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Abstract

A continuous-flow polymerase chain reaction (PCR)
system with integrated heaters for DNA amplification has
been designed and fabricated. A new concept of obtain-
ing a temperature zone by natural heat conduction is pre-
sented. The finite element method is employed to analyze
the temperature distribution in the DNA chip. The system
is integrated through a microfluidic interconnect based on
polydimethylsioxane (PDMS) material. Using oxygen RIE
bonding, the PDMS interconnect can withstand a pres-
sure up to 470 kPa. The fabrication process for the DNA
chip is developed using micromachining techniques. The
temperature distribution was measured. The uniformity of
the denaturization temperature, annealing temperature,
and extension temperature was 1.5°C/mm, 0.7°C/mm, and
3.1°C/mm, respectively. The microchannel has a width of
380 um, a depth of 30 um, and a total length of approxi-
mately 0.6 m. Depending on the flow rate (5 nL/s to 80 nL/
s), the 20-cycle DNA chip needs only 52 seconds to 14
minutes for thermal cycling.

Keywords: Heat Conduction, PCR, Microfabrication, Micro-
fluidics, Interconnect, PDMS

Introduction

A polymerase chain reaction (PCR) isatechnique
used to amplify a specific gene or region of DNA.
PCR applications range from diagnosis of infectious
diseases to analysis of specific gene mutations that
occur in avariety of genetic disorders. Since its de-
velopment, PCR has become one of the most useful
and versatile methodologies applied to molecular
biological applications. The current state-of-the-art
PCR protocol islabor intensivein setup and requires
severa hours of time as well as large sample vol-
umes (25 to 50 pL). The protocol is error prone on
severa technical levels, and results can be muddied
by exogenous DNA contamination (Mullis, Ferre,
and Gibbs 1994).
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Recently, microfabrication technology has led to
the development of a variety of miniature PCR de-
vices. There are two types of micro PCR devices.
Oneisastationary chamber type by cycling the tem-
perature in the chamber (Northup et a. 1998). The
reaction chamber is usually fabricated by anisotro-
pic etching of a silicon substrate. The thermal cy-
cling is performed by an on-chip polysilicon
microheater. The other type of micro PCR deviceis
based on continuous flow, where the sample flows
through three well-defined temperature zones (Kopp,
de Mello, and Manz 1998). This micromachined
“chemical amplifier” relies on the movement of PCR
reaction samplesthrough microchannels (40 um deep
and 90 pum wide) across defined temperature zones
on a glass microchip. Using 20 cycles of PCR am-
plification, a 176-base pair fragment from the gyrase
gene of Neisseria gonorrhoeae was successfully
amplified at various flow rates, resulting in total re-
action times of between 90 seconds and 18.7 min-
utes. However, this device requires extra elements
for heating and cooling aswell asfor controlling the
reaction temperatures.

Thethermal cyclinginaPCR deviceinvolvesthree
temperatures: 90°C to 95°C for DNA denaturation,
50°C to 65°C for DNA hybridization, and 70°C to
77°Cfor DNA replication. Thefirst stepin PCRisto
separate the two template strands at the denaturation
temperature. The second step is binding of the spe-
cific primers to their target strands at hybridization
temperature. The third step is to extend the primers
with the heat-stable DNA polymerase enzyme, us-
ing the DNA strand as a template at the replication
temperature. The cycleisthen repeated until enough
amount of the DNA sample is obtained (usually 20
to 40 cycles). The way in which the three specific
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temperatures are implemented is very important for
device performance. Kopp, de Mello, and Manz
(1998) used three copper blocks to provide three
temperature zones. This method requires the attach-
ment of the copper blocks to the glass wafer and
enough space between heaters to avoid lateral heat
conduction among heaters, which would result in
thermal cross-talk between three temperature zones.
A silicon thermal cycler was invented to create three
specific temperatures using three different heaters
on asilicon substrate (Schneegab and Kohler 2001).
As reported, this approach requires alonger cycling
time because of larger space between three tempera-
ture zones due to silicon’s high thermal conductiv-
ity. We presented a batch-fabricated, contin-
uous-flow PCR using microelectromechanical sys-
tems (MEMS) techniques (Zheng and Chen 2001,
2002). Three microheaters were integrated onto a
glass chip for thermal cycling, aiming to reduce the
cost and make the device compact.

