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PREFACE

With the advancement of science and technology, nanoanalysis is becoming
more important because scientists, academicians, and regulatory authorities
are asking for data detection at the nanogram level. This need is especially
pressing in genomics, proteomics, and drug designing and development pro-
grams. Our search of the literature and experience dictates that chip-based
analytical techniques viz. nanoliquid chromatography and nanocapillary elec-
trophoresis are the best choices for such types of applications. Therefore, the
separation and identification of many compounds in biological and environ-
mental matrices at nanolevels are gaining importance day by day. In view of
these facts, this book deals with the fabrication of microfluidic devices, instru-
mentation, detection, sample preparation, and applications of nanoliquid
chromatography and nanocapillary electrophoresis techniques for analyses at
the nanogram level. This book describes analyses at the nanogram-per-level
in detail with main emphasis on experimental methodologies. Moreover, we
explain optimization strategies, helpful to design future experiments in this
area. This book is important and unique because it is one of the first texts to
be published that addresses chip-based nanoanalyses. This is a useful reference
for scientists, researchers, academicians, and graduate students working in the

xiii
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field of nanoanalyses. Uniquely, this book also fulfills the requirements of
regulatory authorities for formulating regulations and legislations to control
the dosage of drug and contaminant exposure to the environment.

IMRAN ALl
HassaN Y. ABouL-ENEIN
Vinop K. Gurra
New Delhi, India
Cairo, Egypt
Roorkee, India
January 2009
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CHAPTER 1

INTRODUCTION

1.1. NANOANALYSES

Separation science is the backbone of biological, biotechnological, chemical,
pharmaceutical, environmental, geochemical, and agricultural disciplines and,
hence, analysis is an integral part of these fields [1,2]. It is a well-known fact
that almost all drugs work at low concentrations in biological systems and
to carry out pharmacokinetic and pharmacodynamic studies analytical tech-
niques should be capable of detecting drugs and pharmaceuticals at nano or
lower detection limits. In spite of the curative properties of drugs, some
drugs also have side effects even at low concentrations, that is, ranging from
nanogram to femtogram levels [3,4]. Therefore, in the absence of techniques
capable of detecting at the nanolevel we assume the absence of drug residues
in the body, while these can have some bioreactions and side effects. Besides,
the concentrations of some species, such as hormones, RNA, DNA, anti-
bodies, and other proteins are very low, and require analytical techniques
with low detection limits. In addition, detection of drugs at a lower concen-
tration is required in the plasma of infants because of the availability of only
limited amounts of blood samples. In addition, for some biological fluids,
such as cerebrospinal fluids, only small volumes are available for sampling.
Besides, high throughput screening (HTS) and drug discovery (combinatorial

Nanochromatography and Nanocapillary Electrophoresis. By Ali, Aboul-Enein, and Gupta
Copyright © 2009 John Wiley & Sons, Inc.



2 INTRODUCTION

chemistry) need low level analyses. Moreover, recent advancements in proteo-
mics and genomics compel scientists to develop nanoanalytical techniques.

Similarly, many xenobiotics, such as pesticides, polynuclear aromatic
hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), polybrominated
diphenyl ethers (PBDEs), plasticizers, phenols, and some other drug residues,
are also toxic even at trace levels present in the earth’s ecosystem [5-7].
Without analytical techniques capable of detecting them at nanolevels, we
assume the absence of these pollutants in the environment, while these
notorious pollutants accumulate in our body tissues resulting in various
diseases and side effects such as carcinogenesis and failure of many vital
body organs including the kidney, liver, and heart [8-11]. Under such
situations, it is essential to have analytical techniques that can detect drugs,
pharmaceuticals, and xenobiotics in biological and environmental samples
at very low concentrations.

Apart from the above requirements of nanoanalyses, the need of detection at
the nanolevel is also increasing continuously in dosage formulations, food
products, and other chemical and biotechnology industries. Briefly, nowadays,
nanoanalysis is becoming more important and scientists and regulatory auth-
orities are asking for data on detection at the nanogram level. Among various
analytical techniques, chromatography and capillary electrophoresis are the
choice of scientists, academicians, and clinicians as these techniques can
analyze samples of low volume or having poor ingredient concentrations.
Some attempts have been made to develop nanochromatography and nano-
capillary electrophoresis, which some workers call the micrototal-analysis
system (-TAS). In this book we have replaced .-TAS with the phrase
nanoanalysis as the techniques are capable of dealing with nano amounts of
samples, with detection at the nanogram level.

1.2. DEFINITION OF NANOCHROMATOGRAPHY AND
NANOCAPILLARY ELECTROPHORESIS

Karlsson and Novotny [12] introduced the concept of nanoliquid chromato-
graphy in 1988. The authors reported that the separation efficiency of slurry
packed liquid chromatography microcolumns (44 wm, id) was very high.
Since then, many advance have been reported in this modality of chromato-
graphy and it has been used as a complementary and /or competitive separation
method to conventional chromatography. Unfortunately, to date no correct and
specific definition of this technique has been proposed, probably due to the use
of varied column sizes (10 to 140 wm). Some definitions of nanoliquid chrom-
atography are found in the literature based on column diameter and mobile
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phase flow rates [13—15]. It has been reported that when the chromatographic
separation is carried out in capillary columns of 10 to 100 wm internal
diameter, the modality is called nanoliquid chromatography, whereas when
capillaries of 100 to 500 wm internal diameter are used the technique is
called capillary liquid chromatography [16]. On the other hand, some workers
define nanoliquid chromatography as the chromatographic modality having a
mobile flow rate of nanomilliliters per minute. However, no one has con-
sidered the detection aspect of this type of chromatography, which is very
important in analytical science.

