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PMMA/PDMS valves and pumps for disposable microfluidics
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Poly(methyl methacrylate) (PMMA) is gaining in popularity in microfluidic devices because of its low
cost, excellent optical transparency, attractive mechanical/chemical properties, and simple fabrication
procedures. It has been used to fabricate micromixers, PCR reactors, CE and many other microdevices.
Here we present the design, fabrication, characterization and application of pneumatic microvalves and
micropumps based on PMMA. Valves and pumps are fabricated by sandwiching a PDMS membrane
between PMMA fluidic channel and manifold wafers. Valve closing or opening can be controlled by
adjusting the pressure in a displacement chamber on the pneumatic layer via a computer regulated
solenoid. The valve provides up to 15.4 uL s~' at 60 kPa fluid pressure and seals reliably against forward
fluid pressure as high as 60 kPa. A PMMA diaphragm pump can be assembled by simply connecting
three valves in series. By varying valve volume or opening time, pumping rates ranging from nL to pL
per second can be accurately achieved. The PMMA based valves and pumps were further tested in

a disposable automatic nucleic acid extraction microchip to extract DNA from human whole blood.
The DNA extraction efficiency was about 25% and the 260 nm/280 nm UV absorption ratio for
extracted DNA was 1.72. Because of its advantages of inexpensive, facile fabrication, robust and easy
integration, the PMMA valve and pump will find their wide application for fluidic manipulation in

portable and disposable microfluidic devices.

1. Introduction

About three decades after the first gas chromatography analyzer
was fabricated on silicon' and two decades after the concept of
“miniaturized total chemical analysis system” (or pTAS) was
proposed by Manz et al.,> microfluidic chips have emerged as
important tools in biological and life science, especially in cell
handling,>* separation,®® DNA sequencing,”*® and biomolecule
detections.'" In the early stage, microfluidic chips were mainly
fabricated on silicon or glass substrates** because their fabri-
cation techniques have been well established in the semi-
conductor industry. In addition, glass substrate has the
advantages of excellent optical transparency, electrical conduc-
tivity, dielectric properties and corrosion resistance. However,
the applications of glass as a substrate have been compromised
by the high cost, the fragileness and the harmful and complicated
fabrication procedures.”® In contrast, polymers, including
PDMS, PMMA, PC etc., have become important substrates
because they are less expensive, disposable, and applicable for
mass replication technologies, as well as for the methods of rapid
prototyping. Typically, for the same area and optical trans-
parency, a glass substrate may cost 10 to 100 times more than
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a polymer substrate.’® As the least hydrophobic one in the
common plastic materials,"”” PMMA is particular useful for
disposable microfluidic chips because of its low price, rigid
mechanical property, excellent optical transparency, and
compatibility to electrophoresis.’®2° Furthermore, there are
a variety of methods developed for mass production of PMMA
microdevices with high fidelity, which include hot embossing,
solvent imprinting, thermal bonding, injection molding and laser
ablation, efc. As a result, PMMA has been used as substrates for
a great number of microfluidic devices including mixing analysis
chip,?! DNA sequencer?>?® and electrophoresis chip.2* However,
so far there is still no PMMA valve reported. To take full
advantage of PMMA for microfluidic applications, it is impor-
tant to develop PMMA based valves and pumps.

A microvalve has the ability to manipulate and transport
solutions in microchannels, which is one of the fundamental
issues of microfluidics. Several ways have been reported for fluid
control and manipulation on chip such as electroosmosis con-
trol*® and microvalve control. Among them, electroosmosis
control is easier and more flexible to be manipulated, but it is
sensitive to many factors such as buffer properties, the compo-
nent of channel surface, and the longitudinal electric field
intensity, and thus difficult to control. The development of
a simple method of fabricating pneumatically activated valves on
the basis of soft-lithographic procedures by Quake’s group has
made a significant contribution to the field.?* The PDMS/PDMS
valve has been widely accepted and applied in applications such
as automated DNA computing,>” PCR-CE,*®?*° mixers,**?
immunoassays** and single-cell analysis.**3¢ Based on the prin-
ciples of the diaphragm valves, Mathies and co-workers®” have
reported two kinds of air pumps for glass chips by using a three
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or four-layer structure. These glass based valves are suitable for
large-scale integration into glass devices for chemical and
biochemical assays. In addition, the four-layer valve and pump
design incorporates an all-glass fluidic system to minimize fluid-
PDMS contact for improving chemical compatibility and
minimize nonspecific absorption problem of PDMS. These
microvalves and micropumps have shown their advantages in
applications such as capillary electrophoresis,®®* DNA
sequencing,**5 PCR reaction,*° droplet generation,®® DNA
computing,3>*3 cell capturing,® and other microfluidic devices.*

In an attempt to develop low cost microchips for disposable
applications, we present the design, fabrication, characterization
and application of pneumatic microvalves and micropumps
based on PMMA that can be easily used to assemble with other
microfluidic PMMA analysis devices. Valves and pumps are
fabricated by sandwiching a PDMS membrane between PMMA
fluidic channel and manifold wafers. Valve closing or opening
can be controlled by adjusting the pressure in a displacement
chamber on the pneumatic layer via a computer regulated sole-
noid. The valve provides up to 15.4 uL s~' at 60 kPa fluid pres-
sure and seals reliably against forward fluid pressure as high as
60 kPa. A PMMA diaphragm pump can be assembled by simply
connecting three valves in series. A stable and controlled
pumping rate ranging from nL to pL per second can be attained
by regulating the valve chamber volume, pneumatic pressure,
and valve activation time (valve opening time). The PMMA
based valves and pumps were further tested in a disposable
automatic nucleic acid extraction microchip to extract DNA
from human whole blood. The DNA extraction efficiency was
25% and the 260 nm/280 nm UV absorption ratio for extracted
DNA was 1.72. DNA extracted on chip from blood samples can
be used directly as PCR template for downstream amplification.
Because of its advantages of low cost, facile fabrication, robust
and easy integration, the PMMA valve and pump will find wide
application for fluidic manipulation in portable and disposable
microfluidic devices.

