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Self-powered switch-controlled nucleic acid
extraction system†
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Over the past few decades, lab-on-a-chip (LOC) technologies have played a great role in revolutionizing

the way in vitro medical diagnostics are conducted and transforming bulky and expensive laboratory instru-

ments and labour-intensive tests into easy to use, cost-effective miniaturized systems with faster analysis

time, which can be used for near-patient or point-of-care (POC) tests. Fluidic pumps and valves are among

the key components for LOC systems; however, they often require on-line electrical power or batteries

and make the whole system bulky and complex, therefore limiting its application to POC testing especially

in low-resource setting. This is particularly problematic for molecular diagnostics where multi-step sample

processing (e.g. lysing, washing, elution) is necessary. In this work, we have developed a self-powered

switch-controlled nucleic acid extraction system (SSNES). The main components of SSNES are a powerless

vacuum actuator using two disposable syringes and a switchgear made of PMMA blocks and an O-ring. In

the vacuum actuator, an opened syringe and a blocked syringe are bound together and act as a working

syringe and an actuating syringe, respectively. The negative pressure in the opened syringe is generated by

a restoring force of the compressed air inside the blocked syringe and utilized as the vacuum source. The

Venus symbol shape of the switchgear provides multiple functions including being a reagent reservoir, a

push-button for the vacuum actuator, and an on–off valve. The SSNES consists of three sets of vacuum

actuators, switchgears and microfluidic components. The entire system can be easily fabricated and is fully

disposable. We have successfully demonstrated DNA extraction from a urine sample using a dimethyl

adipimidate (DMA)-based extraction method and the performance of the DNA extraction has been con-

firmed by genetic (HRAS) analysis of DNA biomarkers from the extracted DNAs using the SSNES. Therefore,

the SSNES can be widely used as a powerless and disposable system for DNA extraction and the syringe-

based vacuum actuator would be easily utilized for diverse applications with various microchannels as a

powerless fluidic pump.

Introduction

With advances in medical technology, various Point-Of-Care
(POC) testings, which enable medical diagnosis to be
performed near the patients, are becoming more widely
available.1–3 A POC diagnostic system provides the patients'
health status in a relatively faster, cheaper and easier way
than existing methods. Especially, POC technology enables

effective prevention and early detection of diseases.4,5 There-
fore, many research groups have devoted enormous efforts to
developing POC diagnostic systems for various diseases. In
the first stage of POC diagnostic system development, some
requirements such as (i) Affordable, (ii) Sensitive, (iii) Spe-
cific, (iv) User-friendly, (v) Rapid and robust, (vi) Equipment-
free and (vii) Deliverable to end-users (ASSURED) should be
considered.6,7

Microfluidic lab-on-a-chip (LOC) systems are the most suit-
able platform for the satisfaction of the ASSURED require-
ments. Basically, bio-analytical devices integrated with micro-
fluidic components can be used for multi-step processes,
which used to be separately performed on a large scale, in a
miniaturized system with fast analysis time, high sensitivity
and specificity.8,9 Especially, polymeric material-based micro-
fluidic components have many advantages including low-cost
fabrication, duplicability and disposability. For a few decades
now, the classical POC diagnostic device, “dipstick”, has been
actively used for tests for pregnancy, influenza, cardiac
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markers and other infectious diseases.10–12 These inventions
successfully provide a cost-effective and easy-to-use method.
This type of POC diagnostic system, however, has limitations
when being used for multi-step and complex fluid handling
required for molecular diagnostics.12 The workflow for molec-
ular diagnostics is typically divided into few steps including
sample processing for nucleic acid extraction/purification,
target amplification and signal read-out. Many LOC technolo-
gies, which can be operated in a simple manner without any
additional equipment, have been developed for the target
amplification and signal read-out steps.13–17 Unlike other
steps, sample preparation steps require the implementation
of several active components (pumps, valves and reactors)
onto the microfluidic component due to its multi-step proto-
col (e.g. separation, lysis and purification). Fluidic pumps
and valves are among the key active components of an LOC
system; however, they often require on-line electrical power
or batteries and make the whole system bulky and complex,
therefore limiting its application to POC testing. A number of
pump and valve components for microfluidic control have
been actively studied for the development of equipment-free
and user-friendly POC diagnostic systems. Microfluidic
devices that utilize capillary force18–21 such as Microfluidic
Paper-based Analytical Devices (μPADs)19,20 as well as gravity-
driven pumps22,23 have been widely used as actuation sources
to transport samples in POC diagnostic systems. Recently, for
the self-powered microfluidic device, the method to pre-load
vacuum inside the microfluidic device via a degassing process
has been developed and used.24,25 Several research groups have
developed hand-operated pumps as powerless pumps in POC
devices.26–29 The pumps are operated with direct pressure by
pushing elastic polymers implemented on the inlets of POC
devices. A disposable syringe has been the popular choice as
a power source.30–32 It can act as a vacuum source or a pres-
sure source. Chin et al. recently developed a POC assay that
utilized tubing pre-loaded with multi-step reagents and a
syringe as the vacuum source.32 They successfully demon-
strated that such a device can perform immunoassay for the
diagnosis of infectious diseases in POC setting. While the
pumps have advantages in the low-cost and simple process of
fabrication, they have limitations for the reaction steps of the
multi-step protocol which require precise flow rate control
for sample processing in molecular diagnostics. More impor-
tantly, different flow rates can be required for different pro-
cess steps in a device, which have not been produced by
these pumping devices. Together with the development of
powerless pumps, various types of powerless valves have been
developed for microfluidic devices.33–38 Microvalves are
important as active components in the bio-analytical process
to control fluid flows by opening or closing fluidic passage-
ways. The valve operation is strongly related to an actuation
mechanism and its application. Therefore, it is necessary to
develop a straightforward and simple powerless controllable
pump with availability of sequential injection including a
washing step and a suitable microvalve to establish an
equipment-free POC diagnostic system.

