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Abstract Integrated PCR–CE chip technology has

immense potential to be applied in clinical diagnostics. In

this work we demonstrate the application of our integrated

PCR–CE chip for the detection of the respiratory pathogen

Bordetella pertussis. A series of experiments with varying

cell concentrations (200,000–2 cfu) were performed to

obtain the analytical detection limits of the chip. We find

that the chip technology is well suited for sensitive detec-

tion of Bordetella pertussis, using genetic material from

less than even 2 cfu. We also utilized an off-chip real-time

PCR method to compare and validate our on-chip

approach.

Keywords Integrated � PCR � CE � Bordetella pertussis �
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1 Introduction

The microfluidic integration of polymerase chain reaction

(PCR) (Kricka and Wilding 2003) with capillary electro-

phoresis (CE) (Harrison et al. 1992; Manz et al. 1993) has

emerged as a promising chip based approach for rapid and

low-cost genetic analysis. Using different integration

strategies, PCR–CE devices have recently been demon-

strated as a useful tool for many clinical and forensic

applications (Bienvenue et al. 2006; Easley et al. 2006;

Ferrance et al. 2005; Koh et al. 2003; Lagally et al. 2001;

Li and Kricka 2006; Lin et al. 2000; Liu et al. 2007;

Matsunaga et al. 2003; Rodriguez et al. 2003; Sethu and

Mastrangelo 2004; Shandrick et al. 2002; Wang et al. 2004;

Waters et al. 1998).

More recently, pathogen disease detection using chip

based PCR–CE has become a topic of extreme interest,

because of the growing number of outbreaks. With the

recent outbreaks of severe acute respiratory syndrome

(SARS), E. coli, influenza, anthrax, to name a few, it is

important for the microfluidic research community to

leverage the capabilities of chip based detection technol-

ogies. In this regard, many microfluidic research groups

have made significant contribution (Easley et al. 2006;

Lagally et al. 2004; Liao et al. 2005; Pal et al. 2005; Zhou

et al. 2004), and these demonstrations have a good poten-

tial of being capitalized by healthcare professionals in a

clinical setting.

Another highly contagious pathogen is Bordetella per-

tussis (B. pertussis), the symptoms, of which are commonly

referred to as ‘‘whooping cough’’ (Knorr et al. 2006;

Mattoo and Cherry 2005). B. pertussis is a small, gram-

negative rod shaped pathogen that infects the respiratory

tract, with the complication of pulmonary hypertension,

which can prove fatal (Casano et al. 2002). Humans are the

only known hosts for this pathogen, with infants and ado-

lescents being the most susceptible (Hewlett and Edwards

2005; Weir 2002). In 2004 more than 25,000 cases of B.

pertussis were reported, a 12-fold increase since 1980

(Hewlett and Edwards 2005). Thus, a means to rapidly
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detect B. pertussis and facilitate large scale screening for

outbreaks is becoming increasingly important.

A number of recent independent studies have concluded

that PCR amplification and detection methods for this

pathogen is superior to available traditional detection

methods and should be routinely incorporated in clinical

testing for screening and surveillance (Massay 2007;

Muller et al. 1997; Tatti et al. 2006). Importantly, since

PCR only requires a small quantity of genetic material (i.e.,

capable of amplifying even a single DNA strand) it facil-

ities the early detection of B. pertussis, thereby greatly

improving targeted remedial medical care with improved

outcomes (Davis 2005; Tatti et al. 2006). In addition to the

advantages of conventional PCR based detection of

B. pertussis, integrated PCR–CE chip technology provides

a number of added benefits. These include: low reagent

consumption, minimal cross-contamination, and a poten-

tially cost-effective detection strategy leading to routine

nucleic acid testing/screening.