2. Materials and instruments
Materials

PMMA used as the microfluidic chip substrate was purchased
from Shenzhen Rising Lucite Chemical Industry Co. Ltd. PDMS
(polydimethylsiloxane) membrane (254 pm thick HT-6240) was
purchased from Bisco Silicone (Elk Grove, IL, USA). Char-
geSwitch Beads for on-chip DNA extraction were purchased
from Invitrogen Corporation (Carlsbad, CA, USA). Taq poly-
merase was supplied by Promega (Madison, America). Forward
primer 5-GAA GTT GTC ATT TTA TAA ACC TT and reverse
primer 5-TGT CTT TTC TTC CCT AGT ATG T for human
BRCAL1 gene were synthesized in house using a Polygen 12 DNA
synthesizer (Munich, Germany).

Instrument

CO, Laser (Licheng Company Inc., Guangzhou, China) was
applied to engrave PMMA wafer. A UVO-cleaner (Jelight
Company Inc., CA, USA) was used for PMMA wafer surface
treatment. Advancing contact angles were measured on static
droplets using a home-made contact angle measurement device.

The IR spectra were obtained from thermo spectrometer (Avatar
330FT-IR, Nicolet, US). Solenoid valves (HVO10E1-PSL-5vdc,
Humphrey Products Company) and Diaphragm pumps
(7011DC, ASF THOMAS Industries) were employed to inte-
grate with valve controller to regulate pressure in displacement
chamber for valve activation. A peltier thermal cycler (BIO-
RAD, Richmond, CA, USA) was used for PCR.

3. Experiments
3.1 Microfabrication

Laser ablation is an important microfabrication approach that
has been widely employed to fabricate PMMA microdevices.>**’
In this work, a CO,-laser engraving machine was used to engrave
the PMMA substrate. The machine was composed of an XY
engraving table, excimer laser, motion system, mirrors and lenses
etc. The microfluidic structures designed using an AutoCAD
software were transferred to the CO»-laser scriber which directly
machines on the PMMA substrate by precisely controlling the
laser position in X and Y direction. In the process, a beam of
high-energy laser was used to break bonds among polymer
molecules and caused a miniexplosion and ejection of ablated
material, leaving photoablated microchannels. The depth of the
engraved channel can be controlled by adjusting laser power and
scanning speed. Different shape or size microcavities and chan-
nels can be attained in PMMA substrates.

The resulting structures are generally characterized as having
little thermal damage, straight vertical walls, and well-defined
depth. However, the microchannels achieved were rough because
of the decomposed polymer fragments that would clog the fluid
through the channels. Therefore, we used thermal treatment or
lithium aluminium hydride (LAH) treatment to improve
smoothness of the channels. In the thermal treatment process,
PMMA chip was placed in a 100 °C for about 30 min. For LAH
treatment, the PMMA is put in 4 M LAH solution in diethyl
ether for 30 min. Both treatments effectively improved the
smoothness of the channel (see Supplementary Fig. S11).5

3.2 Device bonding

PMMA was rinsed with deionized water, cleaned by the ultra-
sonic cleaning device, and dried in a stream of dry nitrogen. Prior
to sealing, the surface of PMMA and PDMS was treated by UV
ozone cleaner. The treatment appears to play a critical role in the
strong PMMA/PDMS bonding, as both untreated PDMS and
PMMA yield poorer-quality device. Devices were assembled by
first placing a piece of PDMS membrane across the fluidic wafer,
with engraved features facing up. The PMMA pneumatic layer,
engraved features facing down, was then placed on top of the
PDMS film after the engraved features on the pneumatic and
fluidic wafer were well aligned. The PMMA-PDMS bonds
formed in this manner were reversible but still strong enough to
survive the range of vacuum and pressures exerted on the device.

3.3 Characterization of valve and pump

The performances of PMMA/PDMS/PMMA valves were first
tested by measuring flow rate of water under different head
pressures at valve-open and valve-close status. Flow rate was
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measured by weighing the amount of water that flowed through
the valve over a given period of time. Head pressure was created
by raising a reservoir connecting to the inlet of the valve to
a certain level to create hydraulic pressure. The pressure was
calculated by P = pgh, where p is the density of water, / is the
height of reservoir above the inlet of the channel.

The performance of the pump was explored by investigating
the effect of activation time, displacement chamber volume, back
pressure on flow rate. We measured the flow rate and the volume
pumped per cycle at different activation times against zero
backward pressure. To investigate the relationship between valve
volume and flow rate, four pumps with different diaphragm
diameters were fabricated while keeping the dimensions of other
features unchanged. With a simple model (V' = wd(D* + DD, +
D*)/12, where d is the etch depth of the pneumatic layer, D, is the
diameter of the displacement chamber, and D, is the diameter of
the region of contact between the PDMS membrane and the
etched bottom of the displacement chamber),*® the volumes of
these four pumps were calculated and were evenly distributed in
the range of 500 nL to 2500 nL. By raising the reservoir con-
necting to the outlet of the pump to different heights, the effect of
back pressure on pumping rate was studied. Moreover, to study
the long-term performance of the pump, a single pump was
operated for 8 days with continuous pumping, 48 000 cycles each
day while periodically measuring the volume pumped per cycle.