In this paper, we report a self-powered switch-controlled
nucleic acid extraction system (SSNES) for the sample prepa-
ration step of a POC diagnostic process. The restoring force
of the compressed air inside a blocked syringe was used as
the actuating energy to achieve an equipment-free vacuum
actuator. In our system, the flow rate and volume of the
pulled reagent for each unit can be separately controlled by
selecting syringes with different sizes and the initial location
of the plunger of the vacuum actuator. Before the prototype
fabrication of the SSNES, the working principle of a power-
less vacuum actuator was suggested and validated by numeri-
cal modelling and experimental testing. Then, the portable
and disposable SSNES was realized by assembling three sets
of the vacuum actuator, the switchgear and microfluidic
channels. In the DNA extraction process, DMA, which was
characterized in our previous work,39 was used as a non-
chaotropic reagent to eliminate some required injection steps
for the extraction process and derestrict material selection of
DNA extraction devices. Finally, the performance of the
SSNES was demonstrated by genetic analysis of extracted
DNA using the HRAS gene and the result was investigated
through gel electrophoresis.

Scheme of SSNES

The structure of the SSNES is largely separated into two com-
ponents. Fig. 1 presents the schematic diagram of the struc-
tures and simplified operation procedures of the SSNES. The
first component of the SSNES is a vacuum actuator made of
two disposable syringes, which are indicated at the left side
of the schematic diagram. The actuator consists of an opened
syringe, a blocked syringe, a syringe binder, a stopper and a
container with supporting slots for the stopper and flanges of
the syringes. The opened syringe and the blocked syringe act
as a working syringe and an actuating syringe in the system,
respectively. The two syringes are held together by a syringe
binder which joins the plunger ends and the flanges are fixed
by slots on the side wall of the container to work as a part.
Then, in order to generate potential energy, the syringe
binder is pushed up and fixed at a supporting slot by a stop-
per. The vacuum actuator is operated by the generated nega-
tive pressure due to the restoring force of the compressed air
inside the blocked syringe.

The second component is a Venus symbol shape of the
switchgear where the ellipse part is used as the reagent reser-
voir and the cross part is used as the push-button for the vac-
uum actuator. The vacuum actuator is activated by pushing
in the stopper to fall off from the supporting slot. When the
switchgear is pushed in, the outlet of the reagent reservoir is
aligned to the underneath of the liquid inlet of the main
channel, which allows the reagent to flow into the main
channel under negative pressure of the actuator. The detailed
schematic diagram is shown in Fig. 1. For the on–off valve
function, the switchgear is slid to connect (on) or disconnect
(off) both coupling holes. The vacuum actuator and the
switchgear are assembled together to make one unit of the
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SSNES as shown on the right side of Fig. 1. In a SSNES,
when the switchgear part is pushed in to fall off a stopper,
the plungers of two bound syringes descend due to the
restoring force of the compressed air within the blocked
syringe and consequently, negative pressure is generated in
the opened syringe, which is connected to the outlet of the
main channel via Tygon tubing. Finally, under the negative
pressure, the reagent fluid is pulled from the reservoir and
flows through the main channel into the opened syringe. A
rubber O-ring is placed in between coupling holes of the
reservoir and the main channel in order to prevent leakage
of the reagent and keep the vacuum pressure within the
entire unit.