Our intention is to achieve nanolevel detection irrespective of the exper-
imental condition as detection is the final aim in separation science.
Moreover, nanolevel detection is required for low amounts of sample or
samples having poor ingredients. Therefore, if the technique is capable of
detecting at low or nanolevels one can analyze low volume samples or samples
having poor concentrations. Therefore, detection is the most important issue in
nanochromatography. Based on these requirements and logics we have defined
nanoliquid chromatography more accurately and scientifically. Keeping all
these facts in mind, nanochromatography may be defined as “a modality of
chromatography involving samples in nanoliters, mobile phase flow in nano-
milliliters per minute, with detection at the nanogram per milliliter level.” This
definition is a complete one and all the requirements can be fulfilled on chip-
based chromatography. Therefore, a true and complete nanochromatography is
only possible on a chip, which is called lab-on-chip chromatography but we
simply named it nanochromatograpy (NC) broadly. In the case of liquid
chromatography it may be called nanoliquid chromatography and abbreviated
as NLC. The same definition is also true and complete for capillary electro-
phoresis, which is also possible on chips, and we have termed it nanocapillary
electrophoresis (NCE).

1.3. NANOCHROMATOGRAPHY AND NANOCAPILLARY
ELECTROPHORESIS

Recently, the word nano has become a trend in science and technology and
some of us think that it is the new generation but, as mentioned above, its
root is about 22 years old. NLC and NCE are gaining importance day by
day. They are very useful and effective tools for samples of low quantities
or having low concentrations of the analytes. Columns of low internal diameter
are ideal for use in NLC and NCE, especially with detectors requiring very low
flow rates, such as electrospray liquid chromatography/mass spectroscopy
(LC/MS). Besides, these columns offer high sensitivity due to their low
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dispersion characteristics. The microfluidic systems are more or less capable of
replacing conventional “macro” systems for many applications in the life
sciences. The working principle of NLC and NCE are the same as in conven-
tional LC and CE. However, miniaturization offers many advantages over the
conventional methods, including:

» Usefulness and effectiveness for samples of low volume or having
extremely low concentrations of ingredients.

« Significantly reducing solvent consumption and subsequent waste
production.

o Inexpensive due to low consumption of solvent, electricity, and
operational time.

» Good potential portability due to a system size reduction.

 High sensitivity, speed, and reproducibilities.

» Narrowing the peak width of chromatogram/electropherogram due to
better separation efficiency.

» Low mobile phase pressure in NLC.
» Simultaneous mass separation on chips.
» Good hyphenation of detectors requiring mobile phase flow.

NCE is a relatively new development in separation science, especially in
proteomics and genomics. In the last two decades NCE has gained increasing
importance, as can be seen from a good number of publications [17-20]. In
addition to the above advantages, NCE is a suitable technique for samples that
may be difficult to separate by NLC as the principles of separation are entirely
different. Lower detection limits of NCE lead to the possibility of separating
and characterizing small quantities of materials. Moreover, the enzymatic
reactions for analytical purposes can be conducted within the capillary.

1.4. FABRICATION OF MICRODEVICES

The fabrication of microdevices in NLC and NCE is controlled by highly
developed batch-processing techniques of integrated circuits. The micro-
electronic technology can be exploited for microflow systems with functions
different from those of integrated circuits. Special processes and materials
are needed, called micromachining techniques [21]. Following developments
in miniaturization and integration of electronic devices, the potential of a simi-
lar revolution also emerged for mechanical and later on fluidic devices, which
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led to MEMS (microelectromechanical systems) and w-TAS (micrototal
analysis systems) [22]. w-TAS is one of the fastest growing areas covering
microfluidics, material science, analytical chemistry, and biotechnology.
Microfluidics refers to the science and technology dealing with minute
amounts of fluids (micro-, nano-, and picoliters). Lab-on-a-chip is a miniatur-
ization and integration of complete functionality of a chemistry or biology lab,
for example, preparation, reactions, separation, and detection, onto a single
chip. u-TAS is a development involving reduced size, low power, sample,
reagent and manufacture requirements and operating costs. Besides, w-TAS
can perform better services in terms of speed, throughput, mass sensitivity,
and automation.

Microfluidics is the key to NLC and NCE, the miniaturized microfluidic
system that can automatically carry out all the necessary functions to transform
chemical information into electronic information. The first u-TAS device was
developed by Terry et al. [23] for gas chromatography, which did not gain
popularity at that time, probably due to poorly developed microfluidic devices.
In 1990, Manz et al. [24] introduced the concept of w-TAS. Nowadays, w-TAS
is a popular development in various disciplines and has been reviewed by
Manz and coworkers [25-28].