3.4 Genomic DNA extraction from whole blood on chip

To test the performance of the PMMA based valves and pumps,
a fully automatic nucleic acid extraction microchip was fabri-
cated.

To extract DNA, 1 mL human whole blood was first mixed
with 1 mL chargeswitch lyses buffer and 10 pL proteinase K for
30 minutes at 37 °C. Chargeswitch magnetic beads were washed
three times with NaAc buffer (pH = 5.0) to activate bead surface
charge. To load 20 pL chargeswitch magnetic beads (3.125 mgmL™"),
a magnet was placed under the extraction domain while pumping
magnetic beads solution from the inlet through the extraction
domain. After beads loading, 10 pL of lysed sample was directly
pumped through the channel. The adsorption of DNA to beads
interconnected microbeads, which formed a tight pellet as
a result. About 60 uL of NaAc buffer was then used to wash
away species nonspecifically absorped on beads. To elute DNA,
10 uLL TE buffer (pH = 8.0) was used to elute DNA from beads
for three times. During the elution stage, fractions were collected
and used for PCR without further treatment.

3.5 PCR amplification

In order to test the purity of DNA extracted from our chip, the
PCR amplification was performed. The reaction mixture was
prepared according to the following final concentrations: 20 mM
Tris-HCI (pH 8.3), 50 mM KCl, 1.5 mM MgCl,, 0.4 uM of each
primer, 200 uM dNTP, 0.25 units Taq polymerase, 10 pl of the
eluted DNA solution. The thermal cycling conditions were as
follows: 94 °C for 3 min (initial denaturation), 20 cycles of 94 °C
for 30 s, 44 °C for 30 s, and 72 °C for 30 s, followed by a single
final extension for 5 min at 72 °C.

4. Result and discussion
4.1 Design and fabrication of microvalve

The topologies of the three-layer device used to fabricate
monolithic membrane valves and pumps are illustrated in Fig. 1.
Channel features were engraved into PMMA wafers with laser
ablation.

The microvalve is consisting of PMMA/PDMS/PMMA layers:
the top layer is a PMMA pneumatic wafer, the middle layer is
a thin PDMS membrane, and the bottom layer is a PMMA
fluidic wafer. The microvalve is formed by aligning an engraved
displacement chamber in the pneumatic wafer across the PDMS
membrane from a barrier spacer that separates an otherwise
continuous channel in the PMMA fluidic wafer (see Fig. 1).
Valve closing or opening can be controlled by adjusting the
pressure in a displacement chamber on the pneumatic layer
via a computer regulated solenoid. When a pneumatic pressure
higher than atmospheric pressure is applied, the PDMS film is
pressed against the barrier gap between the fluid channels and
the valve is closed. When vacuum is applied to the displacement
chamber, the PDMS film is pulled away from the fluidic
wafer and fluid can flow across the gap, thereby opening the
valve.?’

4.2 Operation and control of micropump

When arranged in series, three valves forms a pneumatic pump
(see Supplementary Fig. S2+). Pumping was realized by actuating
the input, diaphragm, and output valves of each pump in parallel
according to a three-step cycle. The volume pumped per cycle
was ultimately determined by the volume pushed out of the
diaphragm valve while closing.

Pressure and vacuum for valves actuation were controlled by
a set of solenoid valves and a computer program written in Visual
Basic. As shown in Supplementary Fig. S3,T running parameters
such as activating time (vacuum time) and valve activating
sequences are typed in the program and transferred to the Single-
Chip Microprocessor via a USB port. The TTL signal from the
Single-Chip Microprocessor is then amplified by a ULN2803
chip to activate the solenoid which regulates pressure in the
displacement chamber.
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Fig. 1 Cross-sectional views of a three-layer monolithic PMMA/PDMS
membrane valve (A) and exploded and assembled illustrations of a single
PMMA/PDMS membrane valve (B). a: PMMA pneumatic wafer;
b: displacement chamber; ¢c: PDMS membrane; d: PMMA fluidic wafer;
e: pneumatic channel; f: fluidic channel.
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4.3 Surface modification

Our early attempts to assemble PDMS onto a PMMA chip
turned out to be not so successful. By placing a piece of PDMS
membrane onto a pristine PMMA, we found that PDMS film
peeled off easily. To improve the stickiness of PDMS to PMMA,
we decided to perform surface treatment to increase PMMA/
PDMS interface interactions. The surface chemistry modifica-
tion of PMMA and PDMS has been sporadically reported
previously.*** Straightforward chemical oxidation of the ester
groups on PMMA and Si atom on PDMS surface by UV ozone
produced hydroxyl groups (-OH) (Fig. 2A). After that, PMMA/
PDMS wafers could seal together because of the hydrogen bond
forces and condensation reaction between hydroxyl groups from
both surfaces. As we expected, the ester groups can be trans-
formed into hydroxyl groups after treatment. In order to confirm
this, we performed a simple experiment by measuring the contact
angle of water on PMMA chip before and after the treatment
(Fig. 2B). It was found the contact angle of PMMA without
treatment was about 84°, which was consistent with data
reported previously.®®* After treatment, a much smaller contact
angle (68°) was observed, which was likely due to the production
of OH groups on the PMMA surface as a result of the UV ozone
treatment.