Method
Modelling of powerless vacuum actuator

Prior to the experiments with the prototype, we first exam-
ined the effect of the volume of compressed air and com-
pressibility on the velocity of descending plungers and the
flow rate of the pulled reagent using a theoretical model.
Fig. 2(a) presents the schematic diagram of a blocked syringe
to demonstrate a plunger motion with the compressed air
generated by pushing the plunger into the syringe. In order

to derive the equation of the plunger motion, energy conser-
vation under adiabatic conditions was considered as:

ΔW = ΔKE + ΔPE (1)

Fig. 1 Schematic diagram of the structures and simplified operation procedures of the SSNES. (Left part) a powerless vacuum actuator made of
two disposable syringes (working and actuating). The generation of potential energy via pushing up syringe ends held by a syringe binder and
fixing at a supporting slot by a stopper. (Middle part) a multi-function switchgear component including a Venus symbol shape of the switchgear
(reagent reservoir, push-button for the vacuum actuator and on–off valve function). The operation of the switchgear component by sliding the
Venus symbol shape of the switchgear to connect (on) or disconnect (off) the outlet of the reservoir and the inlet of the main channel (middle
insets i & ii). (Right part) a unit of SSNES assembled by inserting the powerless vacuum actuator into the switchgear component. The working pro-
cess of the unit of SSNES following the sequence: removal of a stopper by pushing the switchgear, descent of two bound syringes due to the
restoring force of the compressed air within the blocked syringe, generation of negative pressure in the opened syringe and pulling of the reagent
fluid from the reservoir by flowing through the main channel into the opened syringe.

Fig. 2 (a) Schematic diagram of single blocked syringe to demonstrate
the plunger motion induced by the restoring force of the compressed
air after pushing the plunger into the blocked syringe and (b) free-
body diagram with parameters used in the modelling process to deter-
mine the forces applied to a plunger inside a cylinder of the syringe.
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where ΔW is the work generation by the expanded air, ΔKE is
the kinetic energy change and ΔPE is the potential energy
change. Due to the extremely lower value of ΔPE than ΔW,
ΔPE can be ignored and ΔW (ΔW = maΔs) is directly converted
to ΔKE (ΔKE = mĲvl

2 − vp
2)/2) without ΔPE as:

aΔs = (vl
2 − vp

2)/2 (2)

where vl is the later velocity of a plunger, vp is the previous
velocity of a plunger, a is the acceleration of a plunger and
Δs is the location change of a plunger. In addition, Δs is
defined as:

Δs = sl − sp (3)

where sl is the later location of a plunger and sp is the
previous location of a plunger. This simple eqn (2) is
well-known as the Torricelli equation40 which is used
to find the later velocity without having known time
intervals.

Fig. 2(b) displays a free-body diagram to determine the
forces applied to a plunger inside a cylinder. As shown in
Fig. 2(b), the net force applied to a compressed plunger is
represented as follows:

(4)

where

Fg = PgAp (5)

where

Pg = Pe − Patm (6)

where Fg is the resultant force generated by a gas, Ff is the
friction force of a rubber-covered plunger with the inner wall,
m is the mass of a plunger, Pg is the applied total pressure to
a plunger, Ap is the cross-section area of a plunger, Pe is the
expansion pressure of the compressed gas and Patm is the
atmospheric pressure. Fg consists of Pg and Ap as defined in
eqn (5). In addition, Pg is mainly influenced by Pe and Patm
as shown in eqn (6).

When compression or expansion takes place under
adiabatic conditions inside a well-sealed cylinder, Pe
varies with the volume of the compressed air by the poly-
tropic process equation of an ideal gas, PV1.4 = Const′. In
addition, the compressibility factor is the ratio between
the volume of a gas and the volume of an ideal gas. The
factor varies with the effect of temperature or pressure
changes. Under our experimental conditions (pressure of
1 to 2 atm and isothermal at room temperature), the fac-
tor is almost 1 (0.9999), thus the compressibility of air
can be negligible. The motion of a plunger induced by
compressed air will be stopped at the final location of
the plunger (sf) when Pe approaches Patm. For a well-

sealed cylinder, sf is almost the same as the initial loca-
tion before compressing the plunger. In this case, Pe
along with sl is defined with known values of Patm and sf
as:

PeAp
1.4sl

1.4 = PatmAp
1.4sf

1.4 (7)

(8)

According to the above relationship, Pg is redefined as eqn
(8) by substituting Pe from eqn (7) into eqn (6).