In thiswork, anew concept of obtaining tempera-
ture zonesis presented. Thetemperature zone (72°C)
for replication is not created by direct microheater
heating, but by lateral heat conduction from heaters
for denaturation (95°C) and hybridization (55°C).
Soda-lime glass was chosen for the substrate mate-
rial becauseit isbiocompatible with DNA molecules
and is transparent, which facilitates optical detec-
tion. Thefinite element method (FEM) was employed
to analyze the temperature distribution in the DNA
chip. Three designs are compared: one heater, two
heater, and three heater. To connect the microfluidic
system to its macro environment, microfluidic inter-
connects made of polydimethylsiloxane (PDMS)
material were developed and tested.

Design and Simulation

Microheater System Design

For DNA amplification, it is necessary to cycle
the reaction mixture through three temperatures (e.g.,
denaturization temperature 90°C — 95°C, hybridiza-
tion temperature 50°C — 65°C, and replication tem-
perature 70°C — 77°C) multiple times. This could be
realized by using three independent thin-film heat-
ing elements integrated onto the surface of the glass
wafer, as illustrated in Figure 1. When the DNA
sample flows through the microchannel across the
PCR chip, it will experience three distinct tempera-
tures. Just like a stationary PCR using continuous
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thermal cycling, the continuous-flow PCR follows
the sequence of “denaturation-hybridization-repli-
cation” at designed temperatures for successful DNA
amplification (Kopp, de Mello, and Manz 1998; Sun
et al. 2002; Zhang et a. 2002). Because the flow
rate is constant across the microchannel, the amount
of time in which the reaction sample is exposed to
each temperature zone is adjusted by varying the
pattern of the microchannel. The time of thermal
cycling is controlled by the number of cycles of the
microchannel crossing the three temperatureregions.

To obtain the three temperature zones for DNA
denaturation, hybridization, and replication, three
different designs were considered: (1) three heater,
(2) one heater, and (3) two heater. In the three-heater
design, three temperatures are obtained indepen-
dently by each heater. However, this configuration
would be very complicated because it needs three
heating systems and there is possible cross-talk be-
tween microheaters. Previously, this cross-talk prob-
lem was solved by blowing cold air between the
microheaters using fans located outside the chip
(Obeid et al. 2003). In the one-heater design, the
microheater isused to establish the denaturation tem-
perature (95°C), while the hybridization and repli-
cation temperatures will be obtained by the lateral
heat conduction along the chip substrate. This is a
very simple design. However, a problem may arise
with temperature nonuniformity in both the hybrid-
ization and replication zones due to fast temperature
drop aong the direction of heat conduction. In the
two-heater design, two heaters are employed to form
two uniform temperature zones for denaturation and
replication, while the hybridization temperature is
obtained by lateral heat conduction in the glass sub-
strate from the heaters for denaturation and replica-
tion (Figure 1).
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Figure 1
Schematic of Continuous-flow PCR Device



Material Selection

Traditional stationary PCR devicesare often made
of silicon material because of its good thermal con-
ductivity and mature fabrication techniques (Northup
et al. 1998). However, silicon is not biocompatible
and has been shown to reduce the DNA amplifica-
tion efficiency (Schneegab and Kohler 2001). For
these reasons, glass is often chosen as the substrate
material because it is biocompatible and transparent
for optical detection (Kopp, de Mello, and Manz
1998; Zheng and Chen 2001, 2002; Obeid et al.
2003). Additionally, glass has 10 times the thermal
resistance of silicon. A larger thermal resistance helps
to implement well-defined temperature zones. Based
on these considerations, soda-lime glass was cho-
sen for the substrate material.