The production of OH groups on PMMA surface was further
proved by FTIR analysis. Fig. 2C shows the IR spectra of
PMMA powder before and after UV ozone treatment. It’s found
that both samples shared similar characteristic peaks below
2000 cm~!, which is consistent with the data reported in the
literature.®* The stretching vibrations of C=0O and C-O-C
showed similar frequency and relative intensity for both samples.
A prominent broad peak around 3450 cm™', characteristic of
—OH stretching, was observed for PMMA sample after ozone
reduction. Since strict baking was performed before taking the
FTIR spectra, the broad ~OH stretching absorption was unlikely
to be caused by surface bound water molecules. XPS analysis of
PMMA and PDMS before and after treatment further confirm

0,00, OL!) 0 0, o OH 0d o OH o HO o
lfV—ﬂL_mle R o
PMMA cleaning
I ?H I OH
s/ ~ ;/ ~ r’ \lr/ I_T/o\si/o\sli’o\s!/
PD“S c I I lI)II
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V(CO)
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Fig. 2 (A) Chemical oxidation of PMMA and PDMS surface by UV
ozone treatment. (B) The contact angle of PMMA before (1): 84° and
after (2): 68° surface treatment. (C) FTIR spectra of PMMA surface
before and after UV ozone treatment.

the generation of hydroxyl groups on both surfaces (Supple-
mentary Fig. S47).

After the UV-ozone bath, both the PMMA and PDMS are
much “cleaner” and can stick to each other firmly, which was
very different from the result carried out before the modification.
We were finally able to integrate PDMS to PMMA to produce
a robust PMMA/PDMS/PMMA chip with good reproducibility.

4.4 Characterization of microvalve

The performances of PMMA/PDMS/PMMA valves were first
tested by measuring the flow rate of water under different head
pressures at valve-open and valve-close status. Fig. 3 shows the
average rate of pressure-driven fluid flowed through the PDMS
membrane valves being held open (pneumatic pressure = —60 kPa)
and closed (pneumatic pressure = 25 kPa). The average flow rate
through open valve was high (15.4 pL s~' at 60 kPa fluid pres-
sure), and increased linearly along with fluid pressure. This
relationship was consistent with the fluid flowing through a no-
valve channel. It indicated that the presence of the valve in the
channel had a negligible effect to the flow rate.>® In contrast,
when the valve was closed and the forward fluid pressure was less
than 45 kPa, no flow was observed. The valves began to leak
when the fluid pressure was higher than 60 kPa, but the flow rate
was as little as 0.10 uL s~'. The flow rate began to increase with
forward pressure greater than 60 kPa. In comparison, when the
head fluid pressure was 60 kPa, the average flow rate through the
open valves was 147 times more than the average flow rate
through the closed valves.

4.5 Characterization of diaphragm pump

Three valves placed in series were used to pump liquid peri-
staltically. The performance of the micropump at different
activation time is illustrated in Fig. 4.

As shown in Fig. 4, when the activation time was less than
100 ms, the flow rate increased drastically along with activation
time and attained a maximum of 5.84 pL s~' at 20 ms. Following
that, it fell sharply with the increase of activation time. The
closed cycle in Fig. 4 shows that the volume pumped per cycle
increases rapidly along with activation time. When the activation
time was more than 100 ms, the volume pumped per cycle
remained flat. The relationship between flow rate and activation
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Fig.3 Mean flow passed through three open and closed valves while an
upstream pressure was applied to the fluid.
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Fig. 4 Mean flow rate (O) and volume pumped per cycle (@) through
the channel as different activation times are applied to the three valves.
Displacement chamber volume was 1712 nL.

time indicated that one could attain a given flow rate precisely by
controlling the activation time.

We further investigated the effect of displacement chamber
volume on flow rate. Fig. SA shows the measured volume
pumped per cycle at zero head pressure for various sizes of
pumps. To ensure that the diaphragm valves were completely full
or empty in each pump cycle, the activation time of each step in
every cycle was set to 500 ms, for a total of 1.5 s per cycle. As
expected, pumps with larger diaphragm valves pumped more
fluid per cycle.’® The results indicated that the volume pumped
per cycle increased linearly along with the size of pumps. Thus,
one can precisely control flow rate of fluid by changing the
displacement chamber volume of valves.

In order to examine the effect of back pressure on flow rate, we
further examined the relationship between flow rate and back
pressure. Fig. 5B shows the performance of a PMMA pump
operated at different backpressures. Flow rate and volume
pumped per cycle of fluid flowed through decreased roughly
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Fig.5 (A) Mean volume pumped per cycle by PDMS membrane pumps
with diaphragm valves of four different volumes. Activation time was
500 ms; (B) flow rate (O) and volume pumped per cycle (@) of fluid
flowed through the pump applied to different backpressures. Activation
time was 20 ms and displacement chamber volume was 1712 nL.

linearly with the increase of backpressure. When the back-
pressure was 0 kPa, flow rate was very fast (5.84 pL s7') and
volume pumped per cycle was large (351 nL). However, flow rate
dropped to 0.95 pL s~!' when the backpressure was increased to
9.8 kPa. The volume pumped per cycle was almost negligible
when the backpressure was approximately 12 kPa, which indi-
cated that the highest backpressure the valves could bear was
about 12 kPa.

Finally, in order to test the long-term performance of the
PDMS membrane pumps, a single 1712 nL pump was operated
for 8 days with continuous pumping of 48 000 cycles each day,
while periodically measuring the volume pumped per cycle.
Supplementary Fig. S5t shows that the volume pumped per cycle
changes less than 4.9% from the original value.

