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We have built a thermocycler based on the principles of induction heating for polymerase chain
reaction(PCR) of target sequences in DNA samples of interest. The cycler has an average heating
rate of~0.8 °C/s and &ooling rate of~0.5 °C/s, andypically takes~4 h to complete a 40-cycle

PCR protocol. It is power-efficierit~6 W per reaction tube micro-processor controlled, and can

be adapted for battery operation. Using this instrument, we have successfully amplified a 350 bp
segment from a plasmid ar®@RY, the human sex determining gene, which occurs as a single-copy
sequence in genomic DNA of human males. The PCR products from this thermocycler are
comparable to those obtained by the use of commercially available machines. Its easy front-end
operation, low-power design, portability and low cost makes it suitable for diagnostic field
applications of PCR.

I. INTRODUCTION guires elaborate optimization due to PCR-compatibility
issues?°In this work, we have extended the use of induc-
tion heating to demonstrate PCR in conventional polypropyl-
ene tubes. The advantage of this thermocycler over others
lies in its power-efficiency, portability and low cost, while
achieving comparable levels of DNA amplification.

An important tool in molecular biology is the poly-
merase chain reactioPCR), which results in the recovery
of millions of copies of a DNA sequen¢® of interest from
small to minute amounts of templdté.In PCR, DNA is
thermally cycled~30-40 times through three temperatures:
Denaturation{usually~95 °C), primer(oligonucleotide an-
nealing (~50-72 °Q, and extension~60-72 °Q. This
procedure results in a step-wise and geometric increase inthe A block diagram of the various parts of the cycler is
copy number of the target sequence, resulting in as many ahown in Fig. 1. It consists of the induction heater and its
a billion copies after 30-40 cycles. Other than amplifyingdriver circuit, a fan for cooling the reaction tubes, a tempera-
DNA for research applications, PCR also has wide clinicalture probe and control circuit, and a micro-controller with a
and forensic applications such as in diagnosis of infectiougeypad and a LCD display for programming the cycling pa-
diseases, blood product screening, identity determination, psameters.
ternity testing, etc. A need for a low cost, power-efficient and
portable thermocycler for field work, specially in remote or A. Induction heating arrangement

rural areas, prompted us to undertake this project. The details of the induction heating arrangement have
Some of the important design parameters of a thermocypeen described in an earlier papeHowever, since the cir-
cler are heating—cooling rates, temperature stability, powegit for induction heating was primarily designed for carry-
efficiency, ability to program into the cycler the required jng out reactions in PCR chips, several modifications were
temperature profile, eft” A high heating—cooling rate re- necessary for use in polypropylene tubes in our setup. These
duces the total reaction time. It also prevents nonspecifigyogifications included optimizing the secondary coil design
amplification. Therefore, a considerable amount of researcfy, holding the tubes, adding forced air cooling arrangements
in thermo-cycler design has involved exploring various heatynq replacement of analog temperature control with
ing and cooling method® Some of these methods are hot- microprocessor-control.
air cycling, water cycling?® Peltier heat pumping etc. The secondary coil of the induction heating ciratiitg.
Previously™ we have reported the advantages of using inducy) consists of a~10 g copper block brazed to a 0.2 mm
tion heating for thermal cycling in silicon-glass chips. Al- thick ring made of ferrous metal. The copper block holds two
though chip cyclers are faster, their application for PCR req 2 m| thin-walled polypropylene PCR tubes. One of the
tubes contains the reaction mixture and the other, a
Author to whom correspondence should be addressed; electronic maildummy,” contains an equal volume of water and houses the
debjani@physics.iisc.ernet.in temperature-probe. The current due to electromagnetic in-
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FIG. 3. Typical temperature profile during a PCR in our thermocycler.

