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Capillary electrophoresis (CE) and microfluidic chip (MC) devices are relatively 
mature technologies, but this book demonstrates how they can be integrated 
into a single, revolutionary device that can provide on-site analysis of samples 
when laboratory services are unavailable. By introducing the combination of CE 
and MC technology, Microfluidic Chip-Capillary Electrophoresis Devices 
broadens the scope of chemical analysis, particularly in the biomedical, food, 
and environmental sciences.

The book gives an overview of the development of MC and CE technology as 
well as technology that now allows for the fabrication of MC-CE devices. It 
describes the operating principles that make integration possible and illustrates 
some achievements already made by the application of MC-CE devices in 
hospitals, clinics, food safety, and environmental research. The authors envision 
further applications for private and public use once the proof-of-concept stage 
has been passed and obstacles to increased commercialization are addressed.

A summary of the current methodology and application of MC-CE devices, 
including their merits, limitations, and potential, closes the book. It highlights 
the path to be taken for future development of MC-CE and anticipates new 
advances in technology that will increase their performance and use as powerful 
analytical tools. With enhanced power, their scope of applications will widen 
and yield new benefits to researchers and the general public.
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1.1  Needs and Approaches for On-Site Analysis of Difficult 
Samples Containing Interfering Substances

Due to the rising demand for on-site analysis to deliver timely results in 
the diagnosis of infective agents and treatment of patients under critical 
 conditions, assay of drugs and metabolites at point-of-care, on-site toxic 
agent detection for home security, and monitoring of environmental pol-
lutants and food contaminants, various methods capable of on-site opera-
tion have been developed in the past 20 years. There are two major methods 
adopted in various analytical methodologies: direct methods, via specific 
biochemical reactions with target analytes normally present at high levels in 
a simple sample matrix; and separation methods, via a separation scheme to 
separate analytes normally present at low levels in complex samples contain-
ing interfering substances [1–3].

Direct methods can be divided further into two groups: low sample through-
put laboratory-based methods and high sample throughput  clinical-based 
methods. High sample throughput platforms have been  developed for routine 
monitoring of important clinical parameters. However, the automated system 
is often targeted to a single parameter, and only a limited number of automated 
analyzers are available for frequently analyzed parameters because of the 
high development cost for the automated analyzer.

Laboratory-based low sample throughput platforms are developed to meet 
difficult analyses requiring sample cleanup and analyte enrichment prior to 
direct determination by specific biochemical reagents. Due to the require-
ment of expensive instrumentation and supporting facilities, high capital 
and running costs are often needed. Thus, this approach is not likely to be 
useful for on-site monitoring applications.

Procedures utilizing various separation schemes are essential in  methods 
for the determination of several analytes in complex samples containing 
interfering substances, such as the assay of urinary proteins and metabo-
lites  [4]. However, for samples with analytes present in widely different 
concentrations, dilution or preconcentration has to be carried out for the 
determination of an individual analyte to match its dynamic working-
range requirement. For profile analysis, a large number of analytes have 
to be determined in each assay, thus requiring a large number of dilutions to 
be carried out for each sample to meet the quantitation requirement for an 
individual analyte.

To deal with the problem of determining trace analytes in complex  samples, 
appropriate sample pretreatment procedures have to be carried out to remove 
interfering compounds. For example, a high-salt environment in a urine 
sample can interfere with the determination of urinary metabolites when 
using mass spectrometry (MS), and it also affects the separation of urinary 
proteins by capillary electrophoresis (CE) or other separation techniques [5,6]. 
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Pretreatment procedures to clean up complex samples are often tedious and 
time-consuming. Thus, alternative procedures with online sample pretreat-
ment are needed.

1.2 MC Devices for On-Site Analysis

The emergence and value of microfluidic chip (MC) devices for on-site 
analysis are indicated by the increasing number of publications under the 
term “microfluidic chip” since its first appearance in the literature in 1994 
(Figure 1.1). The pace of increase was slow at the start (1994–2005) but then 
showed a rapid increase to present.

The various MC devices developed in the past 20 years are listed in 
Table  1.1, with a brief description on their modes of operation. Although 
there are various terms used to describe types of MCs; they generally can be 
classified into four major types: 1) MC as a general term for any device using 
microfluidic operation; 2) MC or biochip, which utilizes direct detection by 
specific biochemical reagents with the analyte for qualitative and semiquan-
titative analysis; 3) microfluidic chip electrophoresis (MCE) or microchip-
CE, which incorporates a separation scheme to handle complex samples for 
quantitative determination of analytes; and 4) microfluidic chip-capillary 

Year
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FIGURE 1.1
The cumulative number of publications under microfluidic chip since 1994 to May 2014. 
(Data from ISI Web of Science.)
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electrophoresis (MC-CE), which integrates a much longer quartz capillary 
to perform  different modes of CE separation and/or incorporates new detec-
tion modes to extend the scope of application to difficult samples using 
on-chip operations, such as sample cleanup, analyte enrichment, high CE 
separation efficiency, and high detection sensitivity and selectivity for new 
detection modes. Full definitions of the four forms of microfluidic devices 
are given in Appendix I.

