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Abstract Performing medical diagnosis in microfluidic

devices could scale down laboratory functions and reduce

the cost for accessible healthcare. The ultimate goal of such

devices is to receive a sample of blood, perform genetic

amplification (polymerase chain reaction—PCR) and sub-

sequently analyse the amplified products. DNA amplifica-

tion is generally performed with DNA purified from blood,

thus requiring on-chip implementation of DNA extraction

steps with consequent increases in the complexity and cost

of chip fabrication. Here, we demonstrate the use of

unprocessed whole blood as a source of template for

genomic or viral targets (human platelet antigen 1 (HPA1),

fibroblast growth factor receptor 2 (FGFR2) and BK virus

(BKV)) amplified by PCR on a three-layer microfluidic

chip that uses a flexible membrane for pumping and val-

ving. The method depends upon the use of a modified DNA

polymerase (PhusionTM). The volume of the whole blood

used in microchip PCR chamber is 30 nl containing less

than 1 ng of genomic DNA. For BKV on-chip whole blood

PCR, about 3000 copies of BKV DNA were present in the

chamber. The DNA detection method, laser-induced fluo-

rescence, used in this article so far is not quantitative but

rather qualitative providing a yes/no answer. The ability to

perform clinical testing using whole blood, thereby elimi-

nating the need for DNA extraction or sample preparation

prior to PCR, will facilitate the development of microflu-

idic devices for inexpensive and faster clinical diagnostics.
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1 Introduction

PCR, one of the most sensitive techniques for detecting

pathogens or genes, is frequently used by clinical and

research laboratories for medical testing. In many cases the

pathogens or clinically relevant biomarkers are found in the

peripheral circulation, which means that the relevant

nucleic acid templates must be detected in blood (Eisen-

stein 1990). Usually, DNA must be purified to remove

blood components that inhibit PCR (Higuchi 1989; Akane

et al. 1994). Since DNA extraction procedures involve

time-consuming steps and require skilled technicians, the

use of unprocessed whole blood would be advantageous,

particularly for miniaturised technologies seeking to auto-

mate PCR. Reports of PCR with whole blood involve a

buffer with higher pH (Bu et al. 2008), a novel reagent

cocktail (Ampdirect buffer) (Nishimura et al. 2000), dif-

ferent Taq DNA polymerases (Kermekchiev et al. 2009), or

heating of diluted blood for 15 min before PCR (McCusker

et al. 1992), all using conventional thermocycling. In the-

ory, PCR on microfluidic chips offers multiple advantages

over conventional methods, including faster speed, smaller

samples, less reagent usage, with integration and automa-

tion of the entire process, from introduction of unprocessed

sample to detection of PCR product (Chen et al. 2007).
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Despite these advances in developing microfluidic devices,

most on-chip PCR has been performed with plasmids or

purified DNA as templates (Liu et al. 2006; Wang and

Burns 2009). We previously performed on-chip PCR to

amplify BKV directly from raw urine (Kaigala et al. 2006).

House et al. (2010) used unpurified methicillin-resistant

Staphylococcus aureus (MRSA) DNA for real-time PCR

on a microfluidic chip. Several groups have developed

on-chip sample purification (SP) techniques for extracting

DNA from whole blood prior to on-chip PCR (Easley et al.

2006; Chia et al. 2010; Lien et al. 2009; Price et al. 2009).

However, implementing SP on-chip complicates fabrica-

tion and instrumentation needed for SP/PCR. In this article,

we report a method to directly amplify viral or genomic

DNA templates from whole blood using a three-layer chip

with a PDMS membrane for pumping/valving, and an

inexpensive prototype instrument to amplify two genomic

DNA targets and one viral DNA target in nanolitre vol-

umes. Whole blood was added to a microfluidic chip, fol-

lowed by amplification of HPA1 or FGFR2, and of a

template from BKV. To our knowledge, this is the first

report of on-chip PCR without DNA purification, using

whole blood as a source of template.

2 Experimental procedure

2.1 Microfluidic chips

The microfluidic chip used for PCR and CE consists of a

flexible polydimethylsiloxane (PDMS—Sylgard 184, Dow

Corning) layer sandwiched between two layers of Borofloat

glass substrates (Schott AG, Germany, 1.1 mm thickness)

that are etched with wells and channels for the reaction and

for PDMS-mediated pumping/valving (Fig. 1a, b). The

glass microchips were fabricated by standard glass etching

processes as previously described in detail (Kaigala et al.