FIG. 1. Block diagram of the thermocycler showing its various components.
with a voltage output of 10 mV/°C. The temperature, as

duction remains confined to the ring itself, and the coppePNe” as the cycling information, can be read directly from the

block is heated by thermal conduction from the ring. The-CP display. _ _ _

ring is made of a ferrous metal to ensure a high induced T_he thgrmocoupl_e cannot be _m_serfte_d directly mé% the
current in the secondary and the block is made of copper thaction rr:nxture during PC'? ?}S it inhibits the reac ;
ensure good thermal conduction. The outer and inner dial Hence, the temperatures of the two tubesaction an

eters of the ring are 14 and 5 mm, respectively. An optimum“dummy") need to be calibrated against each other prior to

ring-thickness of 0.2 mm was chosen so that its thermal masg€ reaction. Athermocouple was inserted in each of the two
remains minimized, but at the same time it can withstandUP€S containing equal volumes of water and their tempera-

brazing to the copper block. The excess metal from the Copt_ures were measured independently to ensure that both of

per block is removed to minimize its thermal mass and im_them reach the same temperature simultaneously. This check

prove the heating—cooling rates was particularly important because the material of the tube

In contrast with our chip desingJf,the PCR tubes needed (polypropy{en_ei 16has a low thermal  conductivity
active cooling due to the increased mass of the secondargp'12 Wml K ).I' h hio | |
Our earlier attempts at passive cooling had led to a cooling We also calibrated the AD595 chip independently to

rate of only 0.1°C/s. Therefore, cooling was carried out by cOMPensate for any chip error. This was done by inserting a
blowing air from a 4 in~31 W fan, powered from a 220 VV thermocouple and a platinum resistance thermometer into the

ac source, and controlled by a relay. A thermal compounc?ame tube and comparing their readings. The thermocouple
(Part # 120-2, Wakefield Engineering Inc., USkas used to output was read simultaneously with the AD595 chip and a

ensure good thermal contact between the reaction tubes afff!thley 2000 digital voltmeter, using its in-built module for
the copper block during PCR. reading type-K thermocouple.
The readings of the platinum resistance thermometer are

almost the same as those registered by the thermocouple and

B. PCR tube: Temperature calibration and thermal the Keithley 2000 digital voltmeter. However, the thermo-
profile couple and AD595 registered a value that is lower by 2.8 °C.

A type-K teflon-insulated thermocouple is inserted into This error(within the specified +3 °C calibration error of the
the dummy tube containing a volume of water, equal to theehip) is compensated by programming the microcontroller.
volume of the reaction mixture for measuring the tempera-  The amplified output from AD595 s directly fed to the
ture of the reaction. The thermocouple is connected to &icro-controller(PIC16F877 to constitute the on—off elec-
complete instrumentation amplifier and thermocouple coldronic control. The cycling parametefs.g., set-points, incu-

junction compensator chipAD595 from Analog Devices ~Pation times and the number of cyclese entered into the
micro-controller through a keyboard and can be monitored

on the display during cycling. When the temperature of the
Thermocouple tube exceeds the set-point, the micro-controller switches off
the heating. One of the micro-controller pins is connected to
\ / PCR tube the fan through a relay. The fan is switched on during cool-
ing from denaturation temperatufe-95 °C) to annealing
I —_ o
Cu temperaturg~50 °C).

We also recorded the thermal profile during PCR to
eliminate possible failure of the reaction due to an incorrect
profile. A section of the temperature profile for the PCR tube
is shown in Fig. 3. The maximum temperature variation at
any incubation temperatu(ealculated as standard deviation

¢ 14mm »l

FIG. 2. Diagram of the secondary coil showing both reaction and “dummy"With typically 20 data points, excluding the initial overshpot

tubes. is £0.4 °C. There is an initial overshoot of temperature on



reaching any set-point, which was absent in the thermal pro-
file of the PCR chig? The overshoot in the present case
results from the effect of the on—off control on the large
thermal mass of the copper block. Since it dies down after
one or two oscillations, it can be neglected while calculating
the average temperature variation at the set-points. The av-
erage heating rate i50.8 °C/s and thaverage cooling rate

is ~0.55°C/s.

C. Power efficiency of the thermocycler

The power requirement for heating the PCR tubes is low
in our thermocycler due to the switching mode design of the
drive circuit. In this design, th.e power _transisfcors are eithe'i:IG. 4. Amplification of SRYfrom human male DNA. Lane MA DNA
on or off and never operated in the active region. Thereforegigested with the enzymidindiil (molecular size DNA markerLane 1 and
their power dissipation is minimized. 3: PCR products obtained from PTC-180lJ Research Lanes 2 and 4:

To calculate the power-efficiency, we first estimated thePCR products obtai'ned from the induction. heating-based thermocycler
fraction of the total power dissipated in the secondary coifP"esent study The size of the PCR products is 840 bp.
during open-loop operatiog.e., full heating without any set-
poiny. This same fraction was used to estimate the poweFermentas, Lithuanjaand 1.25 units ofTaq DNA poly-
going into the secondary coil alone during the actual cyclingmerase(Invitrogen, USA. The reaction mixture was over-
The total power drawn from the supply during open-loopjaid with 40 uL of mineral oil (M-5904 from Sigma and
operation is measured to be90 watts(6 A at 15 V). This  PCR was carried out as follows: Initial denaturation at 95 °C
was found to be mostly dissipated across the transistors arfgr 2 min, followed by 40 cycles at 95 °C for 1 min, 65 °C
the primary coil. Taking into account the measured primaryfor 1 min and 72 °C for 1 min, and a final extension at
current and the FET, diode, and coil resistances, the averag® °C for 10 min.
power dissipated in the primary circuit per cycle was esti-  The reaction products were resolved on 0.8% agarose
mated to be ~67W. Therefore, only 25% geland stained with ethidium bromidEig. 4). For compari-
(~23 wattg of the total power drawn from the supply is son, duplicate reactions were carried out in a commercially
required to heat the secondary coil under open-loop condiavailable thermocyclePTC-150, MJ Researghand the
tions. products obtained with this machine were also resolved in

During closed-loop operatiogactual cycling, on an av-  the same gel. These results show that in specificity and
erage, the power dissipated in the secondary coil is onlmount, the PCR products obtained by using the thermocy-

~12 watts(including both heating and coolipgassuming cler described here are comparable to those from the com-
only ~25% heating efficiency. Since there are two tubes, thenercial cycler(PTC-150.

power required per tube is'6 watts. On the other hand, a

commercial thermocyclé? requires about 9 watts of power

per tu_be (220 watts for 25 tube_s This_ shows. that our IV. DETECTION OF PCR PRODUCT BY

switching power design for the induction heating setup isf| UORESCENCE FROM SYBR GREEN |

more power-efficient than the typical commercial cycler. ) ] ) ] .
Furthermore, the power loss in the drive circuit can be mini- ~ SyPr Green | is an intercalating dye which binds to
mized by paralleling more transistors, and hence reducin§ouble-strandedds) DNA and emits a bright green fluores-
their effective resistance, as well as by more efficient thermafence upon binding. As PCR proceeds, the copy number of
design of the circuit. Since the aim of the present work wasISDNA increases, resulting in an increase in fluorescence.
to demonstrate PCR in this new thermocycler design, thd he increase in fluorescence+s.00-fold at the end of PCR,

drive circuit was not optimized for its lowest-power opera- Making this a very sensitive detection technique for the
tion. amount of PCR product synthesized.

We carried out PCR oProstatin Cl (350 bp cloned in
the plasmid BlueScriptStratagene, USAwith an initial de-
naturation at 95 °C for 3 min, followed by 40 cycles at

We tested the thermocycler described above by amplifi95 °C for 1 min, 50 °C for 1 min, and 72 °C for 1 min and
cation of theSRYgene(840 bp from human male genomic a final extension at 72 °C for 5 min. The reaction mixture
DNA. For this purpose, genomic DNA was prepared fromcontained 10 ng of template DNA, 10 pmols each of T3
peripheral blood of a normal male by the proteinase(5'-ATTAACCCTCACTAAAGGGA-3') and T7 (5-
K-phenol method’ Twenty nanograms of this DNA were TAATACGACTCACTATAGGG-3' primers, and 4QuL of
mixed with forward (5'-GTACCCGGATCCAT Dynamo Sybr Green qPCR Mastermix. The PCR product
GCAATCATATGCTTCTGCTATG-3) and reverse was checked by means of increased fluorescence due to bind-
(5’ - TGCAGAAGAATTCTAGGTCTTTGTAGCCAATGTT  ing of amplified double-stranded DNA to Sybr Green |. The
ACC-3') primers(final concentration 50 pmols each, Sigma fluorescence images were recorded before and after PCR by
Genosys, UK, dNTPs(final concentration 12xmol, MBI a CCD camera.

IIl. DNA AMPLIFICATION BY PCR



In our detection system, light from a 100-watt halogential of being made into a real-time thermocy&?eby inte-
lamp passes through a 450—490 nm bandpass filter and faligating the fluorescence detection system into the cycler
on the sample through axmicroscope objective. The emit- itself.
ted fluorescence is passed through a dichroic beam-splitter
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