1.2.1 Microarray Chip/Biochip with Direct Detection

The early form of MC used a pump to transfer samples and reagents to vials 
fabricated on microchips loaded with chemical or biochemical reagents with 
specific interaction with the target analytes in the sample for their identifica-
tion and semiquantitative determination. The number of vials on each chip 
can reach a few million in the form of a microarray of vials fabricated on 
the microchip surface, commonly known as a microarray chip or biochip 
for target sample application. The expensive biochemical reagents needed 
and the high production costs involved in making microarray chips (a chip 
can have a few million vials, with each vial containing a different reagent 
makeup) lead to a high operation cost for using the microarray chip for 
each assay. In addition, it can only be used once before disposal. As a result 

TABLE 1.1

Various Microfluidic Chip Devices Developed in the Past 20 Years Since 1994

Microfluidic Chip Device
Year 

Found

No. of 
Publications 
up to 2014a Mode of Operation

Microfluidic chip 1994 9778 Microchip with samples or 
reagents moved by pumps or 
electrophoresis with direct 
analyte detection or analyte 
separation before detection

Microarray chip/biochip 1994 5364 Samples delivered to specific 
reagents placed in a given static 
vial for specific analyte detection

Microfluidic chip 
electrophoresis or microchip-
capillary electrophoresis

1996 2410 Samples or reagents moved by 
pump or electrophoresis; analyte 
separated on chip before 
detection

Microfluidic chip-capillary 
electrophoresisb

1998 90 Samples or reagents moved by 
electrophoresis in microchip with 
analyte separated in capillary 
column; mixing up in 
terminology with microfluidic 
chip electrophoresis in literature

a Data from ISI Web of Science (1994–2014).
b Data from ISI Web of Science (1994–2014) and author’s database (2003–2014). 
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of the difficult-to-avoid production error for filling up a few of the vials with 
the incorrect reagent makeup, false positives and false negatives have been 
reported in the use of microarray chips, thus affecting interpretation of the 
results. The high running cost of the microarray chip eliminates its applica-
tion for general clinical assays and restricts its application to special areas 
requiring a lot of information from very precious and limited samples, such 
as DNA assays for exploratory studies of research subjects.

1.2.2 MCE/Microchip-CE with a Separation Scheme

Although the use of a pump to move microfluids provides a nonbiased 
movement for all microfluids, it can only deliver microfluids from one posi-
tion to another at a time by applying differential pressure between the two 
positions. For an interconnecting microchannel pattern, the control of pres-
sure at different parts of a complex microchannel pattern is complicated and 
expensive, because many pumps have to be employed. Thus, the pressure-
driven channel pattern is limited to a very simple design for each operation. 
In contrast, the use of electrophoresis as the driving force to move samples 
and reagents is easy, because only one high-voltage power source is needed. 
Different potentials can be imposed to different vials fabricated on a micro-
fludic chip by imposing differential voltages at each vial and by switching 
voltages at a desired program. For complicated operations at an open com-
plex microchannel pattern, high-voltage-driven control of microfluids is 
highly preferred and frequently used for analytical application.

In addition, separation is required for difficult samples for the determi-
nation of analytes at trace levels in an interfering sample matrix, and the 
procedure can be used for the determination of several related analytes in 
each assay. As electrophoretic separation can provide both high-separation 
 efficiency for analytes and for moving the samples within the MC to a desir-
able position, it has been adopted as the driving force for moving microflu-
ids and for analyte separation. MCs using electrophoresis for separation of 
analytes are known as MCE or microchip-CE. Both MCE and microchip-CE 
refer to the same MCs using electrophoresis in the separation scheme.

The term microchip-CE can sometimes cause confusion. A considerable 
number of papers reported in the literature [7–9] do not use a quartz capillary 
to operate in a given mode of CE for analyte separation. Instead, separation is 
executed for analyte separation in a segment of microchannel a few micros 
in length is commercially available MCs. Due to the short separation distance 
in the MC, only a limited separation can be achieved. Thus, a sample with a 
simple matrix is often used to show the increase in detection sensitivity for the 
determination of drugs by using a newly developed electrochemical detector 
for drugs and associated metabolites [9–11].

Despite the increasing number of publications since 1994 covering many 
application areas, relatively few reports were found using real samples 
for testing. This discrepancy may due to 1) interference from the complex 
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sample matrixes; 2) use of standard, commercially available MCs with fixed 
channel configuration to test new ideas, such as new detection principle, 
and use of a standard mixture to illustrate the enhancement in detection 
sensitivity; and 3) use of MCs that require expensive research instrumenta-
tion, making it difficult for other researchers to follow up on previous work 
for real sample assay.