As the working space is miniaturized, the contact force
becomes more dominant for the motion of the plunger than
the body force and is composed of complicated factors. Espe-
cially, the friction force of the rubber-sealed plunger in circular
cylinders varies with the velocity and pressure of an object as
follows:

(9)

where μ is the dynamic viscosity of the flowed fluid in the
friction region.41 Constants C and D of the friction force
are determined as:

(10)

D = πμDrl/δ (11)

where B is the bore size of a cylinder, d is the diameter of a
rubber seal, E is the Young's modulus of rubber, ε is the elas-
tic strain rate of a rubber seal, Dr is the diameter of a plunger
rod, l is the contact length between a cylinder and a rubber-
sealed plunger and δ is the clearance gap between a cylinder
and a plunger (eqn (10) and (11)).

Unlike Xia et al.'s study,41 in our system, the rubber fric-
tion of the plunger should be doubled since the actuating
part (i.e. blocked syringe) and the working part (i.e. opened
syringe) need to act in tandem in order to function as a vac-
uum actuator as described in the previous section. There-
fore, from here on, the constants C and D will be replaced
with 2C and 2D. By replacing Fg and Ff in eqn (4) with eqn
(5) and (9), a is rewritten as eqn (13) and substituted into
eqn (2) as:

(12)

where

(13)
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After transposing and raising eqn (12) to eliminate the
square root, the quartic equation with respect to vl is
defined as:

(14)

Fig. 3(a) and (b) show the plots of the theoretical results for
the flow rates of the pulled fluid (Q = vlAp) versus the loca-
tion of the compressed plunger (sc = sf − sl) obtained using
eqn (14). In this work, we selected three commonly used BD
disposable syringes (3, 5 and 10 mL) and other parameters
were experimentally determined or obtained from the BD
syringe specifications (see supplemental Table S1† for
values). We set the initial location of the plunger to 0 (the
initial location means the location of the plunger when the
syringe head is blocked in order to create an air chamber)
and the starting location to −10 mm (the plunger is pushed
in 10 mm from the initial location after the syringe head is
blocked).

The flow rates of the pulled fluid induced by the working
syringe for the 3, 5 and 10 mL syringes are compared in
Fig. 3(a). Even though the three sets of syringes have differ-
ent dimensions, the flow rates of the different syringe sets
are within a narrow range from 25 μl s−1 to 35 μl s−1 at the
maximum speed. Therefore, we chose 3 mL syringes for the
vacuum actuator from here on. Fig. 3(b) shows the flow rates
of the pulled fluid depending on different initial locations of
plungers in a set of 3 ml BD syringes. The flow rates decrease
when the initial location of the plunger is farther from the
syringe head (38 vs. 48 vs. 58 mm) since the ratio of the vol-
ume of compressed air to that of the air chamber in the

blocked syringe decreases (0.26 vs. 0.21 vs. 0.17). These
results show that the volume as well as the flow rate of the
pulled liquid can be easily controlled by selecting syringes
with different sizes and the initial location of the plunger of
the powerless vacuum actuator. In general, a relatively low
flow rate of the elution buffer is advantageous for breaking
covalent bonds. When we connect the vacuum actuator to a
microfluidic component with storage channels (SI, SII and
SIII) for the elution of DNA, the flow rate of the elution buffer
is reduced from 30 μl s−1 to below 3 μl s−1 due to fluidic resis-
tance of the reagents. In the case of using DMA as a DNA cap-
turing agent, we confirmed the elution performance by end-
point PCR using different flow rates of the elution buffer
ranging from 1 ml h−1 (0.28 μl s−1) to 3 ml h−1 (0.83 μl s−1).
After flowing 50 μl of the elution buffer, the flow rate is con-
tinuously reduced and is within the range 0.28 μl s−1 to 0.83
μl s−1. In this project, we chose the initial plunger location of
58 mm since the flow rate is suitable for our DNA extraction
system.

