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Abstract We report a fully automated DNA purification platform with a micropored mem-
brane in the channel utilizing centrifugal microfluidics on a lab-on-a-disc (LOD). The
microfluidic flow in the LOD, into which the reagents are injected for DNA purification, is
controlled by a single motor and laser burst valve. The sample and reagents pass successively
through the micropored membrane in the channel when each laser burst valve is opened. The
Coriolis effect is used by rotating the LOD bi-directionally to increase the purity of the DNA,
thereby preventing the mixing of the waste and elution solutions. The total process from the
lysed sample injection into the LOD to obtaining the purified DNAwas finished within 7 min
with only one manual step. The experimental result for Salmonella shows that the proposed
microfluidic platform is comparable to the existing devices in terms of the purity and yield of
DNA.
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Introduction

There have been significant advances in the development of microfluidics for biological
analysis, such as micro total analysis systems (μTAS), during the last few decades [1–5].
The lab-on-a-chip (LOC) as a microfluidic system has the potential to play an important role
because it represents a fully integrated analytic process, including reagents preparation,
mixing, metering, reaction, and detection [6, 7]. Compared to the LOC, the lab-on-a-disc
(LOD) as a centrifugal-microfluidic platform provides further advantages. For example, the
LOD requires only a single motor to generate the force required for fluid propulsion, thereby
eliminating the need for an external pump [5, 8].

Recently, molecular diagnostics has been attracting considerable attention and is recognized
as an important process for biological and biomedical research [9–12]. The DNA purification
process, as the initial step for molecular diagnostics, is mostly conducted with chemical
reaction methods [13, 14]. Although novel DNA purification methods using adsorptive silica
beads [15], magnetic beads [16–18], and dielectrophoretic forces [19] have been reported, they
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are expensive and the materials are hard to handle. The spin column using a centrifuge is
widely used as a chemical reaction method for DNA purification with bench top protocol
because it is easy and simple and shows good performance [20, 21]. However, the spin column
method involves the laborious routine steps of pipetting, vortexing, and centrifugation when
each reagent is injected into the column. Also, each reagent which passes the membrane in the
spin column should be removed from it for the subsequent process. Most technologies used in
a spin column are suitable for LODs, in that both technologies use the same centrifugal force.
Therefore, we studied the possibility of developing an automated LOD based on the protocol
of the spin column to improve on this inconvenient process.

According to the NDFP (National Database of Food Poisoning), the most common causes of
food poisoning are Salmonella spp., Staphylococcus aureus (S. aureus), Escherichia coli
(E. coli) O157:H7, Campylobacter jejuni (C. jejuni), Shigella, and Clostridium botulinum
(C. botulinum) bacteria. Among these pathogens, Salmonella spp., S. aureus, and E. coli
O157:H7 have been recognized as the leading causes of severe illness. In this paper, Salmonella
spp. were used to show the performance of our automated LOD, which allows for the
automation of the whole process, from sample injection to DNA purification, with one manual
step. For the automated system, the LOD is employed to channel where we use the Coriolis
effect [22, 23] to prevent the mixing of the regents. Also, a laser burst valve is utilized for
controlling the flow order of the reagents. The designed LOD enables the integration of a
complicated biological reaction that requires complete multi-step fluidic control.

The purified DNA results using cultured Salmonella are demonstrated by measuring the
purity and yield of DNA obtained by absorbance measurements and the polymerase chain
reaction (PCR) product obtained by purified DNA amplification. The results show that our
novel automated LOD is comparable to a commercial device for DNA purification.

Materials and Methods

LOD Fabrication

The conventional CD was modified to suit to our LOD system made from three polycarbonate
(PC) layers through an injection molding machine (FA-DRA1F, Panasonic, Japan). These layers
were combined using double-sided adhesive films (Tesa 4928, Germany; thickness, 0.125 mm),
consisting of a transparent PET film backing and a modified acrylic adhesive, applied under
pressure to finally construct channels and chambers for storing the DNA purification reagents.
Figure 1 shows a schematic diagram of the proposed LOD system designed on a compact disc
with a diameter of 120 mm, where the DNA purification reagents are contained in the chamber.
The LOD was designed symmetrically for simultaneous experiments. The volume of the
chambers was designed to be almost twice the volume of each reagent for the purpose of
preventing the reagents from flowing backwards when they are injected. A micropored mem-
brane (MM) was inserted between the PC structures by fixing it on the channel before the
Coriolis hole, allowing all of the fluids to pass through theMM. The size of theMM (GF/B glass
microfibre filters, Whatman, UK) was adjusted to vertical 4 mm×horizontal 28 mm×height
1 mm, having the same volume as the silica membrane of the spin column.