The development era of microdevices was from 1970 to 1980 in the silicon
microprocessors industry. Interested readers can consult textbooks on this sub-
ject [29-31]. Kim et al. [32] presented a molding protocol for patterning net-
work channels by contacting a substrate and a patterned elastomeric master.
Later on Mrksich and Whitesides [33] used microcontact printing to pattern
structures of self-assembled monolayers (SAMs) on the submicrometer
scale. In 1996, Zhao et al. [34] used microtransfer molding for fast fabrication
of organic polymers and ceramics in three dimensions using a layer-by-layer
structuring. Park and Madou [35] designed a three-dimensional electrode
useful for a high throughput dielectrophoretic separation/concentration/
filtration system. Clicq et al. [36] used reversed phase chromatography on a
rectangular glass chip coated with Cg silica gel. Many other attempts have
been made by various workers toward fabrication of microdevices [37—42].
The design of microdevices is a very important issue, especially in NLC and
NCE. Bousse et al. [43] reported a microfabricated electrokinetic device
having loading and separation channels. Manz and Becker [44] developed a
design in NCE useful for effective working of the system. The introduction of
stationary phases in NLC is quite difficult; however, some workers have
attempted this [45—48]. The stationary phases were introduced into a microchan-
nel by coating of the inner surface of the capillary or by packing the channels or in
situ polymerization of continuous beds. Some microfluidic-NLC chips have been
commercialized by a few manufacturers.



6 INTRODUCTION
1.5. DEVELOPMENTS IN NANOANALYSES

Karlsson and Novotny [12] introduced the nanoliquid chromatography
(nano-L.C) concept and since then it has been proposed as a complementary
and/or competitive separation method to conventional liquid chromatography.
Nano detection is being achieved by modified LC systems but it is still in its
development stage [49]. Generally, column internal diameters in the range
of 25 to 100 pm are considered under nanochromatographic systems. But
the miniaturization and integration of electronic devices led to the develop-
ment of microelectromechanical systems (MEMS) and micrototal analysis
systems (w-TAS), which are components of chip-based analytical machines
as MEMS devices are faster, selective, sensitive, and economic in nature.
Ww-TAS is a fast-growing area in separation science. Of course, lab-on-chip sys-
tems are not yet fully developed but demand for them is increasing due to their
economic, fast, and portable capabilities. A complete analysis can be carried
out in seconds by using 1 to 5 mL of solvent. Moreover, the machines are
very compact and can be carried to sites for environmental analyses.

Some important developments and advances in NLC and NCE are
described in papers by Manz and coworkers [25-28]. These authors [50] pre-
sented a miniaturized open-tubular liquid chromatograph on a silicon wafer
with a5 x 5 mmi silicon chip containing a conductometric detector, connected
to an off-chip conventional LC pump and valves to perform high-pressure
liquid chromatography. Manz et al. [24] proposed a u-TAS concept in
which silicon chip analyzers having sample pretreatment, separation, and
detection played a fundamental role. In the early stage the intention of minia-
turization was to increase analytical performance of the device rather
than reduction in size. It was also realized that miniaturization provided the
advantages of a smaller consumption of reagent and time. Moreover, p-TAS
provided an integration of separation techniques, as it is capable of performing
sample handling, analysis, and detection on a single chip. Later, Jacobson et al.
[51] used a microchip of fused quartz to separate complexed metal ions in
polyacrylamide-modified channels. In the same year Ocvirk et al. [45] devel-
oped NLC with a split injector, a packed small-bore column, a frit, and an optical
detector cell onto a silicon chip. Moore et al. [52] reported chip-based micellar
electrokinetic capillary chromatography (MECC) of neutral dyes. Similarly,
von Heeren et al. [53] analyzed biological samples on MECC fabricated
onto a chip. Penrose et al. [54] reported a centrifugal chromatograph for
reversed-phase separations. Recently, Zeng et al. [55] reported the chiral
separation of amino acids on polydimethylsiloxane (PDMS) chips.

Chip-based technology is successful in NCE over NLC due to difficulties of
integrating on chip pumps, injectors, mechanical valves, and the lack of easy
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flow control [56]. Besides, it is also difficult to install a stationary phase in
NLC and sealing of the microchannels, which should be perfect for the
mobile phase to flow appropriately through the stationary phase. In 1992,
Manz et al. [57,58] introduced the first NCE integrated silicon and glass
chips. The authors described the concept of w-TAS in NCE by integrating
injection, separation, and detection on the chip. Furthermore, some advance-
ment has been reported in this direction by the same workers [59-62].
Woolley et al. [63] developed capillary array electrophoresis (CAE) for the
analysis of different DNA samples. Since then much work has been done in
this area and some quite good papers are available, which have been considered
for preparing this book. Other developments in NCE have been reported from
time to time and can be used for the analyses of different compounds [64—83].
Another development in NCE was the enantiomeric resolution of amines on
chip-based NCE by Cong and Hauser [84]. Reviews have been published
describing various aspects of microdevices [25-28,85-91].

1.6. DATA INTEGRATION

As mentioned above, the basic principle of NLC is the same as for conventional
techniques. The separation is identified and characterized by measuring
retention times, capacity, separation, and resolution factors. Therefore, it is
necessary to explain the chromatographic terms and symbols by which the
chromatographic speciation can be understood and explained. Some of
the important terms and equations of the chromatographic separations are dis-
cussed below. The chromatographic separations are characterized by retention
(k), separation (o), and resolution factors (Rs). The values of these parameters
can be calculated by the following standard equations [92].

k = (t, — to) /10 (1.1)
o = k] /kz (12)
Rs = ZAlr/(Wl + w») (1.3)

where 7, and 7, are the retention time of the separated species and dead time
(solvent front) of the column in minutes/seconds, respectively. Az, wy, and
w, are the difference in the retention times of two peaks of the separated
species, the base width of peak 1 and peak 2, respectively. If individual
values of « and Rs are 1 or greater the separation is supposed to be complete.
If the individual values of these parameters are lower than 1 the separation is
understood as partial or incomplete.
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The number of a theoretical plate (N ) characterizes the quality of a column/
chip. The larger N is, the more complicated the sample mixture that can be
separated with the column. The value of N can be calculated from the
following equations:

N = 16(tr /w)? (1.4)
or
N = 5.54[(tr)/wy o] (1.5)

where 7,, w, and w /, are the retention times in minutes or seconds of the peak,
peak width at the base, and at half the height of the peak, respectively. The
height equivalent to a theoretical plate [HETP (/)] is a section of a column
or chip in which the mobile and the stationary phases are in equilibrium.
Since a large number of theoretical plates are desired, 4 should be as small
as possible. Naturally, there are no real plates in a column or chip. The concept
of a theoretical plate is a variable and its value depends on particle size, flow
velocity, mobile phase (viscosity), and especially on the quality of the packing
h can be calculated from the following equation:

h=L/N (1.6)

where L is the length of the column used.