4.6 Application of micropump

To be suitable for disposable applications, a device should be as
inexpensive as possible. Using PMMA as the substrate for valves
and pumps has its advantages of fast fabrication and low cost,
thus making the PMMA pump attractive for disposable micro-
fluidic devices (see cost analysis in the ESIT). The PMMA/PDMS
valves can easily be fabricated in different PMMA devices. To
test the performance of the PMMA/PDMS/PMMA valves and
pumps, a fully automatic nucleic acid extraction microchip was
fabricated.

On chip DNA extraction is one of the important steps for
genetic analysis using microfluidics. Lander’s group has reported
several novel on-chip DNA extraction methods based on solid-
phase extraction.***¢65%% We report here the use of magnetic
charge-switching microbeads for facile automatic DNA extrac-
tion. Fig. 6(a) illustrates the layout of the DNA extraction chip.
Domains for DNA extraction (E in Fig. 6a) were connected
through a network of channels and holes. The sample was loaded
with valves V1, V4, V5 and V6, respectively. Washing was
controlled by four valves (V2, V4, V5 and V7). Valves V3, V4, V5
and V8 function to elute the DNA from beads (Fig. 6b).

The microchip was used to extract genomic DNA from human
whole blood based on the chargeswitch technology. Charges-
witch magnetic beads provide a tunable surface charge polarity

s8I WR ER WR ER
V1w Vig v2 ly
I\M 4
V5 5

N /
4

Fig.6 Layout of DNA extraction chip (a, SI: sample inlet, WR: washing
reservoir, ER: eluting reservoir, E: extraction area, SW: sample waste,
WW: wash waste, CR: collection reservoir) and the steps for DNA
extraction (b, cyan: sample loading, red: washing, green: elution) and gel
electrophoresis of PCR product of genomic DNA extracted from human
blood sample (c, A: blank sample, B: blood sample, C: DNA extracted
off-chip, D: DNA extracted on-chip).
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depending on the buffer pH to facilitate nucleic acid purification
(Supplementary Fig. S61). At low pH conditions, the beads have
positive charges that bind the negatively charged DNA back-
bone. Proteins and other contaminants are not bound and are
simply washed away in an aqueous wash buffer (pH 5.0). To
elute DNA, the bead surface charge is switched to negative by
raising the pH to 8.5 using a low salt elution buffer.

DNA collected was analyzed first with a UV-vis spectrometer.
The absorption ratio at 260 nm to 280 nm was 1.72, suggesting
a good purity of DNA was obtained. Further calculation indi-
cated that an extraction efficiency of about 25% of was obtained.
To be useful for many biological applications, the extracted
DNA from crude biological samples must be PCR-amplifiable.
The DNA extracted was further tested on PCR, targeting
a human cancer tumor-suppressing DNA sequence (BRCA 1,
258 base pair at the second exon). PCR amplified products were
analyzed by agarose gel electrophoresis as shown in Fig. 6c.
When whole blood was used directly without extraction, no PCR
product was observed. This is not surprising as lysed human
blood is a complex mixture, containing various proteins,
peptides, lipids, carbohydrates, and other low molecular weight
compounds that inhibit PCR. In contrast, genomic DNA
extracted off-chip and on-chip was successfully amplified, as
shown in lane C and lane D, respectively. The results clearly
indicated that genomic DNA could be successfully extracted and
purified from human whole blood with the automatic nucleic
acid extraction microchip.

5. Conclusions

We have developed a simple, cheap and fast method for fabri-
cating and modifying PMMA microfluidic devices containing
PDMS valves and pumps. Its advantages of inexpensive, fast and
facile fabrication will accelerate the development of portable,
disposable PMMA microfluidic devices. Compared to a glass
chip, the cost and time of machining a PMMA chip are negli-
gible. The design of the PMMA/PDMS valves and pumps ensure
that a stable and controllable fluid flow rate can be attained
through changing activation time, displacement chamber volume
and pressure. The simplicity of PMMA valve and pump fabri-
cation coupled with chemical compatibility of the PMMA
microfluidic analysis platform make these valves and pumps well
suited for integration into portable and disposable bioassay
devices.

In this study we further demonstrated the purification of DNA
from a complex biological sample in the form of human whole
blood by using an automatic nucleic acid extraction PMMA/
PDMS microchip. The DNA extraction efficiency was about
25% and the absorption rate extraction genomic DNA at 260 nm
to 280 nm was 1.72. Efforts were undertaken to fabricate
a portable PMMA chip that integrates DNA extraction, DNA
amplification and CE analysis on a single chip.

6. Acknowledgements

We thank Mr Cuichen Wu for help with DNA synthesis and
Mr Lianhui Huang for the schematic drawing. This work was
financially supported by the NSFC (20805038, 20620130427),
MOE (200803841013), 973 Program of China (2007CB935603,

2010CB732402) at XMU, and NIH (P01 CA077664) at
U.C. Berkeley.

References

1 S. C. Terry, J. H. Jerman, P. W. Barth, J. B. Angell and A. Starr,
IEEE Trans. Electron Devices, 1979, 26, 1880.

2 A. Manz, N. Graber and H. M. Widmer, Sens. Actuators, B, 1990, 1,
244.

3 P. Telleman, U. D. Larsen, J. Philip, G. Blankenstein and A. Wolff, in
Micro Total Analysis Systems '98, Kluwer Academic Publishers,
Dordrecht, The Netherlands, 1998, pp. 39-44.

4 E. Altendorf, D. Zebert, M. Holl, A. Vannelli, C. C. Wu and
T. Schulte, in Micro Total Analysis Systems '98, Kluwer Academic
Publishers, Dordrecht, The Netherlands, 1998, pp. 73-76.