Coriolis Hole

The Coriolis effect is generally more sensitive when the channel used for fluid separation is
made longer according to Eq. (1) [22, 23]:
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f Coriolis ¼ −2ρ ω* � u
* ð1Þ

where ρ is the mass density of the fluid, ω
*
is the angular velocity vector, and u

*
is the velocity of

the fluid in the rotating LOD. The Coriolis effect is proportional to u
*
, thus requiring a sufficient

 (a)

(b) (c)

Fig. 1 The disc-based system device for DNA purification. a Exploded view of the assembled lab-on-a-disc. b
Schematics of the construction of the LOD. c Schematics of the whole LOD system which can be rotated bi-
directionally as necessary. The ratio a:b of the channel widths; d photograph of the assembled prototype with
LOD for the DNA purification system
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acceleration length of the channel to reach the velocity for generating the Coriolis effect reliably.
However, there is a limitation for obtaining a sufficient length of Coriolis channel for sensitive
operation, due to the integrated channels and chambers used on our LOD. To increase the
sensitivity of the Coriolis effect, we designed the hole structure on the channel so as to allow for
the separation of the reagents from the elution solution that passes through the MM. Figure 1c
shows a diagram of the Coriolis hole. The Coriolis hole was made by drilling a hole with a
diameter of 1 mm in the middle layer. The previous length of the Coriolis channel was 3 mm,
but the Coriolis hole can make the channel longer to double the length 6 mm.

Laser Burst Valve

In this experiment, a laser burst valve [24] was employed to control the flow order of the
reagents. The valve depends on the interplay of a laser beam with a polyethylene substrate.
The valve is opened by optical energy from a laser diode (2 V, 1 W, 808 nm, QSI, Korea),
melting the black color polyethylene substrate, whose melting point is typically 115∼135 °C.
Since the transparent PC transmits the laser light in the near-infrared region of the spectrum,
the laser beam can pass through the PC for the purpose of melting the black-colored
polyethylene substrate, which absorbs the light energy. The distance between the laser diode
and polyethylene is around 2 mm. By rotating the LOD slightly when the laser diode melts the
substrate, the opening for spouting the fluid is made. The process of valve-opening is shown in
Fig. 2 where the black polyethylene is torn while rotating the LOD with the diode on [24].

Reagents and Operation

We used a lysed cell which contained cultured Salmonella (OD600=0.8, 108 CFU/ml) as a
sample for DNA purification. The lysis process was conducted on a clean bench. The sample
and reagents (Genomic DNA extraction kit, Bioneer, Korea) were injected into the chambers
in the LOD before the experimental setup for DNA purification. The volumes and mechanisms
of the reagents followed the manual of the purchased kit. The reagents were controlled by the

(d) 

Fig. 1 (continued)
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centrifugal force and laser burst valve, passing through the MM step by step. The process of
DNA purification using the LOD is shown in Table 1. The DNA is negatively charged,
because of the phosphate backbone and, thus, it binds to the MM, which is made from silica
material by the cationic exchange method, when the sample passes through it. The W1 andW2
washed out the impurities on the MM except for DNA in order. Then, the DNA was eluted
from the MM by the elution solution using the hydrolysis reaction. By spinning the LOD in
different directions, the reagents are separated into the waste chamber and elution solution by
the Coriolis effect to increase the purity of the DNA.

The mechanical system was composed of a motor (QSI, Korea) to generate a centrifugal
force, laser module for the laser burst valve, and computer for motor control. From sample
injection to injection into each chamber, all of the steps, ex. motor rpm acceleration, stop and

Fig. 2 Schematic diagram showing the opening of the valve by the laser burst valve. Step (i): laser diode focused
on polyethylene to optimize the thermal energy required to melt the material. Step (ii): widening of the valve
opening by rotating the LOD in stepwise fashion with the diode on. Fluid can flow through the channel through
the opened valve when the LOD is spinning

Table 1 Summary of the experimental procedure of the disc-based microfluidic platform for DNA purification

Step Procedure Spin speed (rpm) Time (sec)

1 Load the sample and reagents into each chamber – –

2 Spin the LOD to CCW (sample moves to waste chamber) 10,000 60

3 Open valve 1 – –

4 Spin the LOD CCW (washing solution 1 moves to waste chamber) 10,000 60

5 Open valve 2 – –

6 Spin the LOD CCW (washing solution 2 moves to waste chamber) 10,000 60

7 Dehydration 10,000 60

8 Open valve 3 – –

9 Spin the LOD CW (elution solution moves to MM) 1000 5

10 Wait until elution solution is completely absorbed by the MM – 60

11 Spin the LOD CW (elusion solution moves to elution chamber) 10,000 60

12 Subtract DNA solution with syringe from DNA chamber – –
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valve open, were finished automatically by the program within 7 min. After the LOD has
stopped spinning, the elution solution including the DNA is extracted from the DNA chamber
using a syringe. The absorbance (A) of the DNA solution was measured at 260, 280, and
320 nm using a spectrometer (Multiskan GO, Thermo, Korea) to calculate the yield and purity
of the DNA. The yield of DNAwas calculated by Eqs. (2) and (3):

Concentration μg=mlð Þ ¼ A 260nm –A 320nmð Þ � dilution factor � 50μg=ml ð2Þ
The total yield is obtained by multiplying the DNA concentration by the final total purified

sample volume.