For the verification of the theoretical results, we experi-
mentally measured the flow rate of the reagent using the
powerless vacuum actuator made of a set of 3 ml syringes.
The flow rate versus the (actual) location of the plunger (sl)
derived from the theoretical calculation using eqn (14) and
the experimental data are compared in Fig. 3(c). For the theo-
retical calculation, we set the value of location change, Δs, as
0.0017 m which is one increment of the 3 ml BD syringe.
Finally, vl was calculated using eqn (14) and the flow rates
were vl multiplied by the cross-section area of the syringe.
For the experimental set-up, 3 ml of the blocked BD syringe
was compressed by pushing a plunger and released. The
plunger motion was recorded by means of a digital camera
and the experiments were repeated three times. The captured
images from the experimental video are presented in Fig. S2†
to explain the detailed measurement and calculation pro-
cesses. The velocity of the plunger was obtained using
elapsed time for one increment movement from the recorded
video and the flow rates of the pulled fluid were calculated

Fig. 3 Resulting plots of the theoretical results for the flow rates of pulled fluid (Q = vlAp) according to the location of the compressed plunger
(sc = sf − sl) from −10 mm (pushed plunger in 10 mm from the initial location after blocking the syringe head) to 0 (the blocked position of the syringe
head to create an air chamber) using (a) different volumes of syringe sets (actuating & working) (3 ml (red), 5 ml (blue) and 10 ml (grey) syringes)
and (b) different initial locations of plungers in a set of 3 ml BD syringes (58 mm (grey), 48 mm (blue) and 38 mm (red)) and (c) theoretical results
for the flow rates of pulled fluid versus the (actual) locations of a plunger from 0.0481 m to 0.058 m with 0.0017 m increment (blue) using a set of
3 ml syringes and their comparison with experimental flow rates (red) under the same conditions.
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using the velocity and the cross-section area of the cylinder.
The theoretical and experimental data agree well with each
other. In addition, the on–off valve function of the switchgear
component was independently investigated using the PMMA
prototype of the microchannel-attached switchgear compo-
nent (Fig. S1†). Through functional testing, we confirmed the
potential to use the switchgear as an on–off valve for a pump
operated by negative pressure.

Design and fabrication

The prototype of the SSNES was constructed using disposable
syringes, a PMMA sheet, double-sided tape and rubber
O-rings. The SSNES consists of three sets of vacuum actua-
tors, switchgears and microfluidic components. Fig. 4(c) pre-
sents the components and the detailed parts of each compo-
nent are shown in Fig. 4(a), (b), (d) and (e). For a powerless
vacuum actuator component, all parts were designed as a
convex-groove structure and fabricated by cutting 2 mm
thickness of a PMMA sheet using a CO2 laser cutting
machine (Universal Laser Systems, AZ, USA) (Fig. 4(a)). The
designs of the parts for the vacuum actuator component can
be flexible depending on the dimensions of the syringes. The
size of the container, however, should be large enough to pre-
vent contact friction with the syringe binder part. In addition,
the compressibility of the air inside an actuating syringe can
be controlled with the fitted position of a stopper in support
slots. Fabricated PMMA parts were assembled by fitting con-
vex structures into groove structures without any adhesive. A
switchgear component consists of a lower cover, an interme-
diate part, an upper cover with a coupling hole, switchgear
assemblies, rubber O-rings, screws and nuts. Both covers and
the intermediate part which includes the movement space

for the switchgear assemblies were fabricated by cutting 2
mm thickness of a PMMA sheet (Fig. 4(b)). They were assem-
bled by attaching 0.1 mm thickness of double-sided tape
(3M, USA) on both sides of the intermediate part and fasten-
ing bolts with nuts. Before assembling, the switchgear assem-
blies were placed in the movement space of the intermediate
part with rubber O-rings. The detailed composition of the
switchgear assembly is a base layer, a coupling channel layer
and a reagent reservoir layer as shown in Fig. 4(d). The
dimensions of the reagent reservoir depend on the volume of
a target reagent. The base, coupling channel and reagent res-
ervoir layers were fabricated using 0.5 mm, 0.5 mm and 1
mm thicknesses of PMMA sheets, respectively, and assem-
bled using 0.1 mm thickness of double-sided tape attached
on both sides of the coupling channel layer. As mentioned
above, the microfluidic component should include three
independent inlets and outlets, a mixing channel and a bind-
ing channel for DNA extraction. Therefore, the microfluidic
component was composed of five layers as shown in Fig. 4(e)
and the detailed design and pathways of reagents are
described in Fig. S3† (from the top, 1st layer – an APTES-
treated slide glass, 2nd layer – 1 mm width and 0.5 mm
thickness of a meandering channel as the binding channel,
3rd layer – 0.2 mm thickness of a coupling layer, 4th layer – 1
mm width and 0.5 mm thickness of a spiral channel as the
mixing channel and 5th layer – 0.2 mm thickness of a cou-
pling layer). In order to enhance the performance of DNA
binding, the APTES-treated slide glass was fitted with an iso-
lated binding channel. PMMA sheets sandwiched between
two double-sided tapes were cut together along channel
designs and the remaining sticky regions were covered by
coupling layers. Finally, the SSNES was realized by inserting
three powerless vacuum actuator components into a