5Y. Shi, P. C. Simpson, J. R. Scherer, D. Wexler, C. Skibola,
M. T. Smith and R. A. Mathies, Anal. Chem., 1999, 71, 5354.

6 M. Ueda, H. Nakanishi, O. Tabata and Y. Baba, Mater. Sci. Eng., C,
2000, 12, 33.

7 D. Schmalzing, A. Adourian, L. Koutny, L. Ziaugra, P. Matsudaira
and D. Ehrlich, Anal. Chem., 1998, 70, 2303.

8 D. Schmalzing, N. Tsao, L. Koutny, D. Chisholm, A. Srivastava,
A. Adourian, L. Linton, P. McEwan, P. Matsudaira and
D. Ehrlich, Genome Res., 1999, 9, 853.

9 C. Backhouse, M. Caamano, F. Oaks, E. Nordman, A. Carrillo,
B. Johnson and S. Bay, Electrophoresis, 2000, 21, 150.

10 S. Liu, H. Ren, Q. Gao, D. J. Roach, R. T. Loder, Jr.,
T. M. Armstrong, Q. Mao, I. Blaga, D. L. Barker and
S. B. Jovanovich, Proc. Natl. Acad. Sci. U. S. A., 2000, 97, 5369.

11 L. Yobas, W. Hui, H. M. Ji, Y. Chen, S. S. I. Liw, J. Li, C. S. Chong,
X. Ling, C. K. Heng, H. J. Lye, S. R. Bte, K. Lee, S. Swarup,
S. M. Wong and T. M. Lim, Sensors, 2005 IEEE, 2005, 1-2, 49.

12 M. J. Madou, in Fundamentals of Microfabrication: The Science of
Miniaturization, CRC Press, Boca Raton, 2nd edn, 2002.

13 P. Rai-Choudhury, in  Handbook of  Microlithography,
Micromachining, and Microfabrication, SPIE Press, Bellingham,
WA, 1st edn, 1997, vol. 1.

14 P. Rai-Choudhury, in  Handbook of  Microlithography,
Micromachining, and Microfabrication, SPIE Press, Bellingham,
WA, 1st edn, 1997, vol. Vol. 2.

15 H. Becker and C. Gartner, Electrophoresis, 2000, 21, 12.

16 N. T. Nguyen and S. T. Wereley, in Fundamentals and Applications of
Microfluidics, Artech House Publishers, 2nd edn, 2006.

17 C. H. Yuan and J. Shiea, Anal. Chem., 2001, 73, 1080.

18 H. Becker and L. E. Locascio, Talanta, 2002, 56, 267.

19 S. A. Soper, S. M. Ford, S. Qi, R. L. McCarley, K. Kelly and
M. C. Murphy, Anal. Chem., 2000, 72, 642A.

20 D. B. Holt, P. R. Gauger, A. W. Kusterbeck and F. S. Ligler, Biosens.
Bioelectron., 2002, 17, 95.

21 S. Balslev, A. M. Jorgensen, B. Bilenberg, K. B. Mogensen,
D. Snakenborg, O. Geschke, J. P. Kutter and A. Kristensen, Lab
Chip, 2006, 6, 213.

22 X. M. Zhou, Z. P. Dai, Y. Luo, D. Y. Liu, H. Wang, X. L. Mao and
B. C. Lin, Chem. J. Chin. Univ., 2005, 26, 52.

23 L. Rindorf, P. E. Hoiby, J. B. Jensen, L. H. Pedersen, O. Bang and
O. Geschke, Anal. Bioanal. Chem., 2006, 385, 1370.

24 G.B. Lee, S. H. Chen, G. R. Huang, W. C. Sung and Y. H. Lin, Sens.
Actuators, B, 2001, 75, 142.

25 C. Wang, Y. D. Gao, N. T. Nguyen, T. N. Wong, C. Yang and
K. T. Ooi, J. Micromech. Microeng., 2005, 15, 2289.

26 M. A. Unger, H. P. Chou, T. Thorsen, A. Scherer and S. R. Quake,
Science, 2000, 288, 113.

27 D.van Noort and B. T. Zhang, Biomedical Applications of Micro- and
Nanoengineering 11, 2005, 5651, 214.

28 C.H.Wang, Y. Y. Chen, C.S. Liao, T. M. Hsieh, C. H. Luo, J. J. Wu,
H. H. Lee and G. B. Lee, J. Micromech. Microeng., 2007, 17, 367.

29 L. J. Chien, J. H. Wang, T. M. Hsieh, P. H. Chen, P. J. Chen,
D. S. Lee, C. H. Luo and G. B. Lee, Biomed. Microdevices, 2009,
11, 359.

30 X. Z. Niu, Y. K. Lee, L. Y. Liu and W. J. Wen, 2006 Ist IEEE
International Conference on NanolMicro Engineered and Molecular
Systems, Vols. 1-3, 2006, 1254.

31 C.S.Zhang, D. Xing and Y. Y. Li, Biotechnology Advances, 2007, 25,
483.

This journal is © The Royal Society of Chemistry 2009

Lab Chip, 2009, 9, 3088-3094 | 3093



32 J. C. Galas, J. Torres, M. Belotti, Q. Kou and Y. Chen, Appl. Phys.
Lett., 2005, 86, 264101.

33 K. H. Lee, Y. D. Su, S. J. Chen, F. G. Tseng and G. B. Lee, Biosens.
Bioelectron., 2007, 23, 466.

34 A. R. Wheeler, W. R. Throndset, R. J. Whelan, A. M. Leach,
R. N. Zare, Y. H. Liao, K. Farrell, I. D. Manger and A. Daridon,
Anal. Chem., 2003, 75, 3581.