2006). The microfluidic channels in the top glass layer are

45 lm deep while PCR chamber is 90 lm deep. The

channels required for controlling the valves in the bottom

glass layer are 70 lm deep. PDMS membranes were fab-

ricated with the monomer and curing agent mixed in a 10:1

weight ratio to a thickness of about 300 lm. PDMS

membrane was irreversibly bonded to the upper and lower

etched glass plates by exposing the surfaces of PDMS and

glass to UV light for 7 min. The pumping and valving were

done by Mathies-style valves (Grover et al. 2003) where

three valves can be used as a pump by actuating them in an

appropriate sequence in order to pump the reagents from

PCR regents loading well to the PCR chamber and from

PCR chamber to the sample reservoir post-PCR. The vol-

ume of the PCR chamber is 600 nl.

2.2 Instrumentation

An inexpensive prototype instrument was used to perform

on-chip PCR reactions (Fig. 2a, b). It uses a Motorola

68332 microprocessor to control a Peltier element

(XLT2398-01L, Marlow Industries, Dallas, TX) for heating

and cooling during PCR. The system is calibrated by

placing a calibrated thermocouple (5TC-TT-K-40-36,

Omega Engineering Inc., Stamford, CT) in the PCR

chamber of a similar chip. Prior to the PCR, parameters

such as the PCR cycle times, temperatures, and number of

cycles are programmed by the user into the microcontroller

via the LCD screen. For actuating pumps for fluidic han-

dling, pressure and vacuum were generated by mini dia-

phragm pumps (P/N VMP1624MM-12-90, Virtual

Industries, Inc., Colorado Springs, CO) that are controlled

by the microcontroller.

2.3 Whole blood amplification

Whole blood amplification of target regions was performed

on-chip on HPA1 or FGFR2, and for BKV. As positive

controls, purified DNA was amplified on-chip for HPA1

and BKV, or on a conventional thermocycler for FGFR2.

For on-chip whole blood PCR, the buffer and Taq poly-

merase were from Phusion� Blood Direct PCR Kit (Cat.

#F-547, Finnzymes, Espoo, Finland). Blood was obtained

from healthy donors as approved by the University of

Alberta Health Ethics Review Board, and stored at -30�C.

The details of each PCR are shown below.

(a) 

(b) 

Buffer Reservoir 

Buffer 
Waste

PCR Loading Well 

PCR 
Chamber 
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Channel

3-Valves: 
Pump 

Sample Waste 

Sample Reservoir 

Fig. 1 a Schematic of the PCR/CE glass/PDMS/glass microfluidic

chip and b photograph of the chip. Chip dimensions are

95 9 18 mm2. The volume of the PCR chamber is 600 nl. Heights

of the chamber and the channels are 90 and 45 lm, respectively. The

six ports on the right of the PCR chamber and valves in the

photograph are for connection of vacuum and pressure lines for

pumping fluid and sealing the chamber
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Prior to PCR with purified DNA as template, the

channels and PCR chamber were incubated in 1% BSA

(bovine serum albumin, Sigma, St. Louis, MO) for 1 h. For

PCR utilising whole blood as template, no BSA coating

was performed. We found that the performance of the

whole blood PCR is not affected by the BSA coating, in

contrast to our observations that BSA coating is essential

for amplification of templates in purified DNA. The protein

components in whole blood may be coating the surface of

PDMS, obviating the need for surface pre-treatment prior

to PCR. In order to perform PCR, 5 ll of PCR mix was

added to the PCR loading well and pumped into the PCR

chamber by actuating valves. Reaction mixes and the cycle

conditions for each PCR are listed below.

2.3.1 HPA1 amplification from whole blood

Primers for the HPA1 PCR were 50-ATAGCTCTGA

TTGCTGGACTTC-30 (Forward, 10 lM) and Cy5-50-G
ATTCTGGGGCACAGTTATCC-30 (Reverse, 10 lM, Cy5

labelled). For HPA1 whole blood PCR, the 20 ll reaction

mix consisted of 10 ll of 29 Phusion buffer, 1 ll of each

primer, 0.4 ll of Phusion Blood DNA polymerase, 1 ll of

whole blood and PCR grade water (Fluka Analytical,

Buchs SG, Switzerland). For HPA1 DNA PCR, 20 ll

reaction mix consisted of 2 ll of 109 PCR buffer

(Invitrogen, Carlsbad, CA), 0.4 ll of each primer, 0.4 ll of

10 mM dNTP (Invitrogen), 1.4 ll of 50 mM MgCl2
(Invitrogen), 0.4 ll of 1% BSA, 2U Platinum� Taq poly-