Fig. 4 Breakdown of the illustrated parts of the SSNES (c) and its components: a powerless vacuum actuator component (a: an actuating syringe,
a working syringe, a syringe holder, a stopper, a syringe binder assembly and four syringe container walls), a switchgear component (b: a lower
cover, an intermediate part, an upper cover with coupling holes, Venus symbol shape of switchgear assemblies, rubber O-rings, screws and nuts),
detailed parts of the switchgear assemblies (d: a base layer, a coupling channel layer and a reagent reservoir layer) and a microfluidic component
(e: an APTES-treated slide glass, two coupling layers, a binding channel layer and a mixing channel layer). The powerless vacuum actuator is
constructed by fitting convex-groove structures and the other components are assembled by attachment using double-sided tape.
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switchgear component and attaching a microfluidic compo-
nent onto the front side of the switchgear component with a
spacer.

Experimental
Materials

Distilled (DI) water and phosphate-buffered saline (1× PBS)
were purchased from Invitrogen (Carlsbad, CA).
3-Aminopropyltriethoxysilane (APTES), bovine serum albumin
(BSA), dimethyl adipimidate (DMA), sodium bicarbonate, aga-
rose and ethidium bromide (EtBr) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Lysis buffer (AL buffer
and proteinase K), 10× PCR buffer, MgCl2, deoxynucleotide
triphosphate and Taq DNA polymerase were purchased from
Qiagen (Hilden, Germany). Other chemicals were of analytical
reagent grade and were used as-received. All reagents and
buffers were prepared using DI water and PBS.

DMA-based DNA extraction using a disposable microfluidic
chip

In this work, we performed DMA-based DNA extraction in the
microfluidic device. DMA is a non-chaotropic DNA capturing
reagent, where its bi-functional imidoesters reversibly cova-
lently bind with the amine groups on the sticky ends of the
fragmented DNA.39 In the DMA-based DNA extraction pro-
cess, the cell lysis and pre-modification steps can be carried
out as a single step in a mixing channel. In addition, for a
urine sample, a separation channel or a separation technique
is not required to be integrated into a microfluidic compo-
nent for the DNA extraction process since urine is relatively
clean compared to blood with abundant red blood cells. For
the mixing of reagents during the DNA extraction process, a

spiral-shaped micromixer using the transverse Dean-vortex
phenomenon is frequently used.39,42 Therefore, we designed
spiral micromixers in a microfluidic component for the cell
lysis and pre-modification steps. The detailed design of four
sets of spiral micromixers is presented in Fig. S3.† For the
purification of extracted DNAs, binding the DNA and wash-
ing the bound DNA are necessary. In this case, amine
modification is frequently carried out on the surface of a
binding channel to capture the DNA. In this work,
3-aminopropyltriethoxysilane (APTES) solution is used for the
amine modification. In addition, covalent bonds of silane in
APTES solution are easily formed with materials with a
silanol group-containing surface such as glass or silicon.
Thus, we chose a slide glass as the binding region and modi-
fied the surface using APTES. The process of amine modifica-
tion with APTES was performed as follows: (i) the slide glass
was treated with oxygen plasma to activate silanol groups
using an NT-2 plasma cleaning system (Anatech Ltd., CA)
under 100 W of treating power in an O2 flow rate of 80 sccm
for 60 s, (ii) the activated glass was immersed in 2% APTES
solution in 95% ethanol (v/v; 5% H2O with 95% ethanol) for
2 h, (iii) the APTES-treated glass was washed with ethanol
and DI water for 5 min three times and dried under a nitro-
gen stream and (iv) the surface was cured at 120 °C for 15
min in a convection oven (Memmert, Frankfurt, Germany). In
order to enhance the binding efficiency, we designed a wide
meandering channel and covered the modified slide glass
onto the isolated meandering channel.