Herein we apply a previously developed integrated

PCR–CE chip (Prakash and Kaler 2007) for on-chip genetic

amplification (by PCR) and subsequent detection (utilizing

CE) of the B. pertussis respiratory pathogen. Furthermore,

we determined the analytical detection limits of the PCR–

CE chip by performing on-chip experiments with various

known concentration of B. pertussis. The on-chip data was

also compared with an off-chip laboratory ‘‘gold standard’’,

real-time PCR, to facilitate validation and reliability of the

chip based approach. We conclude that this PCR–CE chip

based technology can readily detect B. pertussis from

genetic material equivalent to about the content of a cell.

2 Experimental methods

2.1 Integrated PCR–CE chip

The integrated PCR–CE chip, as reported in prior work

(Prakash and Kaler 2007), is shown in Fig. 1. It comprises

of an array of nine PCR sample chambers with associated

valved fluidic ports (input/output) on either side of each

chamber. These chambers are in turn connected via fluidic

channels to the CE section of the chip. The CE separation

uses a sieving medium (Genescan polymer, Applied Bio-

systems, USA) and TBE buffer protocol. The high voltage

for CE and optical detection system for laser induced flu-

orescence (LIF) is housed in the lTk (Micralyne, Canada).

A detailed description of the chip, operating principles and

utility for genetic analysis can be found elsewhere (Prakash

and Kaler 2007).

2.2 B. pertussis culture and estimation of concentration

B. pertussis was grown in standard cultures at 35�C in an

ambient atmosphere on Regan-Lowe media (Daylnn Bio-

logicals, Canada), as described previously (Knorr et al.

2006). The cells were typically cultured for 2 days prior to

experimentation. A small sample (20 ll) of B. pertussis

culture was suspended in sterile PCR grade water (Fluka

Biochemika, Switzerland) at a concentration equivalent to

1 · 107 colony forming units (cfu)/ml based on the McFar-

land turbidimetric standard (Knorr et al. 2006) (Note: 1 cfu/

ml refers to 1 live B. pertussis cell/ml). A serial dilution of

this 1 · 107 cfu/ml B. pertussis preparation was then per-

formed in order to achieve aliquots of lower concentration.

Table 1 gives the B. pertussis cell concentration of the

stock culture and the final cell concentration of the serial

dilutions (1 · 107–1 · 101 cfu/ml, labelled as A7–A1).

DNA was independently extracted from each of these sam-

ples and suspended in 50 ll of PCR-grade water. These

samples were then utilized in a series of on-chip PCR and real-

time PCR experiments, as described in the following section.

2.3 PCR assay

The PCR primers were specifically designed to amplify a

167 bp fragment in the IS481 region for detection of

B. pertussis, as previously described (Knorr et al. 2006)

PCR section 
(Array of 
PCR
chambers) 

CE section  
(4 port ‘T’ 

intersection) 

Inlet and outlet ports with 
incorporated polymer valves 

PCR section to CE section 
interconnecting fluidic channel 

CE sample 
well

CE buffer 
well

CE sample 
waste well 

CE separation 
channel

CE buffer 
waste well 

3 mm 

Fig. 1 A schematic of the integrated PCR–CE chip with the different

labelled components. The PCR section has nine independent cham-

bers for simultaneous PCR amplification. These chambers are in turn

connected to the CE section by an interconnecting channel for

subsequent sequential CE analysis
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and adopted from Reischl et al. (Reischl et al. 2001). Since

B. pertussis carries over 50 copies of the IS481, it is a

desirable target for sensitive detection of this pathogen

(Knorr et al. 2006). The primer sequences were: (forward)

50-GCGTGCAGATTCGTCGTAC30 and (reverse) 50TGAT

GGTGCCTATTTTACGG30. For on-chip PCR–CE, the

forward primer was labelled with the fluorophore VIC,

while for the real-time PCR a (TaqMan) hybridization

probe (50FAM-ACCCTCGATTCTTCCGT-BNFQ30) was

used. The primers and probes were synthesized and pur-

chased from Applied Biosystems, USA. All PCR reagents

were purchased from Invitrogen (Canada) and the assays

for both on-chip and off-chip real-time PCR were similar,

with final component concentrations as follows: 1x PCR

buffer, 0.2 mM each dNTP, 2 mM MgCl2, 2.5U Taq,

0.5 mM each primer, and PCR grade water (Fluka Bi-

ochemika, Switzerland). The assay involved an initial

denaturing at 95�C for 10 min, followed by 40 cycles of

denaturing (95�C), annealing (50�C), extension (72�C) of

15 s each, and a final extension (72�C) for 10 min.