In summary, for MCs using direct biochemical detection for point-
of-care  application, sample matrix interference is a major problem that 
must be tackled to enable the success of MC for real sample application. 
For MCE and microchip-CE with separation scheme, the relatively short 
microchannel (a few centimeters in length) fabricated on the microchip for 
separation is not sufficient for handling complex samples containing inter-
fering substances. The integration of a quartz separation capillary for high- 
separation efficiency for analyte coupled with MC for sample preparation 
provides a promising approach for real sample application, with details 
given in Section 1.2.3.

1.2.3 Integrated MC-CE Device with a Silica Separation Capillary

The first paper incorporating a capillary in the MC was found in 1998 [12] 
using a silica capillary to collect cells and deliver the contents for reaction 
with fluorescein on a glass chip with an etched channel for microscopic 
observation. There are very few papers published on MCs integrated with 
a separation capillary after 1996, compared with microarray chip/biochip 
and MCE/microchip-CE development in the subsequent 10 years, possibly 
because of the additional work involved in incorporating a capillary with a 
MC. The interest in online integration of an MC with on-chip sample pre-
treatment capability to a capillary column with high-separation efficiency 
under electrophoretic run had initially started in Fung’s group in 2000, with 
an aim to solve problems in handling environmental samples containing 
interfering substances for trace analysis [13]. In view of the slow progress 
to develop portable devices to deliver urgently needed results on demand 
and the lack of affordable commercial instrumentation in support of MC 
devices for on-site analysis, the approach has later been incorporated into 
devices showing high potential for biomedical application. The advantages 
gained in integrating CE with MC devices are found to be far beyond the 
additional work for bonding a quartz capillary to the MC to fabricate the 
MC-CE device.

CE is a well-established separation technique that provides an effi-
cient separation with a short assay time, reduced reagent consumption, 
and low cost. Different separation modes, such as isoelectric focusing 
(IEF), micellar electrokinetic chromatography (MEKC), and capillary zone 
 electrophoresis (CZE), have been established for the separation of molecules 
with  biomedical significance. For example, CZE separates charged analytes 
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with high resolving power by mass-to-charge ratio (m/z). MEKC provides 
an effective separating method for both neutral and ionic compounds. IEF 
produces a pH gradient from the focusing of ampholytes according to their 
isoelectric points, which can be used to isolate protein fractions for subse-
quent separation [14,15]. The different separation modes provide flexibility 
for selecting a desired mode for a given analytical separation. In addition, 
other sample introduction techniques, such as analyte stacking and iso-
tachophoresis (ITP), have been developed for analyte enrichment and sam-
ple cleanup, such as desalting, which can enhance the detection sensitivity.

The integration of a separation capillary with the MC in the MC-CE device 
has quickened the pace for developing devices for target application in the 
following ways. First, commercial instrumentation with affordable cost is 
available from CE manufacturers who have developed CE instrumentation, 
such as detectors and high-voltage sources, for portable application. Second, 
various fully developed CE separation modes (MEKC, CZE, and IEF) can 
be used to assist in the separation of targeted analytes from given samples 
within the separation capillary. Third, the various analytical enrichment and 
sample cleanup procedures developed in the microchip can be coupled with 
CE separation to meet demand for a given task. Fourth, the databases and 
knowledge accumulated from existing CE separation procedures and buf-
fer systems developed over the years for biomedical, environmental, food 
safety, security protection, and other areas can be utilized to tackle difficult 
separation. Fifth, microfluidic techniques developed in MCs, such as mixing, 
valving, and microflow patterning, can be adopted for on-chip operations 
prior to CE separation. The integration of two microscale techniques, per-
forming different tasks leads to enhanced capabilities that exceed the use of 
either technique alone, making it possible to analyze complex real samples 
for target analytes as shown in Sections II–IV of this book.

The first area of integration of MC-CE devices started in 2000. It incorpo-
rated various sample pretreatment procedures, such as sample cleanup and 
analyte enrichment [13,16,17], with CE technology by using established sepa-
ration modes for specific biomedical molecules [18–23] and a high- separation 
efficient CE column to reduce interference from the sample matrix. The 
 second area involved integration with a sensitive and selective detection 
mode to expand the scope of application to new areas, such as the deter-
mination of a non-ultraviolet (UV)-absorptive analyte and nonelectroactive 
analyte by using optical and electrochemical detectors, respectively.