merase (Invitrogen), 50 ng of purified genomic DNA and

water. PCR was performed with an initial 94�C—120 s

denaturation step followed by denaturation, annealing and

extension steps of 94�C for 30 s, 59�C for 30 s and 70�C

for 20 s, respectively, for 35 cycles, and a final extension

step of 72�C for 120 s. 10 ll of each reaction mix was PCR

cycled in the thermocycler as controls.

2.3.2 BKV amplification from whole blood

Primers for the BKV PCR were Alexa-50-GTGACCAA

CACAGCTACCACAGTGT-30 (Forward, 10 lM, Alexa

labelled) and Alexa-50-TCAAACACCCTAACCTCTTC

TACCTG-30 (Reverse, 10 lM, Alexa labelled). For BKV

whole blood PCR, the reaction mix was similar to the

HPA1 whole blood PCR described above. To mimic BK

viremia, 1 ll of whole blood was spiked with 105 copies of

purified BKV DNA before adding to the BKV PCR mix.

For BKV purified DNA PCR, 20 ll reaction mix consisted

of 2 ll of 109 PCR buffer, 0.4 ll of each primer, 0.4 ll of

10 mM DNTP, 0.5 ll of 1% BSA, 2U Platinum� Taq

polymerase, 1.6 ll of 50 mM MgCl2, 0.4 ll of BKV

template DNA having a titre of 108 copies/ml, 0.8 ll of

DMSO (dimethylsulphoxide, Fisher, Fair Lawn, NJ) and

water. A short two-step PCR was performed for BKV with

an initial 94�C—120 s denaturation step followed by 94�C

for 10 s and 60�C for 20 s for 35 cycles, and a final

extension step of 72�C—60 s. Total PCR time was about

40 min.

2.3.3 FGFR2 amplification from whole blood

For the FGFR2 PCR, Phusion� reaction mix was as

described for the HPA1 PCR reaction except for the

primers. Primers for FGFR2 PCR were 50-CAGAAGT

TTTTGAGAGTGGCATGATG (Forward, 10 lM) and

50-GCTGACTTCTATTTATATAACTTCAAGC (Reverse,

10 lM). On-chip PCR was performed with an initial

94�C—120 s denaturation step followed by 94�C for 10 s,

64�C for 20 s and 72�C for 20 s for 35 cycles, and a final

extension step of 72�C—120 s. Gradient PCR was per-

formed at thermocycler with similar PCR parameters to the

chip but with different annealing temperatures.

2.4 Detection of amplicons using capillary

electrophoresis

Detection of HPA1 and BKV PCR products were per-

formed by microchip capillary electrophoresis (CE) on a

Microfluidic Tool Kit (Micralyne, Edmonton, AB) that

(a) 

(b) 

Heatsink

Peltier (1.5cm x 1.5cm) 

Thermocouple 1 

Microfluidic chip 

Thermocouple 2 

Microprocessor 

LCD Touchscreen 

Fig. 2 a Schematic representation showing major components and

b photograph of the prototype instrument used for PCR. The

microfluidic chip is placed on the peltier element in the drawer as

shown in b. The drawer was then closed and the gantry was lowered

by turning the knob on the top of the instrument. This caused a seal

for pressure and vacuum lines to facilitate fluid movement within the

chip. Lowering the gantry also lowered Thermocouple 2 so that the

temperature readings could be taken on the top surface of the chip
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includes high-voltage electronics for DNA manipulation

through the channels, optics and optical detection electron-

ics for detection of DNA by laser-induced fluorescence

(LIF) and software (Manage et al. 2005). The excitation

wavelength of the laser is 635 nm while the detection is done

at 670 nm. A compiled LabVIEW interface supplied with

the Microfluidc Tool Kit was used to record the LIF signal at

200 Hz. The sieving matrix used for DNA separation was

4% linear polyacrylamide (LPA, cat# 19901, Polysciences,

Inc, Warington, PA) in 19 Tris TAPS EDTA (TTE) buffer.