For PCR performed on-chip, 1 ll of the extracted DNA

was included in 15 ll of PCR master mix. However, only

*3 ll of the PCR master-mix was loaded into the PCR

chamber. This large volume of PCR master-mix was pri-

marily prepared to minimize pipetting errors and facilitate

multiple on-chip runs. Off-chip real-time PCR assay for a

‘‘gold-standard’’ comparison was prepared separately with

5 ll of the suspended DNA in 15 ll of PCR master mix.

Real-time PCR was performed using the LightCycler1

instrument (Roche Diagnostics, Canada). All on-chip PCR

and off-chip real-time PCR experiments were performed

simultaneously and under identical assay preparation con-

ditions to facilitate a comparison of the data. Negative PCR

controls (i.e., PCR assay without the addition of DNA) were

also run for both on-chip and real-time to ensure that cross

and carry-over contaminations were avoided.

Upon completion of PCR thermal cycling on the inte-

grated chip, a portion of the PCR sample was subsequently

utilized for the on-chip CE analysis of the PCR amplified

DNA using the CE protocol as described in earlier work

(Prakash and Kaler 2007). The on-chip CE analysis required

only 0.3 ll of the amplified PCR sample, i.e., about one-

tenth of the PCR volume contained in the chamber. In the

case of the real-time PCR, single fluorescent readings were

taken at the annealing temperature 55�, once per cycle.

Amplification, detection and data analysis for real-time

PCR were conducted utilizing the LightCycler1 1.0 soft-

ware version 4.05 (Roche Diagnostics, Canada).

3 Results: PCR assay

A plot of relative fluorescence units (RFU) verses time

(i.e., CE electropherogram), for the B. pertussis PCR

amplified DNA utilizing the integrated PCR–CE chip is

shown in Fig. 2. Chip based PCR was performed using

sample A3 (see Table 1). As seen in Fig. 2, a strong primer

peak is observed at 190 s and a product peak (i.e., B.

pertussis amplified DNA) is seen at *212 s, confirming

the successful amplification of the IS481 region. To verify

the size of this resulting PCR product, we included size

standards (Gene Scan 500, Applied Biosystems, USA) in

this CE separation analysis. Hence a number of smaller

peaks corresponding to different fragment sizes are also

observed in the CE separation, Fig. 2. These standards

confirmed that the B. pertussis amplified PCR product is

167 bp, as designed, positioned between fragment sizes

160 bp (210 s) and 200 bp (216 s).

In another set of experiments (see Table 1), PCR fol-

lowed by CE analysis of samples A1–A4 and A7 were

performed using the integrated chip, the CE analysis, of

Table 1 B. pertussis sample concentration and PCR fluorescence

signal values (on-chip by CE analysis and conventional by Real-time

PCR)

Sample

ID

Stock/culture

cell

concentration

(cfu/ml)

Final cell

number in

sample

(cfu)

CE detection

signal after

on-chip PCR

(max: 5 RFU)

Real-time

PCR

crossing

point (CP)

A7 107 2 · 105 5 14.86

A6 106 2 · 104 – 17.83

A5 105 2000 – 21.79

A4 104 200 5 24.76

A3 103 20 5 28.03

A2 102 2 0.5 34.98

A1 101 <1 0 0

20 ll of stock culture was used as a sample. The extracted DNA from

each final cell number was suspended in 50 ll of water, of which only

1 ll was utilized for on-chip PCR

0

1

2

3

4

5

170 180 190 200 210 220 230 240

U
F

R

Time (sec)