The success reported in the literature since the mid-2000s using MC-CE 
devices for the determination of trace analytes in difficult samples covers 
widely different application areas, including biomedical, environmental, 
and food safety areas. Wider application was made possible by the avail-
ability of affordable facilities and instrumentation at the time to enable the 
operator to design and fabricate desirable microchannel patterns on MCs for 
intended application, as ascribed in Section 1.3.
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1.3  Fabrication and Control Instrumentation for 
MC-CE Devices for Intended Application

1.3.1 Instrumentation for Fabrication and Control of MC-CE Devices

There are two major forces driving the development of microchip  technology. 
The first is the need for analyzing small samples for the determination of multi-
analytes at low levels, for example, the assay of metabolites in urine. The second 
is the micromachining capability for making MCs with desired microchan-
nel patterns and electrode vials fabricated at suitable locations to control the 
movement of samples and analytes for following the procedure of the required 
analytical task. Personnel with analytical background are mostly chemists by 
training, and those who are experts in microchip fabrication are engineers, 
with little chemistry background. This distinction provides a  bottleneck for 
the development of a specific microchip for a target application, as most chem-
ists are often forced to work on a prefabricated chip with standard channel 
patterns made by engineers, with no consideration for a given  analytical task.

The recent advancement in laser fabrication technology driven by indus-
trial prototyping and micromachining allows MC fabrication by computer-
aided manufacturing under software control. This technological approach 
enables the chemist to fabricate a self-designed channel pattern targeting the 
demand of a given analytical task, leading to a rapid pace of development in 
recent years of microchip-based methods. The lack of commercially available 
instrumentation for high-voltage control and sensitive detection for target 
analytes that are often present in trace levels in complex sample matrixes 
hinders the pace of development toward real sample application. Recently, 
there is commercially available instrumentation from Taiwan and Singapore 
for an economic CO2 laser ablation unit and programmable high-voltage 
switching instrumentation. Details are given in Chapters 2 and 3.

The availability of an economic, computer-aided laser ablation unit makes 
the development of an MC-CE device possible by a chemist to test the desired 
MC with a self-designed microchannel pattern for analyzing samples with 
complicated matrixes. The capabilities and advantages for integration of MC 
with CE for sample pretreatment as well as for the incorporation of sensi-
tive detection modes are discussed in Section 1.3.2, followed by a case study 
for the application of MC-CE devices to tackle problems in real samples 
(see Section 1.4).

1.3.2 Fabrication of MC-CE Devices by CO2 Laser Ablation on PMMA

A commercially available CO2 laser engraver (V-series, Pinnacle, Great 
Computer Corporation, Taipei) at an affordable cost was used to  fabricate 
a desired channel pattern onto a poly(methyl methacrylate) (PMMA) poly-
mer surface under the control of CorelDRAW 10 (Corel Corporation, Ottawa, 
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Ontario) computer software. To assess its capability for  repeatable  profiling 
of a microchannel, the fabricated channel was investigated by scanning elec-
tron microscopy (SEM); the SEM micrograph in Figure 1.2 shows a cross sec-
tion of the microchannel produced by CO2 laser  ablation  [24]. The profile 
shows a good match to an overlaid Gaussian curve, with normal distribution 
of the laser energy for vaporization of PMMA [25]. For laser ablation to a 
desired depth and width of the microchannels, careful control of the laser 
power and its velocity drawn across the PMMA surface is required. Details 
on the effect of laser power and laser speed for fabricating MC-CE devices 
are given in Chapter 2.

One distinct advantage for laser ablation is the repeatability for fabricat-
ing microchannels with a given width and depth, as well as fabricating a 
specific length of a given segment of the desired microchannel pattern. 
Thus, one can use different numbers of microchannel segments for mix-
ing of samples and a standard and for calculating the mixing ratio for the 
on-chip standard addition operation. An example is given below to illus-
trate the fabrication of an MC-CE device for emergency assay for free bili-
rubin in the blood of newborn babies. The assay can be carried out at any 
time of the day by on-chip titration to determine the binding capacity of 
a given blood sample. Four bilirubin/albumin titrations are needed for 
each sample with varying mixing ratios between standard bilirubin and 
the human sera sample to assess its binding capacity. The assay is needed 

Mag = 526 ×
EHT = 4.00 kV
WD  = 5 mm

Signal A   = InLens
Photo no. = 679

Date  : 19 Apr 2007
Time : 13:30:31

100 µm

FIGURE 1.2
Cross section of a PMMA microchannel produced by CO2 laser ablation as shown by the SEM 
micrograph. (From Nie, Z. and Fung, Y.S. Electrophoresis 2008, 29, 1924–1931.)
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to be operable by clinical staff because the assay may be urgently needed 
in the middle of the night. Thus, the MC-CE devices are preloaded with 
bilirubin at different concentrations for mixing with a specific sera sample 
injected into the four sample vials for operation to be carried out automati-
cally when the assay is needed.