The sample waste, buffer reservoir and buffer waste wells

were each filled with 4 ll of 19 TTE buffer. When the PCR

was completed, the contents in the PCR chamber were flu-

shed out to the sample reservoir by loading 5 ll of 0.19 TTE

buffer into the loading well and pumping it through the PCR

well. In the Microfluidic Tool Kit, PCR product was injected

from the sample reservoir towards the sample waste well by

applying 300 V across them (ca. 333 V/cm) for 90 s. The

DNA was then separated along the separation channel by

applying 600 V through the buffer reservoir and the buffer

waste (ca. 67 V/cm) for 180 s. The detection was done at

12 mm along the separation channel.

3 Results and discussion

3.1 Amplification of HPA1

The electropherograms of HPA1 on-chip PCR products

with whole blood as well as with purified DNA are shown

in Fig. 3. The length of the HPA1 PCR product is 115 bp.

The electropherogram of the thermocycler PCR performed

with whole blood is also shown. CE of the size standard

(ALFfexpress, 50–500 bp, Amersham Biosciences, NJ,

USA) confirms the size of the PCR product. The use of

Phusion� Blood Direct PCR Kit for purified DNA ampli-

fication results in non-specific peaks when a reaction mix

similar to the blood-PCR is used.

3.2 Amplification of BKV

Figure 4 shows the electropherograms of on-chip BKV

PCR (295 bp) products performed with whole blood and

purified DNA, and the electropherogram of the thermocy-

cler PCR performed with whole blood. The sizes of both

HPA1 and BKV PCR products were also confirmed with

conventional gel electrophoresis (not shown). The large

primer dimer peak in BKV on-chip PCR in Fig. 4 is likely

to be due to the overloading of the primer dimers, causing

them to appear later than expected (ABI 2009). Repre-

sentative PCR products were sequenced with ABI 3130xl

DNA capillary analysis system (Applied Biosystems, Foster
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Fig. 3 Electropherograms showing on-chip HPA1 PCR (115 bp)

products amplified from purified DNA and from whole blood on-chip

and on the thermocycler (TC), and the ALFexpress size standard. The

first peak in the electropherograms is due to primer dimers.

Electrophoregrams are offset along the Y-axis for clarity
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Fig. 4 Electropherograms showing on-chip BKV PCR (295 bp)

products amplified from purified DNA and from whole blood,

thermocycler (TC) product amplified from the whole blood, and the

ALFexpress size standard. The first peak in the electropherograms is

due to primer dimers. Electrophoregrams are offset along the Y-axis

for clarity
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City, CA), as described previously (Adamia et al. 2008), by

pooling PCR products from multiple on-chip PCRs.

3.3 Amplification of FGFR2

FGFR2 amplicons (272 bp) from on-chip PCR and ther-

mocycler PCR are shown in Fig. 5. The volume of the

conventional PCR used for the gel electrophoresis of Fig. 5

was 10 ll, while the volume in the on-chip PCR was

600 nl. Therefore, the amount of whole blood used in

conventional PCR is 0.5 ll per reaction, *17 times more

than for the on-chip PCR which used 30 nl of whole blood

per reaction. This explains the difference between the

intensities of the thermocycler PCR products and the on-

chip PCR product. Representative PCR products were

verified by sequencing.

3.4 Advantages for the use of whole blood PCR

on chip

Using whole blood as the source of template, we have

successfully demonstrated PCR reactions on microfluidic

chips for three different DNA templates, using nanolitre

reaction volumes. The use of whole blood avoids tedious

and laborious DNA isolation processes that restrict the

development and automation of fast diagnostic procedures.

Whole blood PCR depends on the use of a polymerase that

is not inhibited by components of whole blood, in this case

a commercially available enzyme termed Phusion�. Phu-

sion polymerase, a hot start polymerase, uses a reversibly

binding Affibody� protein (Nord et al. 1997). With the

Phusion� DNA polymerase, blood volumes in the PCR

reaction mix can be up to 40%. We used a concentration of

5% of whole blood for on chip or conventional PCR

reactions (1 ll whole blood in 20 ll reaction mix).

4 Conclusion

This work shows the successful use of whole blood as a

source of template for amplification on chip of genomic

DNA (HPA1 and FGFR2) and BK virus. The ability to

perform amplification of templates in whole blood using

on-chip PCR eliminates the need for DNA extraction and

purification procedures hence simplifying the development

and fabrication of integrated microfluidic devices and

instruments to perform affordable medical diagnostics.
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