The mechanism of separation in NCE is based on the difference in the
electrophoretic mobility of the separated species. Under NCE conditions,
the migration of the separated species is controlled by the sum of the intrinsic
electrophoretic mobility (j.,,) and the electroosmotic mobility (j.,), due to the
action of electroosmotic flow (EOF). The observed mobility () of the
species is related to ., and p., by the following equation:

Meops = E(p“eo + “‘ep) (17)

where E is the applied voltage (kV).

The simplest way to characterize the separation of two components, the
resolution factor (Rs), is to divide the difference in the migration times by
the average peak width as follows:

Rs = 2([2 - ll)/(Wl + W2) (18)

where 1, t;, wi, and w, are migration times of peak 1 and peak 2, and the
widths of peak 1 and peak 2, respectively.
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The value of the separation factor may be correlated with w,,, and p,,. by
the following equation:

Rs = (1/9)(Apypp/ eare)N'/? (1.9)

where |, is the apparent mobility of two separated species and Ly, is the
average mobility of the separated moieties. Using Equation 1.9 permits
independent assessment of two factors that affect separation, selectivity and
efficiency. The selectivity is reflected in mobility of the analytes while the
efficiency of the separation process is indicated by N. Another expression
for N is derived from the following equation:

N =5.54(L/w; ) (1.10)

where L and w,, are the capillary length and peak width at half height,
respectively. Here it is important to point out that it is misleading to discuss
theoretical plates in NCE and it is simply a carryover from chromatographic
theory. The theoretical plate in NCE is merely a convenient concept to describe
analyte peak shape and to assess the factors that affect separation.

HETP may be considered as the function of the capillary occupied by the
analyte and more practical to measure separation efficiency in comparison
to N. O'tzo, is affected not only by diffusion but also by differences in the mobi-
lities, heating of the capillary in joules, and interaction of the analytes with the
capillary wall, and hence o2, can be represented as shown in Equation 1.11.

2 2 2 2 2 2 2 2 2
Oior = o-diﬁ + Ot + Tint + Oypall + O Electos + o-Electmig + O-Snrp + O o (1 1 1)

where the values represent the square roots of the standard deviations of total,
diffusion, heat, injection, wall, electroosmosis, electromigration, sorption, and
other phenomena, respectively.

Practically, velocity (v) and observed mobility () of the analyte, electro-
phoretic mobility (), and electroosmotic mobility (j.,) can be calculated by
the following equations.

D= popE (1.12)

where E is the strength of the electric field in V/cm.
E is described by the following equation:

E=V/Lt (1.13)

where Lt is the total length of the capillary or channel.
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By putting the value of Equation 1.13 into Equation 1.12

U= (Mobsv)/l’t
or

eops = (ULt)/V (114)

We know that the velocity (v) of the analyte equals distance divided by time
and, hence, velocity in NCE may be written by the following equation:

v=Ld/td (cm sec™") (1.15)
where Ld and td are the distance of the capillary or channel up to the detector
point and the time of migration of the analyte up to the detector, respectively.

By putting the value of v from Equation 1.15 into Equation 1.14
Wops = (Ld/td) x (Lt]V) (1.16)
or
Wep + e = (Ld/1d) % (Lt/V) (1.17)
For benzene the value of ., is zero and hence:
W, = Ld/td x Lt/V (cm*V~'sec™") (1.18)
Equation 1.17 may be written in the following form:

Wy = Ld/1d x Lt/V — n,, (cm*V~'sec™") (1.19)

By using all these equations, we can calculate all parameters of NCE required
in any analysis.

1.7. PROTOCOL OF NANOANALYSES

Of course, conventional chromatographic and capillary electrophoretic methods
are popular for the analyses of drugs, pharmaceuticals, and pollutants in biologi-
cal and environmental matrices. In the last few decades, new developments in
nanoanalyses have emerged in the literature due to their high separation efficacy,
speed, inexpensive running cost, and small volume requirement, which are major
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Figure 1.1 Protocol for analyses at nanolevels.

trends in analytical science. The number of publications in separation science
using this development have increased. Use of these techniques is difficult
because it involves micro or nano amounts of samples. A well-trained operator
is required for handling NLC and NCE. A good protocol is always useful to
work with these modalities of chromatography and electrophoresis. The working
protocol for NCL and NCE is shown in Fig. 1.1 and a careful perusal of this figure
indicates that sample preparation is a very important issue in these modalities,
especially in unknown matrices. Our experience dictates that online sample
preparation devices are required to avoid any error of methods due to small
sample quantities. Optimization and other issues related to nanoanalyses are
discussed in later chapters of the book.
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1.8. SCOPE OF THE BOOK