For fabrication of the MC-CE device (Figure 1.3) for the determination of 
free bilirubin by using the frontal analysis/CE mode, four pairs of double-T 
injector with a common connection to the inlet of the fused silica separa-
tion capillary are fabricated by CO2 laser with a wavelength at 10.6 μm [24]. 
All channels are ablated to a standard configuration with 100 μm depth and 
150 μm width at the top of all channels. For the four pairs of double-T injec-
tors, identical dimensions are ablated onto a 30 mm × 40 mm × 0.15  mm 
Slide (PMMA, Ensinger Ltd, Mid Glamorgan). The channel segment with a 
fixed distance between each T section thus provides an equal volume of test 
samples. Desirable sera/bilirubin volume ratios can be produced by fabricat-
ing channel segments with calculated distance between each T section.

The 3-mm double-T injector is used to introduce a large sample plug, and 
the 8-mm length channel is used to connect each of the four double-T injec-
tors to the embedded fused silica separation capillary at equal distance. 
The 50 μm inside diameter and 13-cm capillary (detection window 4 cm 
from  capillary end) with an effective length of 9.8 cm is used for separation. 
The capillary is sandwiched between two PMMA plates at the intersection 
of the four double-T injectors.

The PMMA MC with prefabricated channel configuration is bonded by 
a press with hot plate to the quartz separation capillary under constant 
pressure and temperature for 15 min at 0.6 MPa and 92°C, respectively. 

FIGURE 1.3
Intersection between four double-T injectors and the inlet of the separation capillary (60× 
 magnification). (From Nie, Z. and Fung, Y.S. Electrophoresis 2008, 29, 1924–1931.)
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Satisfactory bonding is shown between the silica capillary and the PMMA 
plate. After bonding, the MC-CE device is cooled in air to room temperature, 
washed in distilled water inside an ultrasonic bath, and dried before use.

1.4  Integration of MC-CE Devices for Sample 
Preparation and Analyte Detection

Integration of the MC-CE device for sample preparation and analyte detec-
tion expands its scope to handle complicated sample matrixes, such as 
determining proteins and metabolites in urine, pesticides in food and envi-
ronmental samples, and monitoring of drugs and associated metabolites 
in blood and sera. The simplest integration follows an online format with 
sequential arrangement for consecutive operations, such as first passing of 
the sample through the MC for sample cleanup, followed by analyte enrich-
ment by stacking, separation of analytes in the CE column, and finally their 
quantitation by a detector.

The advantages for sequential operation are as follows: (1) a similarly 
developed CE procedure can be adopted for operation in MC-CE devices; 
(2) there is no contamination during operation because the entire procedure 
is performed in an enclosed MC-CE device; (3) automation of the operation 
procedure can be done by high-voltage control at electrodes placed in vials 
fabricated on the MC-CE device; and (4) the MC-CE device can be operated 
on-site to deliver results on demand.

The disadvantage of the sequential arrangement is that the total analysis 
time is the sum of the time for all operations to be performed in the proce-
dure. An off-line integration offers an alternative time management. It is more 
efficient in cost for MC-CE devices for procedures using multiple  relative 
slow sample preparation units to integrate with a fast but expensive detec-
tion unit in subsequent operation. An off-line development is necessary to 
obtain results needed for design of MC-CE devices using online procedures. 
In summary, the online integration is preferred for on-site analysis. Examples 
for various forms of integration are given in Sections II and III of this book.

There are two major lines of integration. The first line is based on the 
 lab-on-a-chip approach, such as the incorporation of on-chip sample 
preparation procedures before analyte separation in the CE separation 
column. The sample preparation procedures include on-chip dilution, 
sample cleanup, dual-channel mixing, and online standard addition. The 
various on-chip operations can be achieved by a controlled manipulation 
of the microfluids via a preprogrammed high-voltage switching at des-
ignated vials, making the MC-CE device a lab-on-a-chip device for field 
operation. The integration with sample preparation provides the first 
batch of successful cases to demonstrate the capability of MC-CE devices 
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using commercially available portable and economic instrumentation for 
 tackling difficult samples for determination of trace levels of analytes.

The second area for integration is the incorporation of new sensitive 
detection modes on-chip to determine target analytes eluted out from the 
 separation capillary. MCs with desired microchannels can be fabricated to 
guide the positioning of the microelectrode detector to the desired position at 
the middle of the exit of the separation capillary, which is known to give the 
highest detection signal. To enhance the use of quantum dot (QDs)-assisted 
detection for analytes with no detectable functional groups, the detection 
zone is guided by the MC to a suitable location within the detection zone of 
the capillary at the focus of the optical system to reduce a stray-light effect 
and to lower background noise. Another extremely useful mode to enable 
the detection of analytes with no detectable functional groups is fabricating 
a specially designed MC to supply the chemical reagent through the crack of 
the capillary to react with the analyte after its exit from the separation capil-
lary, making possible the detection of analyte with no detectable function to 
be detected by sensitive detection mode based on dual-electrode detection as 
well as the extremely sensitive detection mode based on QDs-assisted laser-
induced fluorescence (LIF) detection.

