to many variables including the position and dimensions of the valves, surface properties of the channel, physical properties of the transferring
liquid, etc. This makes robust operation conditions for full
automation difficult to achieve. Furthermore, they have the intrinsic limitation that the spin speed should be sequentially
increased from low speed to high. However, the first step, e.g.
plasma separation from whole blood, often requires higher
spin speed than the follow-up processes. Therefore, the fully
integrated ELISA starting from whole blood injection to the final detection could not be easily demonstrated using a passive types of valves.1,2,13,37,38 Even when sacrificial valves were
adapted, many valves were required. In the present study, we
demonstrated a lab-on-a-disc for a fully integrated ELISA with
a minimum number of valves due to the reversible characteristics of the ID valves.
Fig. 3a shows the assembly of the disc with 10 PS beads
conjugated with capture antibodies for application to the automated ELISA. To prove the concept, experiments were
designed to measure various concentrations of PSA (0 to 100
ng mL−1) spiked in human whole blood drawn from a healthy
donor. Samples were tested with both methods, that is, an
automated lab-on-a-disc as well as the standard manual protocol using a 96-well plate.

Lab on a Chip

Our lab-on-a-disc for the fully integrated and automated
ELISA consists of seven chambers and six valves as presented
in Fig. S2.† In comparison with our previously reported disc
for ELISA, which used ferrowax valves,34 the number of valves
was reduced from 13 to 6. Whole blood (250 μL) was injected
into the sample loading chamber after which the plasma was
separated by spinning the disc at 3600 rpm for 2 min
(Fig. 3b-1). V1 was opened to transfer 100 μL of supernatant
plasma to the next chamber, which contained the detection
antibodies conjugated with HRP (Fig. 3b-2). Then, the mixture
of plasma and the detection antibodies solution was moved to
the reaction chamber that had been preloaded with PS beads,
functionalized with antibodies specific to PSA and incubated
for 20 min (Fig. 3b-3). After the incubation, the solution was removed by opening V3. Then, the beads were batch processed,
being washed twice with PBS solution. The use of the reversible ID valves minimized the number of valves required for sequential washing. V4 was opened to allow the flow of the PBS
washing solution, but only the required volume (200 μL) was
transferred, after which V4 was closed for the batch mode
transfer of the washing buffer, as shown in Fig. 3b-4. After
washing the beads by spinning the disc in mixing mode, the
solution was removed from the waste chamber by opening V3.
After closing V3 again, the second washing was performed by
opening V4 and transferring the second portion of the washing
buffer to the reaction chamber. After mixing and removing the
residual PBS solution by repeatedly opening V3, spinning, and
then closing V3, the stored TMB solution was transferred to

Fig. 3 Scheme of the lab-on-a-disc for fully integrated ELISA, illustration and CCD images of the disc during the reaction steps, and comparison
of detection signals obtained by the on-disc and conventional ELISA. (a) Scheme of the disc assembly. A lab-on-a-disc for fully automated ELISA
was prepared with ten polystyrene (PS) beads coated with capture antibodies. It consists of seven chambers and six reversible valves. (b) CCD images of the disc and illustrations describing the operation procedure for a fully automated ELISA: blood plasma is separated (1), plasma sample
containing target protein is transferred to the next chamber and mixed with the detection antibodies (2), the mixture of the plasma and detection
antibodies is moved to the next chamber and incubated with PS beads coated with capture antibodies (3), the sample is discarded and the beads
are washed (4), TMB solution is transferred and incubated (5), finally, the solution is transferred to the detection chamber for the absorbance measurement (6). Here, the numbered blue and orange circles indicate the closed and open states, respectively. (c) Data showing the calibration curves
of PSA detection obtained from automated disc (red) and 96-well manual (black) ELISAs.
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the reaction chamber by opening V5 and was then incubated
for 5 min (Fig. 3b-5). Finally, the solution was transferred to
the detection chamber by opening V6 and mixed with the
pre-stored stop solution, and then the absorbance was measured (Fig. 3b-6).
Fig. 3c shows the calibration curves obtained from both the
manual and the fully automated lab-on-a-disc experiments for
detecting PSA spiked in human blood. The calculated limit of
detection values (3 SD value of the signal from the negative
sample without PSA) were 69 pg mL−1 and 74 pg mL−1 for the
automated and manual experiments, respectively. The total
time required for the assay performed with ELISA with the
standard 96-well plate method was in excess of 90 min as it requires multiple manual processes. With the fully automated
ELISA, the process on the disc could be completed within 30
min by taking a ‘sample-in and answer-out’ approach.