PCR product 
(167 bp) 

Primer 

500bp 100bp 250bp 
160bp 350bp 

CE analysis of B. pertussis PCR amplified DNA 

Fig. 2 CE analysis [relative fluorescence intensity (RFU) vs. time in

s] of B. pertussis PCR amplification on the integrated chip. The

167 bp PCR product (DNA) is observed at 212 s and the molecular

size was verified by separation with Gene Scan 500 size standards
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which is shown in Fig. 3a. The CE data shows very strong

PCR products for the three samples A3, A4 and A7, for

which the DNA was extracted from cell concentrations

above 20 cfu. As observed in Fig. 3a, the fluorescence

signal reached a maximum value of 5 RFU for these

samples, which indicates optimal amplification and an

easily identifiable species. Next, for sample A2, DNA

extracted from only 2 cfu, a weak (although distinctly

detectable) PCR product peak is observed, with a fluores-

cence signal of *0.5 RFU. Finally, for sample A1, since

the theoretically estimated cell concentration was a fraction

of a single cell, no detectable amplification signal was

present indicative of the absence of the target DNA in the

sample. [Note: Analysis of sample A5 (2000 cfu) and A6

(2 · 104 cfu) is not presented here since all samples above

20 cfu (i.e., A3–A7) provide very high PCR amplification

with CE/LIF fluorescence maxed at 5 RFU.]

In an identical set of experiments with samples A1–A7

using real-time PCR for ‘‘gold–standard’’ comparison, we

note distinct amplification signals for each sample A2–A7,

as shown in Fig. 3b. Since the PCR amplification data is

obtained after each thermal cycle, a unique crossing point

(CP) is also observed for each sample, as indicated in

Fig. 3b and summarized in Table 1. CP is the cycle num-

ber, at which the amplification curve becomes exponential.

A high CP value indicates low initial copy number of IS481

amplification targets in a sample and vice versa. Hence, as

summarized in Table 1, sample A7 has a CP value of 14.86

while A2 only has a CP of 34.98. This data, as shown by

Knorr et al. (2006) and others, provides easy extrapolation

of information that can be correlated with the quantity of

cells in the initial sample.

Negative control PCR assays for both on-chip and off-

chip methodologies, did not indicate any detectable

amplification (data not shown), suggesting a lack of con-

tamination by careful assay preparation. All experiments

presented here we repeated at least thrice more than the

data presented herein and yielded similar results. While

stochastic amplification effects were not noted in the cur-

rent study, we anticipate that for clinical field tests

involving large sample numbers, stochastic effects may be

observed at low genetic concentrations (e.g., sample A2).

Fig. 3 a The 3D plot shows the

CE analysis of different

concentrations of B. pertussis
samples run on the integrated

chip. Samples A7, A4 and A3

had a maximum RFU of 5,

sample A2 had a RFU of 0.5,

while A1 showed no

fluorescence signal. For clarity,

the PCR product ‘‘Time vs

RFU’’ for samples A2 and A1

are shown in magnified inserts.

b Real-time PCR LightCycler1

amplification profile of the

IS481 hybridization probe assay

with a dilution series of B.
pertussis, for samples A7–A1.

In CE the PCR amplification is

analysed based on the

fluorescence intensity of the

amplified DNA and time, while

in real-time PCR it is analysed

at the amplification stage itself

by the fluorescence of the

hybridization probe at each

thermal cycle
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4 Discussion

The on-chip PCR–CE analysis, as described, showed easily

detectable signal for the identification of B. pertussis from

DNA extracted from varying cell concentrations, as low as

2 cfu to as high as 2 · 105 cfu (samples A2–A7). Of these,

the successful identification of B. pertussis using sample

A2 is of particular interest as it describes the extremely low

analytical detection capabilities of the on-chip approach.