Operating procedure

Fig. 5 shows the photographs of the assembled SSNES. When
switchgears are pushed in, the stoppers, held in support

Fig. 5 Photographs of the assembled SSNES with (a) the working principle of the SSNES following the sequence: fall of the stopper by pushing
switchgears with prominent ends (switch), descent of the syringe binder induced by compressed air pressure and pulling of reagents from the
reservoirs passing through a microchannel by negative pressure under connected conditions and (b) procedure instructions of DNA extraction
with different roles of reservoirs and storages in the system. Three reservoirs contain (RI) the mixture of lysis buffer (50 μl of AL buffer with 5 μl of
proteinase K) with 100 μl of DMA, (RII) 300 μl of PBS buffer and (RIII) 150 μl of an elution buffer. The DNA extraction process is initiated by placing
50 μl of urine into RI and the three solutions inside the reservoirs are sequentially injected. At the end of the process, 50 μl each of eluted DNA is
separately collected in SI, SII and SIII as shown in the enlarged view (red-colored box).
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slots, fall off by the prominent ends of the switchgears. As a
result, a syringe binder descends due to compressed air pres-
sure and reagents are pulled from the reservoir passing
through a microchannel by negative pressure (Fig. 5(a)).
Fig. 5(b) shows the finished prototype of the SSNES. RI, RII
and RIII represents the first, second and third reservoirs for
reaction agents, respectively. RI contains the mixture of lysis
buffer (50 μl of AL buffer with 5 μl of proteinase K) with 100
μl of DMA for the cell lysis and DNA binding steps. In addi-
tion, 300 μl of PBS buffer is placed into RII to ready for wash-
ing and purification of the sample, and 150 μl of elution
buffer (pH 10.6, 10 mM sodium bicarbonate) is placed into
RIII to ready for the elution of extracted DNAs. Finally, RI,
RII and RIII are covered with polycarbonate tape (PC tape)
(3M, USA) to prevent the contamination of buffers and agents
before operation. For the collection of extracted DNA, a thin
plastic container is attached to the third working syringe.
The container is divided into three sections (50 μl each) in
order to investigate the amount of extracted DNA in different
portions of elution buffer (front (SI), middle (SII) and end
(SIII)) exiting from the microchannel.

The development of the SSNES aims it to be a user-
friendly system which can be dealt by a non-professional user
with simple instructions. Typically, urine can be easily self-
collected by users at home and is therefore a suitable sample
for point-of-care diagnosis. The operation procedure for the
SSNES is as follows. Firstly, the user is to detach the PC tape
from RI and add 50 μl of urine into RI using a disposable
pipette and then push in RI. When the RI is pushed in, the
powerless vacuum actuator I is initiated and starts pulling
the reagent from RI. A mixture of lysis buffer, DMA and urine
is injected into the first inlet of the microchannels and the
solution is mixed in the spiral micromixers. The lysis reac-
tion and simultaneous binding of DMA and extracted DNA
occur during this step. While the mixture solution is passed
through a binding channel, the DNA/DMA complexes are cap-
tured onto the APTES-treated slide glass. After passing

through the binding channel, the rest of the mixture is
flowed into a working syringe in the first vacuum actuator. At
this point, the user should pull out RI to complete the first
step. Then, the user is to detach the PC tape from RII and
push in RII. In a similar way as the first step, 300 μl of PBS
buffer is introduced into the second inlet of the micro-
channels to wash away non-specific and unbound molecules.
Then, the waste is flowed into a working syringe in the sec-
ond vacuum actuator. For the last step of the DNA extraction
process, the user pushes RIII in after pulling RII out and
detaching the PC tape from RIII. 150 μl of an injected elution
buffer is flowed through a binding channel to elute DNA by
breaking the covalent bonds between the amine groups (of
DNA as well as APTES) and DMA. Each 50 μl of eluted DNA is
separately collected in SI, SII and SIII as shown in the
enlarged view (red-colored box) in Fig. 5(b). The entire pro-
cess takes 10 min or less. In short, the user would operate
the SSNES by simple steps of detaching tape, adding urine,
and pushing and pulling switchgears. It provides quite an
easy process and automatically guided flows to destinations
(waste or storage) via separating actuation elements for the
user-friendly sample preparation of POC diagnostics.