FEM Simulation

To verify these different designs, finite element
analysis was conducted to investigate the tempera-
ture distribution in the PCR device. The heat con-
vection inside the microchannel was neglected due
to the fluid flow across the heaters because the ther-
mal mass ratio of the DNA solution to the glass sub-
strate is less than 1:100 (Kopp, de Méello, and Manz
1998). Ansys 5.6 was used in this work for thermal
analysis. A 2-D model was built with solid 55 with a
total of 1000 mesh elements. Material propertiesused
in the simulation are listed in Table 1. The ssimula-
tion resultsfor the temperature distribution along the
glass chip are shown in Figure 2. Apparently, the
three-heater design offers good uniformity in the
three temperature zones; however, to avoid cross-
talking, a much larger space must be reserved be-
tween heaters. This not only increases the cycling
time but also increases the flow resistance due to a
longer channel length. For the one-heater design,
there is only one heater to establish the denaturation
zone of 95°C. Due to lateral heat conduction, the
temperature reduces gradually along the length of
the device. Based on the FEM analysis, it ispossible
to set up the hybridization and replication zones at
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Figure 2

Comparison of Temperature Distribution Along
the PCR Chip for Three Different Heater Designs

certain locations along the direction of lateral heat
conduction without using a heater. The PCR device
based on the one-heater design was easy to fabri-
cate, but FEM simulation showed that the tempera-
ture gradient was approximately 6°C/mm in the
replication zone. To prevent this “rapid” tempera-
ture gradient problem, it is proposed to use the two-
heater design. Because the temperature and cycling
timefor denaturation (95°C) and hybridization (55°C)
are critical to the DNA amplification efficiency
(Campbell 1995), two heaters are placed on both
ends with one heater for the 95°C zone and the other
for the 55°C zone. Due to lateral heat conduction,
the replication zone (typically 72 = 2°C) is estab-
lished between the two heaters with a reasonable
uniformity (less than 3°C/mm), as shown in Figure
2. Thiswill lead to a width of larger than 1 mm for
thereplication zone. For the designed flow rates, this
length is long enough for successful replication as
demonstrated before (Kopp, de Mello, and Manz
1998; Lin et a. 2000a).

In addition to temperature distribution control, the
thermal entry length was also analyzed for each tem-
perature zone at flow rates ranging from 5 nL/s to
80 nL/s. When the DNA solution goes through the

Table 1
Material Properties for Temperature Distribution Analysis and Thermal Entry Length Analysis

Specific Therma Density Viscosity Convection Heat
Heat (JkgK) Conductivity (kg/md) (kg/ms) Transfer Coefficient
(W/mK) (W/m?K)
Soda-limeglass 753 11 2400 7.5 (withtheair)
DNA sample 4182 0.643 1000 0.0005
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three temperature zones, it needs time to ramp up or
cool down to reach the required denaturation, hy-
bridization, and replication temperatures. Thus, in-
formation about the thermal entry length isimportant
for heater design. Again, Ansys 5.6 was used to build
atwo-dimensional finite element model. Aslisted in
Table 1, the thermal properties of water were used
for the DNA sample (Lin et al. 2000a, 2000b). Fig-
ure 3 showsthe temperature profilefor different tem-
peratures and flow rates. For all cases, the thermal
entry length is less than 100 pm, indicating that the
temperature ramping up time for the DNA solu-
tion is less than 0.01 s. This rapid thermal ramp-
ing rateisdueto fast heat diffusion in amicroscale
dimension. For the designed 4 mm width of the
microheaters, the DNA solution has enough time
to be held at the denaturation and hybridization
zones for chemical reaction.