Using a carefully designed MC-CE device with a suitable combination 
of procedures, such as sample cleanup, analyte enrichment, CE separation 
mode, and selective and sensitive detection of the analyte eluted out from 
the capillary column, the procedure developed for the fabricated MC-CE 
device can be optimized with results to demonstrate its capability to remove 
interfering substances from difficult sample matrixes for the quantitation 
of analytes up to the required level for the intended application. Successful 
cases for integrated MC-CE devices for sample preparation are given in 
Section 1.4.1 and for integration with new detection modes in Section 1.4.2.

1.4.1 Integrating MC-CE Devices for Sample Preparation

The various MC-CE devices integrated with different sample preparation 
and analyte enrichment procedures are listed in Table  1.2. The examples 
listed are cases to handle difficult analytical tasks, such as the determination 
of minor protein in a high-protein sample, determination of trace levels of 
protein in urine, and on-chip binding assay incorporating several labora-
tory operations to be carried out on MC-CE devices to deliver timely results. 
Commercially available instrumentation is used in the examples listed, 
such as a UV detector from CE equipment, for portable CE equipment, and 
 high-voltage supply, which can be purchased from CE equipment manufac-
turers. The only research and developed work required are the design and 
fabrication of MC-CE device with a desirable microchannel pattern and the 
optimization of related operation procedures.

Although CE has been well-established in laboratories, it has not 
been  extensively used for online clinical analysis of urinary metabolites 
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and proteins. One reason is its relatively poor concentration detection limit 
(cLOD) due to the small volume of the injected sample plug (nanoliter level) 
and the very short optical path length (micrometers) for absorbance  detection. 
However, the cLOD can be lowered using highly sensitive detection modes 
such as MS or LIF. Ramautar et al. [42] reviewed CE-MS for its application 
in  metabolomics, covering different capillary coatings, separation modes, 
data processing methods, and other techniques on intended applications. The 
use of appropriate sample pretreatment methods is important for improving 
the detection sensitivity for real samples. For example, solid phase extraction 
(SPE)-related technique has been employed for selective isolation and enrich-
ment of targeted metabolites, such as nucleosides from urine samples [43]. 
However, the use of off-line sample pretreatment procedures leads to undesir-
able lengthening of the analysis time, the requirement for a larger sample vol-
ume, and the need of laboratory facilities and environments for the  operation 
of the pretreatment procedures and CE instruments. Thus, the application 
of CE for routine clinical analysis is currently limited to DNA assays [44,45].

Various MC-CE devices listed in Table 1.2 have integrated analyte enrich-
ment procedure on-chip for sample preparation and are used to determine 
analytes presented at low levels in difficult samples, such as the determina-
tion of urinary proteins and assay of minor proteins in milk, baby  formula, 
and dairy products. The MC-CE devices for the aforementioned applica-
tions are all using UV-visible detectors available commercially from CE 
 manufacturers. The results from using MC-CE devices integrating with on-
chip analyte enrichment procedures with UV-visible detection are found 
to be sufficient to meet the required detection sensitivity. The outcome 
 demonstrates that the on-chip integration of sample preparation techniques 

TABLE 1.2

Integrating of Various Sample Preparation Techniques with Microfluidic 
Chip-Capillary Electrophoresis Devices

Sample Analyte
Sample Preparation before Capillary 

Electrophoresis Separation References

Milk, baby formula, 
dairy products

Minor proteins On-chip isoelectric focusing fraction 
isolation and cleanup

On-chip multidimensional separation 
and analyte enrichment by 
precolumn stacking

[26–30]

Human sera Free bilirubin On-chip titration for binding assay 
On-chip multisegment mixing

[25,31–33]

Urine Metabolites On-chip dilution and standard addition [16,34–36]
Urine Trace proteins On-chip two-dimensional separation 

and transient isotachophoresis 
analyte enrichment

[16,37,38]

Ambient air Carbonyls Solid phase extraction [39]
Vegetable Pesticides Microextraction and microevaporation [40,41]
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in the MC-CE devices to match the need of the user is essential for the 
 success the MC-CE device for the intended application. The use of commer-
cially available standard MC with double-T configuration has a very limited 
scope of application for real sample analysis. The approach for fabricating 
specific MC-CE devices with target for intended application provides the 
most promising path for the proof-of-concept stage to demonstrate the capa-
bility of the device fabricated to meet the required the specifications for real 
sample application prior to its commercialization.