35 H. K. Wu, A. Wheeler and R. N. Zare, Proc. Natl. Acad. Sci. U. S. A.,
2004, 101, 12809.

36 J. Lii, W. J. Hsu, H. Parsa, A. Das, R. Rouse and S. K. Sia, Anal.
Chem., 2008, 80, 3640.

37 W. H. Grover, A. M. Skelley, C. N. Liu, E. T. Lagally and
R. A. Mathies, Sens. Actuators, B, 2003, 89, 315.

. W. Li and R. S. Martin, Electrophoresis, 2007, 28, 2478.

M. Toriello, C. N. Liu, R. G. Blazej, N. Thaitrong and

A. Mathies, Anal. Chem., 2007, 79, 8549.

H. I. Yeung, P. Liu, N. Del Bueno, S. A. Greenspoon and

A. Mathies, Anal. Chem., 2009, 81, 210.

. Karlinsey, J. Monahan, D. J. Marchiarullo, J. P. Ferrance and

. Landers, Anal. Chem., 2005, 77, 3637.

Buettgenbach and R. Wilke, Anal. Bioanal. Chem., 2005, 383, 733.

Guillo, J. M. Karlinsey and J. P. Landers, Lab Chip, 2007, 7, 112.

G. Blazej, P. Kumaresan and R. A. Mathies, Proc. Natl. Acad. Sci.
U. S. A.,2006, 103, 7240.

45 R. G. Blazej, P. Kumaresan, S. A. Cronier and R. A. Mathies, Anal.
Chem., 2007, 79, 4499.

46 C. J. Easley, J. M. Karlinsey, J. M. Bienvenue, L. A. Legendre,
M. G. Roper, S. H. Feldman, M. A. Hughes, E. L. Hewlett,
T. J. Merkel, J. P. Ferrance and J. P. Landers, Proc. Natl. Acad.
Sci. U. S. A., 2006, 103, 19272.

47 X. Wang, Z. R. Xu, J. H. Wang and Z. L. Fang, Proceedings of the
First Shenyang International Colloquium on Microfluidics, 2007, 94.

48 A. R. Prakash, S. Adamia, V. Sieben, P. Pilarski, L. M. Pilarski and
C. J. Backhouse, Sens. Actuators, B, 2006, 113, 398.

49 E. T. Lagally, C. A. Emrich and R. A. Mathies, Lab Chip, 2001, 1,
102.

50 G. V. Kaigala, V. N. Hoang, A. Stickel, J. Lauzon, D. Manage,
L. M. Pilarski and C. J. Backhouse, Analyst, 2008, 133, 331.

M
N.
R.
S.
R.
41 J. M
J.P
S.
C.
R.

51 P. Kumaresan, C. J. Yang, S. A. Cronier, R. G. Blazei and
R. A. Mathies, Anal. Chem., 2008, 80, 3522.

52 W. H. Grover and R. A. Mathies, Lab Chip, 2005, 5, 1033.

53 D.van Noort and B. T. Zhang, Biomedical Applications of Micro- and
Nanoengineering 11, 2005, 5651, 214.

54 N. Beyor, T. S. Seo, P. Liu and R. A. Mathies, Biomed. Microdevices,
2008, 10, 909.

55 W. H. Grover, R. H. C. Ivester, E. C. Jensen and R. A. Mathies, Lab
Chip, 2006, 6, 623.

56 Y. Chen, L. Y. Zhang and G. Chen, Electrophoresis, 2008, 29, 1801.

57 J. Y. Cheng, C. W. Wei, K. H. Hsuand T. H. Young, Sens. Actuators,
B, 2004, 99, 186.

58 W. H. Grover, M. G. von Muhlen and S. R. Manalis, Lab Chip, 2008,

8, 913.

J. P. K. M. B. Karandikar, Polym. Prep., 1989, 30, 250.

A. C. Henry, T. J. Tutt, M. Galloway, Y. Y. Davidson,

C. S. McWhorter, S. A. Soper and R. L. McCarley, Anal. Chem.,

2000, 72, 5331.

61 M. J. Moorcroft, W. R. A. Meuleman, S. G. Latham, T. J. Nicholls,
R. D. Egeland and E. M. Southern, Nucleic Acids Res., 2005, 33, e75.
B. Schnyder, T. Lippert, R. Kotz, A. Wokaun, V. M. Graubner and
O. Nuyken, Surf. Sci., 2003, 532-535, 1067.

63 B. C. Lin and J. H. Qin, in Microfluidics based laboratory on a chip,
Science Press, Beijing, China, 2006, pp. 42.

64 R. M. Silverstein, G. C. Bassler and T. C. Morrill, in Spectrometric
Identification of Organic Compounds, Wiley, NY, New York, 4th
edn., 1981, pp. 121.

65 K. M. Horsman, S. L. R. Barker, J. M. Bienvenue, J. C. Voorhees,
K. Blaiser, B. Schroeder, K. A. Koen, G. Weingart, J. P. Landers
and J. P. Ferrance, Micro Total Analysis Systems 2004, Vol. 2,
2005, 288.