DNA Chip Fabrication
and System Integration

DNA Chip Fabrication

A schematic diagram of the fabrication processis
shown in Figure 4. The polished soda-lime glass
wafers were cleaned with a Piranha solution (H.,0O, :
H,SO, = 825 mL : 1650 mL) for 8 minutes, then
rinsed with DI water and dried with N gas. The de-
hydration processwas carried out by baking the glass
wafer on a hot plate at 100°C for 3 minutes to re-
move the residual water molecules. The glass wafer
wasthen coated with hexamethyldisilazane (HMDS).
The primer-treated glass wafer was baked on a hot
plate at 100°C for 3 minutes to enhance photoresi st
adhesion, and then was spin-coated at 2000 rpm for
30 seconds with AZ 4620 photoresist. The photore-
sist thickness is approximately 10 pm. After photo-
resist coating, the glasswafer was soft-baked at 90°C
for 30 minutes to remove the solvent in the photore-
sist. Before putting the wafer on the aligner, the glass
wafer rested for 5 minutesto cool down. The coated
glass wafer was then exposed for 2 minutes and
dipped into AZ726 developer for 2 minutes. After
rinsing by DI water and drying by N, gas, the pat-
terned glass wafer was hard-baked in three steps:
(1) bake at 90°C for 10 minutes, (2) ramp to 120°C
and hold for 10 minutes, and (3) ramp down to room
temperature at 1°C/min. The three-step hard-baking
processes has been proven to be necessary and use-
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Figure 3
Simulation Results of the Thermal Entry Length
for Different Temperatures and Flow Rates

ful to release accumulated thermal stress inside the
photoresist and to enhance adhesion between the
photoresist soft mask on the glass wafer. After hard-
baking, the glass wafer was put into a diluted HF
solution (HF : HNO; : H,O : HCl =200 mL : 100 mL
: 1600 mL : 400 mL). A magnetic bar was used to
stir the solution to remove reaction residues on
the glass surface. With an etching rate of 2-3 pm/
min., a microchannel 30—40 pm in depth was pro-
duced after 15 minutes of HF etching. Figure 5
shows SEM micrographs of the etched microchan-
nel on the glass substrate.

On another glass wafer, two through-holes with a
diameter of 1.0 mm were drilled using an abrasive
tip coated with artificial diamond. These two holes
were used astheinlet and outlet for the DNA sample.
Finally, the glass wafer with two through-holes and
the glass wafer with the microchannel were bonded
together by thermal fusion bonding (Lin et al. 2001).
After bonding, the heaters were deposited onto the
bottom side with 100 nm Ti and 80 nm Au with lift-
off techniques.

PDM S-Based | nter connects

Interconnecting is an important part of inte-
grated micro total-analysis systems. A PDMS-
based interconnect has been developed for the
PCR chip in this work.

First, a curing agent and a PDMS prepolymer
(SYLGARD 184 Silicone Elastomer Kit, Dow Corn-
ing, Midland, MI) in a 1:10 weight ratio was thor-



oughly mixed. Then, the prepolymer mixture was
degassed for one hour in a 20-25 mmHg vacuum
chamber to remove air bubbles from the mixture and
to ensure complete mixing of the two components.
The prepolymer mixture was then poured onto the
silicon wafer and covered carefully with a transpar-
ent film to prevent any bubble formation at the in-
terface. After curing the entire stack for 1 hour at
145°C on a hot plate, the PDMS layer was peeled
off from the silicon wafer. Thethicknessof the PDMS
film was approximately 1-2 mm. The PDMS layer
was cut into 4 mm x 4 mm squares with ablade, and
aglass capillary (O.D. 0.84 mm and |.D. 0.60 mm,
Vitrocom. Inc, NY) was used to punch connecting
holes in the PDMS squares, as shown in Figure 6.
The substrate and PDMS interconnects were then
cleaned and bonded using RIE oxygen bonding. An
optical micrograph of the PDMS interconnects inte-
grated onto the PCR chip is shown in Figure 7.
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The PDMS interconnectors are characterized us-
ing a leakage pressure test. The leakage pressure,
defined as the maximum working pressure that the
PDM Sinterconnect can stand, was measured by con-
necting a syringe to the PDMS interconnector. A
three-way pressure gauge tee (Upchurch U.433,
Upchurch Scientifics) connecting a pressure gauge
(Model 1202-5000, Cole-Parmer Instrument Co.) to
the syringe was used to measure the leakage pres-
sure. The PDM Sinterconnect was bonded to the glass
substrate by O, RIE bonding. Thetest results showed
that the PDMS interconnect could stand a pressure
up to 470 kPa.