PCR on a disc
The thermal stability of the proposed ID valve was tested with
PCR on a disc. PCR is one of the most common nucleic acid
amplification methods that is widely used in molecular diagnostics. Accurate temperature control is important for assuring the high sensitivity and specificity of the assay. In general, in the denaturation step, double-strand DNA is split into
single strands at 95 °C, thus requiring an airtight chamber to
prevent evaporation. Passive valves such as capillary, hydrophobic, and syphon valves are not able to block the vapor.
Other active-type valves that are based on the melting of sacrificial materials were not appropriate because the holding
pressure was insufficient to endure the evaporation pressure
during the PCR reaction.16,17,23

Paper

To demonstrate the thermal stability of the ID valve, a
PCR reaction was performed on a disc as shown in
Fig. 4a and b. As a positive sample, 5 μL of solution
containing target nucleic acid (104 cfu of S. aureus) was
mixed with 5 μL of PCR reagent, while, as a negative sample,
5 μL of DI was used. We used 10 μL of the PCR mixture,
which was transferred to the amplification chamber (C2) by
spinning the disc. The ID valve was closed to prevent any
evaporation during the amplification step. Heating for the
thermocycling was conducted with a laser-mediated wireless
and indirect local heating system that was developed in our
previous work.10 In brief, a small aluminum plate (10 mm ×
10 mm) was embedded under the amplification chamber to
carry away the heat energy absorbed from the laser irradiation. The laser was irradiated in stationary mode onto an aluminum plate, and the temperature of the amplification
chamber could be controlled by adjusting the power of laser
irradiation.
Accurate temperature profiles were obtained for the PCR
using a thermocouple and a proportional-integral-derivative
(PID) controller at the calibration stage, after which the preprogrammed laser power control was used for the heating of
a disc, without the need for the thermocouple. Fig. 4c shows
the temperature profile obtained from the PCR solution in
the reaction chamber during the thermal cycling. The measurements revealed that the ramping rate and cooling rates
were 8.4 °C s−1 and 2.3 °C s−1, respectively. The holding time
at 95 °C was 10 s, while that at 60 °C was 30 s. Consequently,
the total PCR process time including the 5 min of predenaturation and 35 thermal cycles was about 45 min.
Fig. 4d and e show the fluorescence signal and the electrophoresis results obtained from the PCR on a disc. After

Fig. 4 PCR on a disc equipped with a thermally stable ID valve. (a) Top view of disc for PCR. The PCR mixture can be injected into the sample injection
chamber (C1) and transferred to the amplification chamber (C2) by rotation of the disc. After the transfer of the PCR mixture, the valve (blue circle)
is closed before the heating cycles. The red dot area represents the heating zone by a laser-assisted indirect heating technique. (b) Cross-sectional
view of the disc. The valve is closed to prevent the evaporation of the PCR solution during the thermal cycling. An aluminum plate was used as a
metal heater. (c) Temperature profile for the thermal cycling during the PCR. (d) PCR results for S. aureus. A positive sample (104 cfu/5 μL of S. aureus)
showed a significant fluorescence signal intensity. (e) Electrophoresis results for amplicons taken from samples in (d). Results were compared with
those obtained using a conventional PCR machine.

This journal is © The Royal Society of Chemistry 2016
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thermocycling 35 times, the fluorescence signals were found
to have been significantly enhanced in the positive sample (P
in Fig. 4d), while there is no significant difference from the
background signal in the negative sample (N in Fig. 4d).
Electrophoresis was performed to confirm the PCR results. As
shown in Fig. 4e, the PCR products obtained from disc experiments exhibited the same band signal, while the negative
samples had no band at all, thus presenting a level of PCR
performance similar to that of a conventional PCR machine.
Taking these results together, we confirmed that the ID valve
is not affected by temperature and can assure the PCR chamber air tightness needed to achieve an accurate PCR reaction.
We demonstrated a novel and robust valving technique
integrated on a disc. Here, we used a 3D printing technique
to fabricate the individual valve parts. Although it was very
useful at the stage of the initial development, it may not be
suitable for mass production considering the nature of the
single-use disc devices. When the ID valve parts are fabricated by injection molding, the cost and complexity in the
fabrication step will be relatively small. Another potential
limitation of the ID valve is the requirement of the external
energy source for the automatic actuation of the valves. Although there might be an increase in the cost and complexity
in the operating system, we believe the newly proposed ID
valves open many new possibilities to expand the application
of the lab-on-a-disc.

Conclusions
In summary, we demonstrated a lab-on-a-disc integrated with
an individually addressable, reversible, and thermally stable
valve system. The ID valve has an elastic diaphragm embedded and controlled by a push and twist type pushpin valve
that can be automatically actuated using a computercontrolled driver. These 3D-printed valve sets could significantly simplify not only the microfluidic layout design of the
disc but also the actuation process, leading to an unprecedented level of simple and robust operation of the disc.
An evaluation of the maximum holding pressure demonstrated that the ID valve is stable and robust, even when our
disc platform is operating at the highest spin speed. The reversible actuation capability allows a unique unit operation
on the disc, with the repeated, highly accurate addition of
metered amounts of sample. This could be performed in a
versatile manner; either with the addition of a single type of
sample or a mixture of multiple kinds of samples.
We further demonstrated the robustness of the ID valves
with the two most important bioassays, ELISA and PCR.
ELISA, which is used to quantify the PSA level in whole
blood, was demonstrated in a fully integrated manner. The
process could be completed within 30 min, which is three
times faster than the conventional manual assay. In addition,
the reversible actuation capability could simplify the disc design and reduce the number of valves. Combining these results with our previously reported laser-based wireless
heating method, PCR was successfully performed with an ID
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valve, which reliably prevented evaporation from the PCR
chamber.
In conclusion, the ID valves can provide robust, reversible,
and thermally stable actuation, independent of the rotational
speed of the disc, the position of the valves, or the physical
properties of the sample. Therefore, we believe that the ID
valves can be a powerful tool in the development of a POCTtype lab-on-a-chip for a broad range of applications.
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