1.4.2  Integrating MC-CE Devices to Enhance Detection 
Sensitivity and Selectivity for Analyte Detection

Most of the work reported by MC-CE devices are using UV detectors com-
mercially available from CE instrument manufacturers as received. The 
areas covered include urine analysis of metabolites by UV absorbance detec-
tion [16,17,46–48]. The capillary column can be easily integrated with PMMA 
chips by thermal bonding to enable sample pretreatment and analyte pre-
concentration to be carried out on a PMMA chip with a desired microchan-
nel pattern [16,17] prior to CE separation and UV detection directly using 
commercially available CE equipment. With the recent availability of other 
sensitive detectors at an affordable cost from CE manufacturers, such as LIF 
detectors based on semiconductor laser and other high-sensitivity optical 
detectors, including fluorescence detection [49–51], bioluminescence [52], 
and electrochemiluminescence (ECL) detection [53], the scope of application 
for MC-CE devices is expected to expand rapidly in near future.

The various sensitive detection modes integrated with MC-CE devices are 
shown in Table 1.3, including sensitive detection mode based on LIF, elec-
trochemical detection (ECD) (dual-electrode detection), and the mass-based 
gas-phase electrophoretic mobility molecular analyzer (GEMMA). Details on 
the two commonly available highly sensitive detection modes, QDs-assisted 
LIF detection and the dual-electrode detection are given in Section 1.4.2.1.

1.4.2.1 ECD/Dual-Electrode Detection

ECD is commonly used for MC-CE detection, particularly in early publica-
tions [58–63]. It is mainly due to the easy integration of miniaturized ECD 
mode online with MC-CE for detection after separation. ECD is sensitive, 
portable, and low in capital and running costs. The problem involving the 
use of ECD as a detector for MC is that the detection sensitivity is critically 
dependent on the positioning of the microelectrode to the separation capil-
lary for detecting exiting analytes. In addition, easy replacement of a fouled 
microelectrode and plugged separation capillary are required during the 
operation for assay of metabolites in urine.

Du and Fung [46] have developed a dual opposite carbon microdisk elec-
trode (DOCME) detection cell using microchannels fabricated on a PMMA 
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chip to guide the positioning of two carbon microdisk electrodes placed at 
opposite sides of the exit of the separation capillary for the determination 
of polyphenols in wine. Different constant potentials were imposed on the 
two electrodes placed in an identical environment facing the exit of eluted 
analytes with a lower potential to detect the background current and a work-
ing potential to detect analytes separated by CE. The use of the current ratio 
of two identical and opposite microelectrodes held at different potentials 
has demonstrated its capability to differentiate analytes from electroactive 
impurities coeluted from the CE column at the same migration time. The 
setup and fabrication of DOCME are given in Chapter 8. As both the separa-
tion capillary and DOCME are placed in positions guided by microchannels 
fabricated onto the PMMA chip, repeatable replacement for fouled DOCME 
and plugged separation capillary can be easily performed. Details on the 
fabrication and performance of the DOCME detector are given in Chapter 8.

1.4.2.2 QD-Assisted Detection

QDs were utilized to enhance the detection sensitivity for fluorescence 
detection [52,54]. Chen and Fung [54] have applied QDs to assist the detec-
tion of acrylamide in potato crisp and organophosphorus pesticides (OPs) in 
vegetables, because both of them do not possess desirable  functional groups 
for UV and ECD. The former provides an  indirect  detection and the latter a 
more sensitive direct detection. Using the MC-CE device with QD-assisted 
LIF detection, a selective method using a simple procedure is developed for 
the rapid determination of four OPs in vegetable samples: mevinphos, pho-
salone, methidathion, and diazinon. CdTe/Cds core-shell QDs were immobi-
lized at the inside surface of the separation capillary for selective binding of 
OPs with enhanced fluorescence  signal. For the four OPs investigated by the 
fabricated MC-CE device, working ranges from 0.1 to 30 mg/kg and cLODs 
from 50 to 180 μg/kg had been achieved. The total assay time of 12  min 
is highly desirable compared to the lengthy solvent extraction and time- 
consuming SPE step for sample  preparation, which takes hours to perform. 
MC-CE devices provide a promising highly sensitive detection mode based 
on QDs-assisted LIF indirect detection to determine metabolites present at 
low levels in complex urine samples with no strong detectable functional 
groups. Details are given in Chapters 10 and 11.

1.5 Application of MC-CE Devices

Noticeable advancement of MC-CE devices has been made in the past 
10 years, in particular, for their success demonstrated for assay of proteins 
and metabolites in complex urine samples. Based on the integration of MC, 
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with enrichment and cleanup capability, to CE, with matured separation 
and detection modes, the scope of application of MC-CE devices is found 
exceeding the use of either technique alone. For example, despite using the 
less sensitive UV detector in MC-CE compared to the use of LIF detectors 
in commercially available MCE devices, the detection limits of four urinary 
proteins investigated by the MC-CE device developed have shown to deliver 
a better performance, reflecting the beneficial effect of desalting and analyte 
enrichment carried out on-chip prior to CE separation.