DNA yield μgð Þ ¼ DNA concentration � total sample volume mlð Þ ð3Þ
The purity of the DNAwas calculated by Eq. (4):

DNA purity ¼ A 260nm –A 320mmð Þ = A 280nm –A 320mmð Þ ð4Þ
The wavelength of maximum absorption for DNA is 260 nm, with each base (A, C, G, T)

having its own individual characteristic value. Also, the amino acid sequence of the proteins
absorbs light at 280 nm. The non-nucleic acids absorb atA 320 (nm). Therefore, the purity ratio can
be calculated after subtracting the value of A 320 (nm) from the absorbances at 260 and 280 nm.

Experimental Results and Discussion

Coriolis Effect

In this experiment, the Coriolis effect in the LOD plays an important role in preventing the
reagents from mixing with the purified DNA solution because the mixing of the purified DNA
with the ethanol included in the reagents can affect the DNA amplification result. The LOD is
turned counterclockwise (CCW) when the sample, W1 and W2 pass through the MM. On the
other hand, the LOD is turned clockwise (CW) when the elution solution passes through the
MM for the purpose of separating the reagents by means of the Coriolis effect. To reliably
prevent the reagents from flowing toward the DNA chamber and only allow the elution
solution to pass, we made use of the Coriolis effect by regulating the Coriolis channel-width
ratio (a:b=toward waste chamber:toward DNA chamber). We measured the absorbance (at
635 nm) of the fluid in the chamber where it has injected with DIW for mixing with the leaked
red-colored ink caused by the Coriolis effect according to the channel-width ratio. Based on
the results in Fig. 3, we chose a channel-width ratio of 1.5:1. Even though there is some loss of
volume caused by the narrowing of the width of the channel toward the DNA chamber, it was
very small (≤7 μl on 1.5: 1), which is extra volume for requiring the volume (175 μl) of the
measurement by the spectrometer.

Laser Burst Valve

The laser burst valve enabled the flow order of the fluids to be controlled in the LOD. The
linked block polyethylene on the channel was melted by the optical energy from the laser
diode to valve-open. The result of the melted valve is shown in Fig. 4. When the block
polyethylene is used as a valve, no leaking occurs during the high rpm spin (10,000 rpm) for
15 min. Whenever the polyethylene is melted, the fluid escapes from the chamber. By using
this method, the reagents pass through the MM, thus allowing the process to be automated.
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DNA Purification

The combination of the MM and DNA was used as a chaotropic agent method for the
purification of Salmonella DNA. To evaluate the performance of the LOD system, we
measured the purity and yield of DNA. The experimental results of DNA purification are
shown in Fig. 5. The calculated average yield of DNA from the LOD and spin column were
22.3 and 18.7 μg, respectively. Also, the DNA purity obtained using the automated LOD is
1.77 with an average coefficient of variation (CV) of 2.8 %, while that of the commercialized
device was 1.88 with an average CVof 2.6 %. Even though the LOD system has a lower purity

Fig. 3 Absorbance measurement of fluid leak by regulation of channel-width ratio (a:b) in Coriolis channel. The
volume in brackets demonstrates the fluid leak the Coriolis effect

Fig. 4 Photograph showing the polyethylene material melted by the laser diode to open the valve
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value than the spin column, it provides not only an automated system which can be accom-
plished with one manual step but also a comparable result value in terms of the yield and purity
under laboratory conditions.

PCR Result

We amplified the purified DNA samples obtained using the LOD and spin column by PCR to
confirm the performance of DNA purification. The PCR reagent was purchased from
NobleZyme (E-220, Lot. No. E220S1402). The PCR process was done with a thermal cycling
profile consisting of 30 cycles: initial denaturation at 95 °C for 2 min, 30 cycles at 95 °C for

Fig. 5 DNA purification results in terms of DNAyield and purity afforded by the fully automated method on an
LOD and by spin column-based manual method

Fig. 6 Gel electrophoresis image of the Salmonella DNA amplified by PCR. #1 and #2 are the amplified results
from the diluted DNA concentration (by 10 times) with DIW to compare the limits of detection. Lane 1: PCR-
positive control; lane 2: PCR-negative control; lanes 3–8: PCR products from Salmonella DNA purified by the
LOD; lanes 9–15: PCR products from Salmonella DNA purified by spin column
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45 s, at 52 °C for 45 s, 72 °C for 60 s, and a final extension at 72 °C for 5 min. The PCR
products were loaded in a 2 % agarose gel (Bio solution, catalog no. BT002, Korea) prepared
with 1× TAE buffer for gel electrophoresis at 100 V for 30 min. The experimental results are
shown in Fig. 6. The PCR product results of the purified DNA obtained using the LOD
demonstrate that the functions in the LOD performed normally for the purification of the
DNA.

Conclusion

The proposed LOD allows all of the steps for a DNA purification system to be automated
using a laser burst valve, the Coriolis effect, and centrifugal force. The employed Coriolis
effect system has the advantage of preventing the mixing of the purified DNA with the
reagents, which might affect the DNA amplification result. The laser burst valve worked
properly, controlling the fluid flow. The experimental results show that the purified DNA is
obtained by the automated LOD system within 7 min with only one manual step. The proposed
LOD is not only comparable to a commercialized device for obtaining purified DNA but also
able to overcome the inconvenience of the spin column system with its laborious routine steps,
by automating all of the steps of the DNA purification system.
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