Results and discussions
Downstream analysis of extracted DNAs

In order to confirm the DNA extraction performance of
the SSNES, downstream analysis of extracted DNAs was
carried out with the HRAS gene, which is one of the DNA
biomarkers for bladder cancer, using a PCR technique.43

The eluted DNA was amplified using primers for the HRAS
gene (forward: 5′-TTTTCCCATCACTGGGTCAT-3′, reverse: 5′-
GCCTCTCCCTGGTACCTCTC-3′) by conventional PCR and the
results were confirmed through gel electrophoresis. The
eluted DNA was collected from SI, SII and SIII as shown in
Fig. 6(a). Firstly, conventional PCR was performed with a Taq

Fig. 6 Genetic analysis of extracted DNAs with the HRAS gene (450 bp) by conventional PCR and gel electrophoresis. Images of (a) collection of
eluted DNA from the first 50 μl of eluted DNA (SI), the second 50 μl of eluted DNA (SII), the third 50 μl of eluted DNA (SIII) and the master mix
without DNA as a negative control (N), and (b) electropherogram results of stained PCR amplicons using SI, SII, SIII and N according to different
sized molecules with EtBr on an agarose matrix. Extraction processes and visualizations were repeated three times and the results were confirmed
to have similarities.
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PCR core kit. The reaction mix included 2.5 μl of 10× PCR
buffer, 2 μl of 2.5 mM MgCl2, 2 μl of 0.25 mM
deoxynucleotide triphosphate, 2 μl each of 25 pmol forward
and reverse primers for the HRAS gene and 0.5 μl of Taq DNA
polymerase (1 unit). The amplification of the master mix was
performed with 35 cycles at 95 °C, 60 °C and 72 °C for 30 s,
30 s and 30 s, respectively. After 35 cycles, an elongation step
was carried out at 72 °C for 7 min. Secondly, the PCR
amplicons were visualized by gel electrophoresis. The gel was
formed by curing 2 g ml−1 (2%) agarose pre-polymer with 1.5
μl of ethidium bromide (EtBr) for 60 min. Fig. 6(b) presents
the electropherogram result of stained PCR amplicons
according to different sized molecules with EtBr on an aga-
rose matrix. M, SI, SII, SIII and N lanes in the result indicate
the DNA ladder, amplified DNA samples from SI, SII and SIII,
and no DNA template as a negative control, respectively.
Band intensities directly indicate the quantity of HRAS genes
in the PCR amplicons. From the dark bands of all extracted
DNAs (SI, SII and SIII) unlike the negative control (N), we can
confirm the existence of abundant HRAS genes in the
extracted samples and the successful DNA extraction using
the SSNES. In addition, extraction processes and visualiza-
tions were repeated three times and the results were con-
firmed to have similarities. Therefore, we expect that the
SSNES can be widely used as a user-friendly operated and dis-
posable powerless DNA extraction system and the syringe-
based vacuum actuator would be easily utilized for diverse
applications with various microchannels as a powerless flu-
idic pump.

Conclusion

In this paper, we present the development of a self-powered
switch-controlled nucleic acid extraction system (SSNES) that
can extract DNA from body fluids in 10 min with simple oper-
ation steps. The entire system is mainly made of disposable
syringes and plastic substrates and could be manufactured at
low cost. The SSNES consists of a series of powerless vacuum
actuator and switchgear units. The syringe-based vacuum
actuator is used to generate negative pressure to pull samples
and reagents through a microchannel. The flow rate and vol-
ume of the pulled reagent for each unit can be controlled by
selecting syringes with different sizes and the initial location
of the plunger of the vacuum actuator. The on–off valve func-
tion is provided by the Venus symbol shape of the switchgear
which can also function as a reagent reservoir and a start-
button for the vacuum actuator. The end-user can easily oper-
ate the SSNES through simple steps of detaching tape, and
pushing and pulling switchgears for clinical sample process-
ing. The actuating syringe can be pre-loaded to provide the
required flow rate by the manufacturer of the SSNES. The
pre-loaded vacuum actuator can be stored in a normal envi-
ronment for over a month without losing the pressure. The
maintenance performance of the pre-loaded vacuum actuator
is evaluated by flow rate testing a month after loading the
actuating syringe. Further optimization and storage condition

studies are ongoing. Our device has great potential to be used
for POC applications because it is disposable, self-powered,
fast, inexpensive and simple to use. Furthermore, its simple
structure makes it easy to integrate with other LOC systems
for POC molecular diagnostics.
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