66 L. A. Legendre, J. M. Bienvenue, M. G. Roper, J. P. Ferrance and
J. P. Landers, Anal. Chem., 2006, 78, 1444.

67 H.J. Tian, A. F. R. Huhmer and J. P. Landers, Anal. Biochem., 2000,
283, 175.

68 J. Wen, C. Guillo, J. P. Ferrance and J. P. Landers, Anal. Chem., 2006,
78, 1673.

69 C.J. Easley, J. M. Karlinsey and J. P. Landers, Lab Chip, 2006, 6, 601.

62

3094 | Lab Chip, 2009, 9, 3088-3094

This journal is © The Royal Society of Chemistry 2009



	PMMA/PDMS valves and pumps for disposable microfluidicsElectronic supplementary information (ESI) available: Fig.nbspS1-S7 and details of XPS analysis and cost analysis. See DOI: 10.1039/b907254cW. Zhang and S. Lin contributed equally to this work.
	PMMA/PDMS valves and pumps for disposable microfluidicsElectronic supplementary information (ESI) available: Fig.nbspS1-S7 and details of XPS analysis and cost analysis. See DOI: 10.1039/b907254cW. Zhang and S. Lin contributed equally to this work.
	PMMA/PDMS valves and pumps for disposable microfluidicsElectronic supplementary information (ESI) available: Fig.nbspS1-S7 and details of XPS analysis and cost analysis. See DOI: 10.1039/b907254cW. Zhang and S. Lin contributed equally to this work.
	PMMA/PDMS valves and pumps for disposable microfluidicsElectronic supplementary information (ESI) available: Fig.nbspS1-S7 and details of XPS analysis and cost analysis. See DOI: 10.1039/b907254cW. Zhang and S. Lin contributed equally to this work.
	PMMA/PDMS valves and pumps for disposable microfluidicsElectronic supplementary information (ESI) available: Fig.nbspS1-S7 and details of XPS analysis and cost analysis. See DOI: 10.1039/b907254cW. Zhang and S. Lin contributed equally to this work.

	PMMA/PDMS valves and pumps for disposable microfluidicsElectronic supplementary information (ESI) available: Fig.nbspS1-S7 and details of XPS analysis and cost analysis. See DOI: 10.1039/b907254cW. Zhang and S. Lin contributed equally to this work.
	PMMA/PDMS valves and pumps for disposable microfluidicsElectronic supplementary information (ESI) available: Fig.nbspS1-S7 and details of XPS analysis and cost analysis. See DOI: 10.1039/b907254cW. Zhang and S. Lin contributed equally to this work.
	PMMA/PDMS valves and pumps for disposable microfluidicsElectronic supplementary information (ESI) available: Fig.nbspS1-S7 and details of XPS analysis and cost analysis. See DOI: 10.1039/b907254cW. Zhang and S. Lin contributed equally to this work.
	PMMA/PDMS valves and pumps for disposable microfluidicsElectronic supplementary information (ESI) available: Fig.nbspS1-S7 and details of XPS analysis and cost analysis. See DOI: 10.1039/b907254cW. Zhang and S. Lin contributed equally to this work.
	PMMA/PDMS valves and pumps for disposable microfluidicsElectronic supplementary information (ESI) available: Fig.nbspS1-S7 and details of XPS analysis and cost analysis. See DOI: 10.1039/b907254cW. Zhang and S. Lin contributed equally to this work.
	PMMA/PDMS valves and pumps for disposable microfluidicsElectronic supplementary information (ESI) available: Fig.nbspS1-S7 and details of XPS analysis and cost analysis. See DOI: 10.1039/b907254cW. Zhang and S. Lin contributed equally to this work.

	PMMA/PDMS valves and pumps for disposable microfluidicsElectronic supplementary information (ESI) available: Fig.nbspS1-S7 and details of XPS analysis and cost analysis. See DOI: 10.1039/b907254cW. Zhang and S. Lin contributed equally to this work.
	PMMA/PDMS valves and pumps for disposable microfluidicsElectronic supplementary information (ESI) available: Fig.nbspS1-S7 and details of XPS analysis and cost analysis. See DOI: 10.1039/b907254cW. Zhang and S. Lin contributed equally to this work.
	PMMA/PDMS valves and pumps for disposable microfluidicsElectronic supplementary information (ESI) available: Fig.nbspS1-S7 and details of XPS analysis and cost analysis. See DOI: 10.1039/b907254cW. Zhang and S. Lin contributed equally to this work.
	PMMA/PDMS valves and pumps for disposable microfluidicsElectronic supplementary information (ESI) available: Fig.nbspS1-S7 and details of XPS analysis and cost analysis. See DOI: 10.1039/b907254cW. Zhang and S. Lin contributed equally to this work.
	PMMA/PDMS valves and pumps for disposable microfluidicsElectronic supplementary information (ESI) available: Fig.nbspS1-S7 and details of XPS analysis and cost analysis. See DOI: 10.1039/b907254cW. Zhang and S. Lin contributed equally to this work.
	PMMA/PDMS valves and pumps for disposable microfluidicsElectronic supplementary information (ESI) available: Fig.nbspS1-S7 and details of XPS analysis and cost analysis. See DOI: 10.1039/b907254cW. Zhang and S. Lin contributed equally to this work.
	PMMA/PDMS valves and pumps for disposable microfluidicsElectronic supplementary information (ESI) available: Fig.nbspS1-S7 and details of XPS analysis and cost analysis. See DOI: 10.1039/b907254cW. Zhang and S. Lin contributed equally to this work.

	PMMA/PDMS valves and pumps for disposable microfluidicsElectronic supplementary information (ESI) available: Fig.nbspS1-S7 and details of XPS analysis and cost analysis. See DOI: 10.1039/b907254cW. Zhang and S. Lin contributed equally to this work.
	PMMA/PDMS valves and pumps for disposable microfluidicsElectronic supplementary information (ESI) available: Fig.nbspS1-S7 and details of XPS analysis and cost analysis. See DOI: 10.1039/b907254cW. Zhang and S. Lin contributed equally to this work.