This book explains the importance and applications of nanoanalytical tech-
niques with special emphasis on separation of drugs, pharmaceuticals, and
xenobiotics in biological and environmental matrices. A thorough search of
the literature was carried out and many papers are available on nanoanalyses.
As per the definition of NLC and NCE, microchip-based techniques are
true nanoanalytical methods but only a few papers are available using these
modalities, which have been included in this book. Some publications are
also available on chromatography and capillary electrophoresis with columns
with internal diameters ranging from 25 to 100 wm and flow rates of 25 to
4,000 nL/minute. In addition to this, a few papers describe detection at the
nanogram level by using conventional LC and CE methods. These papers
describing separations on microbore columns and normal columns with
detection at the nanogram per milliliter level have been included in this book
to make it more useful for the reader. The intention behind this is to cover all
the analyses dealing with nanolevel detection, which is the last destination of
nano world separation science. Arbitrarily, publications having 0.5 ng/mL
(500 ng/L) or lower as the detection limits for the analyte(s) were considered
as nanoanalyses and included in this book. However, the main emphasis has
been given to the instrumentation and analyses on chip-based NCE and NLC.

1.9. CONCLUSION

The development of microdevices led to a new area in separation science
called p-TAS or lab-on-chip technology. But we have given a new term,
nanoanalysis, to this type of analysis. The chip-based microfluidic devices
are well recognized and used in many areas of biological sciences [93].
This book discusses fabrication, instrumentation, detection, nanoliquid-
chromatography (NLC), and nanocapillary electrophoresis (NCE) since
these techniques deal with nano amounts of sample, flow rate, and detection
as well. We hope that this text will be useful for graduate students, researchers
(biological and environmental sciences), and professionals of pharmaceutical,
agrochemical, and other chemical industries.
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CHAPTER 2

FABRICATION OF MICROCHIPS

2.1. INTRODUCTION

During the last few decades, information and microfabricated technologies have
grown rapidly due to the development of semiconductor integrated circuits (IC).
This innovation was explored by Bardeen, Brattain, and Shockley, who shared a
Nobel Prize in Physics in 1956. Later on Jack Kilby at Texas Instruments and
Robert Noyce at Fairchild Semiconductor independently invented the first inte-
grated circuits. Kilby was awarded the Nobel Prize in Physics in 2000. The
idea of integration astonished the whole world and the predication of Moore’s
law has achieved a great potential in the semiconductor industry for better,
more inexpensive, and smaller chips. Later on, the concept of integration
became a success in the miniaturization and integration of electronic, mechanical,
and microfluidic devices, which led to the fields of microelectromechanical sys-
tems (MEMS). Furthermore, this system has achieved a great reputation in micro-
chemical and biomedical (Bio-MEMS) applications, with fast growth within
the MEMS market, that is, drug discovery and delivery, biosensors, biochips,
lab-on-a-chip systems, nanoparticles, DNA testing and diagnostics, biotelemetry,
genomics, and microfluidic devices (micrototal analysis systems [p-TAS]).
Lab-on-a-chip is the miniaturization and integration of the complete set of
devices used in separation science. It most important functions involve sample
preparation, reactions, separations, and detection on a single chip. This arrange-
ment was called p-TAS by Manz in 1990 [1]. We call it nanoanalyses as the
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nature of the separations is at nano and low ranges. The advantages of integration
on microchips are reduced size, low power, sample volume, reagent consump-
tion, and manufacture. Moreover, integrations are of better performance in
terms of speed, throughput, mass sensitivity, and automation. Besides, these
devices are highly effective for poor samples or matrices containing low amounts
of ingredients. The movement of fluid in microfluidic devices is controlled by
means of micropumps, microvalves, or electroosmosis. For this either microcom-
ponents or electrodes have to be integrated into the flow system. Amer and
Badawy [2] discussed the use of MEMS for fabrication of smaller devices that
were manufactured by using standard microfabrication techniques (similar to
the ones that are used to create computer silicon chips). Many MEMS devices
such as microreservoirs, micropumps, cantilevers, rotors, channels, valves, sen-
sors, and other structures have been designed, fabricated, and tested.

Chun et al. [3] discussed fabrication and validation of a multichannel-type
microfluidic chip for electrokinetic devices. Silicon glass and polydimethylsi-
loxane (PDMS) glass microfluidic chips were developed with the unique fea-
tures of a multichannel. A proper methodology was developed accompanying
the deep reactive ion etching as well as the anodic bonding, and optimum pro-
cess conditions necessary for hard and soft micromachining were presented.
Experimentally and theoretically it was shown that a silicon-based microchan-
nel increased streaming potential and higher external current compared to a
PDMS-based one. Khan [4] reviewed the applications of laser-based tech-
niques for the fabrication of microfluidic devices for biochips and addressed
challenges associated with the manufacturing of these devices. Special empha-
sis was given to the use of lasers for the rapid prototyping and production of
biochips. Efforts were also made on applications on ablation using femtose-
cond lasers, infrared lasers, laser-induced micro-joining, and the laser-assisted
generation of microreplication tools. Besides, microchips are the best pivots
among various interdisciplinary areas such as chemistry, physics, material
science, biomedicals, and computer and other engineering [5]. Briefly, inte-
gration of separation units is an astonishing innovation in separation science.
In this chapter we describe the fabrication of microchips used for analyses in
chromatography and capillary electrophoresis.