Results and Discussion

Temperature M easur ement

The temperature distribution of the device isim-
portant for polymerase chain reaction inside the
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Schematic Representation of Fabrication Process for the DNA
Chip: (a) glass wafer cleaning in Piranha solution,
(b) spin coating of the photoresist, (c) photolithography,

(d) HF wet etching, (e) through-hole drilling of the top glass
wafer and thermal fusion bonding, (f) lift-off process to deposit
microheaters (100 nm Ti and 80 nm Au), (g) PDMS inter connect

bonding using RIE

Figure 6
Schematic of PDMS Interconnect
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microchannel. An infrared (IR) camera was used to
measure the surface temperature distribution of the
PCR device to verify the design. In this measure-
ment, no DNA solution was inside the microchannel
because the DNA solution effect is believed to be
insignificant due to its small thermal mass.

Two PT100 thin-film temperature sensors
(S245PD12, Minco, MN) were mounted on the Au-
Cr microheaters using epoxy. These temperature
sensors were used to provide feedback control of
the thermal cycling. Two solid-state PID (propor-
tional, integral, and derivative) controllers
(CA16A2010-9502, Minco, MN) were used to
control the reaction temperatures. The resolution
of the PID controller is about 0.1°C. Two DC
power supplies (EH382213, Davis Infotek Instru-
ments, MD) provided power to the microheaters
and PID controllers. Figure 8 shows the configu-
ration of the temperature control system.

The measured temperature distribution on the
bottom surface of the glass chip was plotted in Fig-
ure 9. It is seen that a temperature zone (70°C —
74°C) was established between the denaturization
zone (95°C) and hybridization zone (55°C) on the
two ends as aresult of lateral heat conduction. Mea-
sured temperature uniformity was 1.5°C/mm for the
denaturation zone, 0.7°C/mm for the hybridization
zone, and 3.1°C/mm for the replication zone.

02/28/2003

Figure 7
Optical Micrograph of Integrated, Flow-Through
DNA Chip Made of Glass with PDM S Interconnects
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Flow-Through Experiment

A 50 pL syringe (Hamilton Co., UK) was con-
nected to a programmable syringe pump (Ne-1000,
New EraPump System, NY). The syringe pump was
connected to the PCR chip using Teflon™ tubing
(Hamilton Co., UK). The microchannel has a width
of 380 um, a depth of 30 um, and a total length of
approximately 0.6 m. Depending on the flow rate (5
nL/sto 80 nL/s), it takes only 52 secondsto 14 min-
utes for the 20-cycle chip to run through the sample.

Conclusion

A continuous-flow, polymerase chain reaction
(PCR) system was developed with integrated heat-
ers and microfluidic interconnects made of
polydimethylsiloxane (PDMS) material. ThisPDM S
interconnect is biocompatible, easy to fabricate, and
reliable to withstand pressures up to 470 kPa. This
new PCR chip utilized the heat conduction mecha
nism to establish the replication temperature zone
between the denaturation and hybridization zones
at the two ends of the chip. This eliminated the ther-
mal cross-talk problem in previous three-heater de-
sign while maintaining a reasonable temperature
gradient across the PCR chip. The finite element
method (FEM) was employed to analyze the tem-
perature distribution in the DNA chip. The tempera-
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Figure 8
Schematic Diagram of Temperature Control System



ture distribution shows good uniformity at each tem-
perature zone. Several important micromanu-
facturing methods were developed in this work.
These processes could be applied to develop other
micro/mesoscale systems, which may apply to bio-
medical and life science applications.
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