The application of MC-CE devices developed for biomedical, food, envi-
ronmental, and pharmaceutical or herbal medicine analysis is listed in 
Table 1.4. MC-CE has been shown to cover a wide range of application areas 
with results from the integration of these complementary techniques by the 
MC-CE device with target on the intended application. Compared to exist-
ing methods, MC-CE devices offer similar analytical performance. In addi-
tion, the flexibility of the MC-CE device for handling difficult urine samples 
using on-chip sample dilution up to 500-fold and online standard addition 
to  handle difficult sample matrixes is much preferred to commercially avail-
able MCE chips. For the determination of drugs and associated  metabolites, 
the separation of chiral drugs has been shown to be achievable in urine with 
the incorporation of a highly efficient separation capillary with sufficient col-
umn length in the MC-CE device [51]. Coupling with on-column sensitive 
ECL detection, the chiral compounds separated can be detected at required 
concentrations. The on-chip integration of sensitive detection modes such as 

TABLE 1.4

Application of Microfluidic Chip-Capillary Electrophoresis Devices in 
Biomedical, Food, Environmental, and Pharmaceutical Areas

Application Area Analyte and Sample References

Medical assay General [49,64–72]
Diagnostic application [31,40,44,73–76]
Bilirubin binding assay [24,32,33,53]
General metabolite assay [17,36,77,78]
Urine metabolites and biomarkers [34,35,79,80]
Urinary protein [16,37]

Food analysis General protein analysis [28,38,56,57,81–84]
Proteins in milk and dairy products [26,27,85]
Food quality assessment [30,86,87]
Polyphenols in wine [46,47]
Acrylamide in potato crisps [52]

Environment analysis Pesticides in vegetables [40,44,54,55,85]
Carbonyl in air [39,68]

Biological analysis Organelles in cell extract [88–90]
Amino acids, proteins in biofluids [50,91]

Pharmaceutical analysis Active Ingredients in herbal medicine [51,92,93]
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ECL, dual-microelectrode detection, and QDs-assisted LIF detection  provides 
additional drive for further development of MC-CE devices to explore 
uncharted areas for determining ultratrace levels of metabolites in complex 
urine samples.

1.6 Aim and Outline of This Book

This book aims to introduce readers to the methodology and benefits gained 
by integration of two complementary technologies, MC and CE, with results 
to demonstrate their capability to expand the scope of application to tackle 
difficult analytical tasks for the determination trace levels of analyte in 
 samples containing potential interfering substances.

This integration is made possible by the availability of affordable equip-
ment for computer-aided fabrication of MC using a CO2 laser, as it enables 
the user to design microchannel patterns to solve the problem for diffi-
cult samples in an intended application area. With the user fabricating his 
or her own MC, with application built into the design, and coupled with 
the use  of  a highly efficient CE separation and sensitive detection mode, 
the pace for commercialization of MC-based devices will be quicker, as the 
device is designed and tested with the need of the market in mind right at 
the  beginning. With this in consideration, this book is divided into the fol-
lowing sections, with key points shown.

Section I Background

• To present a brief account of the historical development of MC, MCE, 
Microchip-CE, and MC-CE devices

• To highlight the recent development of instrumentation and facili-
ties which makes possible the fabrication of MC-CE devices with 
designed microchannel patterns by the user for the intended 
application

• To illustrate the integration of MC with CE for expanding the scope 
of application in MC-CE devices and give a brief survey on the suc-
cess made in various application areas

Section II Integration to Improve Sample Preparation and Cleanup

• To explain the need for integrating sample preparation in MC-to-CE 
separation for real sample analysis

• To give a brief description on the operations for sample cleanup and 
analyte enrichment by integrated MC-CE devices for the intended 
application
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• To illustrate the salient features and successes of MC-CE devices 
 fabricated to handle difficult samples in demanding application 
areas as shown in each chapter

Section III Integration to Enhance Analyte Detection

• To introduce the principle and methodology for integrating new 
detection modes in MC-CE devices

• To explain the operation and benefits gained by integration of sensi-
tive and selective analyte detection modes in MC-CE devices

• To highlight the special features and advantages gained by special 
MC-CE devices fabricated to determine analytes not possible to be 
detected by conventional detection modes as shown in each chapter

Section IV Integration to Achieve Intended Application

• To present an overview on integrating MC-to-CE for intended appli-
cation in biomedical, environmental, and food safety areas

• To explain the design of MC-CE devices and how they can solve the 
problems for tackling difficult samples for determination of trace 
levels of analyte in complex sample matrixes containing interfering 
substances

• To discuss the optimization of the operation procedure for the 
MC-CE devices fabricated and the successes achieved by MC-CE 
devices fabricated for intended application

Section V Summary and Outlook

• To summarize on the achievement made by MC-CE devices to date
• To discuss the obstacles to be overcome for commercialization of 

MC-CE devices for intended application
• To highlight the path to be taken and tasks to be performed for 

future development of MC-CE devices
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