2.2. SUBSTRATES

Certainly, the selectivities, efficiencies, reproducibilities, and applications of
nanoliquid chromatography (NLC) and nanocapillary electrophoresis (NCE)
machines depend on the materials used for microchips. The microfabrication
technologies originated from the microelectronics industry using silicon
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wafers. Silicon substrates are useful for optical devices, flat panel displays, and
semiconducting units. Later on, quartz and glass were employed for fabrica-
tion of the microchips. These materials include simple sol-gel, C,, C4 and
Cg and phenyl quartzes. Of course, these materials have a good compatibility
with fabrication processes but these have become less popular in due course,
being labor intensive and expensive in nature. Sometimes, bonding of the
upper and lower parts of the chips is troublesome in these materials. On the
other hand, polymeric material such as PDMS is a good material for chips
as it contains good biocompatibility, facile bonding ability, high transparency
for UV and fluorescence detection, and is cost effective for production.
Additionally, it is much less fragile compared to quartz or glass, and can be
constructed easily by molding or embossing. In addition, PDMS is a popular
material for microfluidic devices due to its surface energy, inexpensiveness,
robust processing parameters, gas permeability, biocompatibility, and elasto-
meric siloxane backbone [6,7]. The high surface energy of PDMS makes its
bonding possible with a wide variety of different surfaces by conformal con-
tact between PDMS and the surface. It can also form a reversible conformal
bond with glass, metal, or photoresist, which is strong enough to confine
fluid within a microfluidic manifold without leaking. For pressure-driven
flow plasma or UV oxidation, the surface can be used to bond PDMS irrever-
sibly to a variety of substrates. This sealing process is leak free for moderate
liquid flow at high pressures [8,9]. The elastomeric nature of PDMS also
enables it to deform around an integrated transducer that may protrude several
microns from the planar surface of the substrate, resulting in a reduction of fab-
rication steps. A disadvantage of PDMS is that many organic molecules and
biomolecules are easily adsorbed onto its surface due to the hydrophobic
nature of the material. Besides, its hydrophobicity limits the use of many
organic solvents in the buffer, except alcohols. Therefore, other materials
have been explored and used for fabrication of microchips; these include
poly(methylmethacrylate) (PMMA), polycarbonate (PC), polyethyleneter-
aphthalate (PET), polystyrene (PS), polypropylene (PP), luoroethylene, poly-
imide (PI), poly(trifiuoroethylene) (PTFE), polycyclic olefin copolymer,
polyvinyl chloride, fused silica, calcium alginate. Some other auxiliary
materials used in chip fabrication are hydrogel, liquid teflon, thermoset polye-
ster, SU-8, and parylene. Common sacrificial materials are photoresist, poly-
imide, metals, phosphosilicate glass (PSG), and polysilicon. The different
polymers provide a wide range of chemical and physical properties, for
example, chemical resistance, thermal conductivity, hardness, and dielectric
strength to be utilized in nanoanalyses.

The plastic chips are more effective and attractive due to their inexpensive-
ness with rapid mass productivities. SU-8 has versatile applications in the
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fabrication of compliant microcomponents due to its outstanding aspect ratio
and attainable film thickness, which enables good design of structures such as
beams and hinges [10]. Additionally, plastic chips may be disposable, elimi-
nating cross contamination and sample carryover problems in multiple use
devices. Soper and coworkers [11-16] and Locascio and coworkers [17,18]
have developed plastic microfabricated chips for bioanalytical applications.
Parylene is an excellent substance suitable for nano applications due its ease
of integration with other microfabrication techniques. It is quite capable of
producing microchannels, micropumps, microvalves, filters, pressure and
flow sensors, mass flow controllers, electrospray nozzles, and chromato-
graphic and capillary electrophoretic channels [19-24].

2.3. TECHNIQUES OF FABRICATION

The microchip fabrication process involves many steps, which begin with the
different patterns, which are projected repeatedly onto the wafer. The major
trends and principles of microfabrication are laser technology, lithography,
machining, and finishing. These processes are carried out through material
selection, wafer fabrication, cleaning, etching, patterning, ion implantation,
and packaging. Generally, microfabricated devices are not free standing but
usually formed over or in a thicker support substrate. Microchips are patterned
by photolithography to form openings and these features are at the micrometer
or nanometer scale. The etching is carried out to remove some portion of the
thin film or substrate by exposing it to some etching agent such as acids or
plasma. The wafer cleaning (surface preparation) of microchips is carried
out by thermal diffusion or ion implantation or chemical or mechanical planar-
ization. In microfluidic devices two microchips are fixed together to form
microchannels. It is important to mention here that the fabrication processes
vary slightly depending on the substrates and the applications.