Sample A2, which consisted of only 2 cfu, the extracted

DNA, of which was suspended in 50 ll and only 1 ll of

this suspended DNA was utilized for the on-chip PCR

assay, showed on-chip CE/LIF detectable amplification of

0.5 RFU. Theoretically, this implies that a sample with

possibly only a fraction of cell content is sufficient to

identify the presence of B. pertussis. While this theoreti-

cally derived fractional content may appear to be

inapplicable, it may in fact be critical when applied in

routine clinical testing. For example, the presence of even a

single B. pertussis cell may well be sufficient to defini-

tively detect the presence of the pathogen. Furthermore, in

real-life worst case scenarios, this very low (� 2 cfu) on-

chip analytical detection capabilities can easily accom-

modate potential loss of cell genetic material during

handing, limitations with DNA isolation, on-chip ineffi-

ciency due to increased surface-to-volume ratios, or other

commonly encountered intricacies with chip-based

approaches (Prakash et al. 2006, 2007).

Another aspect of the work presented herein was the

comparison of chip based B. pertussis identification with

the ‘‘gold-standard’’ real-time PCR method. As evident

from a direct comparison, real-time PCR provided details

on the exact thermal cycle, at which the DNA amplification

begins to occur and the possibility to re-trace the cell

concentration. This perhaps is particularly useful in a

research laboratory environment for the development of an

optimized PCR assay protocol (e.g., titrate the many

reagents, DNA-primer melting curve determination, etc.)

and for identifying the disease state of the patient based on

cell count. However, such details are not readily extrapo-

lated from a chip based CE electropherogram, since the

method provides data upon completion of the PCR. Nev-

ertheless, CE chip based analysis is being extensively

promoted for future clinical analysis devices (Li and Kri-

cka 2006). This is primarily because chip based approaches

are targeted for integrated and automated, miniaturized,

low-cost, portable point-of-care devices that may not

require detailed data extrapolation for assay optimization.

Since the chip based approach is comparable to off-chip

methods in terms of analytical detection limits, the ability

of the chip method to provide an assertive binary data (i.e.,

presence or absence) of a specimen in a sample would

serve the purpose of improved and early detection very

well. For example, samples identified as positive by low-

cost chip detection technology, could then be referred for a

more detailed laboratory analysis to facilitate tailored

therapy. Clearly, the chip technology would cater to many

critical healthcare requirements such as low-cost, mass and

routine screening leading to early detection of infection and

outbreaks, ultimately leading to better cost-effective

healthcare management.

For the detection of B. pertussis, the presence of cell

debris in the PCR assay adversely affects the efficiency of

the amplification to varied extents, sometimes causing

complete inhibition (Loeffelholz et al. 1999). Hence to

avoid such variables, herein we utilized purified B. per-

tussis extracted DNA to determine the detection range/

limits of the chip. In future work we anticipate incorpo-

ration of on-chip lysis with purified DNA extraction to

facilitate more rapid detection.

In conclusion, in this work we demonstrated an inte-

grated PCR–CE chip method for the identification of B.

pertussis. This PCR–CE chip used <3 ll for PCR, of which

only 0.3 ll was utilized for subsequent CE analysis on the

integrated chip. Conceivably the PCR could be performed

with one-tenth the current volume, sufficient for detection

of low copy number B. pertussis, which will further reduce

reagent costs, greatly surpassing the limitations of con-

ventional off-chip methods. Furthermore in this work, a set

of B. pertussis cell concentration serial dilution experi-

ments confirmed that the integrated chip is capable of

identifying B. pertussis from the genetic content of � 2

cells. Currently efforts are in progress to integrate upstream

sample preparation such as cell pre-concentration using

dielectrophoresis with the herein demonstrated downstream

PCR–CE detection.

Clearly, the advantage of the chip technology is to

harness low-cost screening for pathogen/infectious disease

identification. It is anticipated that costs of such a proce-

dure would be reduced promoting improved healthcare

management strategies to prevent disease outbreaks.
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