As discussed above, the fabrication of microfluidic devices is borrowed
from microelectronics (micromachining). The manufacturing of these devices
started in 1975 in the silicon microprocessors industry with the fabrication of a
microchip on a single silicon wafer at Stanford University; it was used in the
gas chromatograph [25,26]. Later on the same group [27] miniaturized analyti-
cal devices but their applications in separation were not recognized until the
1990s [28]. The standard methods for fabrication of microfluidic devices are
described in some textbooks [29-31] and reviews [4,32—43]. The most popular
techniques of fabrication for microfluidic chips are photolithography (pattern-
ing in photoresist by radiation) [44], embossing/injection or casting molding
[45], and complementary metal oxide semiconductor (CMOS), for example,
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micromachining using isotropic wet etching, reactive ion etching (RIE), and
other chemical vapor deposition techniques [46]. About 90% of microfluidic
chips reported so far have been fabricated by these techniques. Laser ablation
and multi-photon are the latest methods developed for monolithic three-
dimensional features, which have provided new ways of integration having
many advantages. In addition to this, oxidation, diffusion, ion implantation,
chemical vapor deposition (CVD), evaporation, sputtering, wet chemical etch-
ing, and dry plasma etching [47] have also been applied to fabricate microflui-
dics. Some other fabrication techniques have also been developed specifically
for MEMS, which include KOH, DRIE (deep reactive-ion-etching), x-ray
lithography, electroforming, wafer bonding, electroplating, and 3-D stereo
lithography [29]. Biittgenbach et al. [48] described micromachining starting
with photolithography as shown in Fig. 2.1, which was used to transfer
copies of a master pattern onto the surface of a solid material, such as a silicon
substrate, coated with photoresist. The resist-coated substrate is exposed to UV
through a mask made of optical quartz glass and coated with a chrome absor-
ber pattern for generating the desired pattern. During this process the photore-
sist was selectively dissolved. This process transformed the latent resist image
formed during exposure into a positive or negative relief image, which served
as a masking layer for the etching, thin film deposition, or doping processes. In
this way 3-D microstructures can be generated and, finally, the photoresist was
completely removed by wet or dry etching.

Recently, polymer MEMS has become popular, resulting in many new
techniques suitable for soft lithography [49-51]. Different basic fabrication
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(UV-light)

Mask T ———— Resist
v
Development
/ \
Positive resist Negative resist
Etching Doping Deposition

L |
Resist Sltrlpplng Resist Sfripping Resist %tripping

Figure 2.1 Schematic representation of pattern transfer using photolithography
[48].
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techniques are combined to make a complete device by bulk micromachining
[52] and surface micromachining [53]. The former method uses chemical or
plasma selective etching with the help of HNA (hydrofluoric acid, nitric
acid, and acetic acid), XeF,, anisotropics such as KOH, TMAH (tetra-
methylammonium hydroxide), and DRIE. In plasma selective etching micro-
devices are prepared with the help of sacrificial materials to form free standing
or even completely released thin film microstructures, such as microchannels
and microcantilevers. Embossing and injection molding methods have also
been used to integrate optical components and transducers to microfluidic
manifolds [54]. These techniques can mold thermoplastics around embedded
features, including emitter tips and fiber optics. In these methods, masters
made of silicon or metal are used as a template to mold micromachined devices
via pressing the template or heating it against a thermoplastic. The casting is
also a useful method of microfluidic fabrication and sensor integration,
which provides a route to fabricate microfluidic manifolds with low cost and
no mechanical force in comparison to embossing and injection molding.
Complementary metal oxide semiconductor (CMOS) processing has also
been used to develop microfluidic chips with integrated transducers in both
glass and silicon materials. This offers the possibility of integrating multilevel
microfluidic channels with a variety of sophisticated electronics and optical
features. Man et al. [55] reported the fabrication of a microfluidic device
with an integrated CMOS circuit containing control, detection, and communi-
cation electronics. The sacrificial etching was used to generate microfluidic
channels without requiring a thermal or pressure bonding procedure, which
facilitated the micromachined alignment of both optical transducers and fluidic
channels. 3-D lithography was suitable for integration of a variety of optical
components. Schmidt et al. [56] reported two photon 3-D lithographic tech-
niques for fabrication of waveguides over a printed circuit board, which had
a laser and photodiode. This method allowed high precision registration of
waveguides with lasers and photodiodes. Many papers are reported in the
literature describing the fabrication of microchips for various purposes,
which cannot be covered in this chapter. However, some important examples
of fabrication on different substrates are discussed in the following sections.

2.3.1. Glass Chips

As discussed earlier, glass was the material of choice for fabrication of
microchips during the last decade. Some workers used this material for manu-
facturing microchips for various purposes. Rodriguez et al. [57] reported the
fabrication of a glass microchip device by using standard photolithographic
procedures and chemical wet etchings; with sealing of channels via a direct
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bonding technique. The applications of the device were evaluated by analyz-
ing fluorescein isothiocyanate anti-human IgG. Fang et al. [58] used micro-
scope glass (20 x 70 x 1 mm) for manufacturing microchips. A 60 mm
length of 75 mm i.d., 375 mm o.d. capillary with outer coating was graved
as the separation channel. Both ends were inserted 1 mm beyond the walls
of two 12 mm sections of 1.5mm i.d., 2.5 mm o.d. tygon tubing, through
holes punctured with a hypodermic stainless steel needle. A 12 mm length
of 0.5mm i.d., 1.6 mm o.d. MicroLine tubing with the capillary tip served
as sample/carrier inlet. The tube wall of the downstream tip of the
MicroLine tube was carved under a dissecting microscope to produce a conical
outlet. The lower end of the section was connected to a short length of 0.6 mm
o.d. platinum capillary, which functioned as an electrode, the other end of
which was connected to another 5 mm section of 0.5 pm i.d. MicroLine
tube. The chip with polymer covering was then removed from the reservoir
using a knife to cut the borders free. The elastomer protruding outside the
glass base was then cut off, and the glass rod plugs were removed. Zhang
et al. [59] used standard photolithographic and wet chemical etching methods
for preparation of a separation channel on glass wafers. The design integrated
with sample inlet ports, separation channel, a liquid junction and a guiding
channel for the insertion of the electrospray capillary in MS unit. The perform-
ance of the device was tested for peptides, proteins, and protein tryptic digests.
Tsai et al. [60] described a plasma polymerization technique for modification
of a glass chip in nanocapillary isoelectric focusing. The electrophoresis
separation channel was machined in Tempax glass chips with length 70 mm,
300 pwm width, and 100 pm depth. Acetonitrile and hexamethyldisiloxane
monomers were used for plasma polymerization (100 nm thickness).

Pu et al. [61] compared the performance of NCE of powder-blasted and
hydrogen fluoride-etched microchannels in glass by using rhodamine B and flu-
orescein as model compounds. The effect of electrical field strength and detec-
tion length on the separation efficiency was monitored. The powder-blasted
microchannel chips performed well for many applications, although they
had low separation efficiency compared to HF-etched chips. Lee et al. [62]
reported glass substrates to fabricate the active micro-mixer. The internal
residual stress was removed by annealing at 400°C for 4 h. Figure 2.2 rep-
resents a schematic illustration of the simplified fabrication process. A thin
layer of positive photoresist was used as a mask in the wet chemical etching
followed by the lithography patterned and etched in a buffered oxide etchant
(BOE). Lee et al. [63] used microscopic glass slides for microfabrication.
Schematic representation of the simplified fabrication process is shown in
Fig. 2.3. Initially, a thin layer of positive photoresist was used as the etching
mask in a wet chemical etching of the glass substrates. The etching mask
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(a)

(b)

(c)

(d)
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Figure 2.2 A simple fabrication process of active electrokinetically driven
micromixers. (a) BOE etching, (b) electron beam evaporation of gold/chromium,
(c) gold/chromium etching, (d) cover drilling, and (e) alignment and bonding [62].
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Figure 2.3 Schematic representation of fabrication process for a glass-based micro-
channel [63].

was applied by using a spin coating process rather than the vacuum deposition
commonly used for metal or silicon nitride layers, to reduce the cost and fab-
rication time. The patterned on substrates was achieved by lithography fol-
lowed by etching in a 6:1 buffered oxide. The holes were drilled in bare
glass slides, and then cleaned in a boiling piranha solution also known as
piranha etch (mixture of sulfuric acid and hydrogen peroxide). Two glass
flats were then carefully aligned and stuck to each other using deionized
water, and two plates were thermally bonded in a sintering oven at 580°C
for 10 min. Finally, silver conductive material was injected into the micro-
channels to work as electrodes to establish the field effect within a capacitor.

Brivio et al. [64] described the fabrication of glass microchips whereby the
channels were isotropically etched in one or both glass wafers with an HF sol-
ution and a chromium-gold mask followed by holes for fluidic connections to
the channels blasted in the top wafer. Later on, the processed wafer pair was
joined together by fusion bonding. The sizes of the channels were 100 mm
wide by 50 mm deep (Fig. 2.4a) and 50 mm wide by 20 mm deep (Fig. 2.4b).
Zhang et al. [65] described the fabrication on soda lime glass by using photo-
lithographic and wet chemical etching procedures (Fig. 2.5). The channels
were etched to a depth of 20mm and a width of 60 mm with holes
drilled into the etched plate with a 1.2 mm diameter diamond-tipped drill bit
at the terminals of the channels. The 4 mm inner diameter and 6 mm tall
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Figure 2.4 Photographs of the glass microreactors: (a) larger (100 mm wide x
50 mm deep) channels and (b) smaller (50 mm wide x 20 mm deep) channels [64].
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Figure 2.5 Schematic diagram of cross channel microfluidic (dimension in mm) [65].

micropipette tips were epoxied on the chips having the holes and serving as
reservoirs with volumes of approximately 150 mL each. The channels between
the sample reservoir and sample waste reservoir were used for sampling and
the channels between the buffer reservoir and buffer waste reservoir were
used for separation.

Chen et al. [66] described photolithographic and wet chemical etching
methods for fabricating channels onto a 20 x 20 mm glass plate with chro-
mium and photoresist coating. The different types of fabrication processes
are shown in Fig. 2.6. The channels were etched into the plate with dilute
HF /NH,4F within 15 minutes. The channels (Fig. 2.6a to c) for sample sol-
ution and organic solvents (Fig. 2.6b and c) were 5 mm long, 25 mm deep,
and 150 mm wide. The extraction channel (Fig. 2.6¢ and d) was 10 mm
long, 25 mm deep, and 250 mm wide. The access holes for the reservoirs
were drilled into the etched plate with a 1.2 mm diameter diamond-tipped
drill bit at points a and b. The blank glass plates without chromium and
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Figure 2.6 Different types of recesses fabricated in the channel wall of the chip
designed for trapping organic droplets [66].



28 FABRICATION OF MICROCHIPS

photoresist coating were used as cover plates with permanent bonding with
epoxy resins. A recess structure with a dimension of 150 mm long, 100 mm
wide, and 25 mm deep, with a shrunken opening of 50 mm width, was used.
Zhang and Yin [67] designed and fabricated a multi-T microchip on soda
lime glass by using photolithographic and wet chemical etching procedures.
The channels were etched to a depth of 20 pm and a width of 60 wm and
holes were drilled into the etched plate with a 1.2 mm diameter diamond-
tipped drill bit at the terminals of the channels. After permanent bonding
by a thermal bonding procedure, six 4 mm inner diameter and 6 mm tall
micropipette tips were epoxied on the chip surrounding the holes, serving
as reservoirs with volumes of approximately 150 wL. The channels between
two sample reservoirs and two sample waste reservoirs were used for large
volume sampling. The channels between buffer and buffer waste reservoirs
were used for separation. Crain et al. [68] designed and developed a glass
capillary electrophoresis microchip with integrated electrodes. The proces-
sing method described photolithographic patterning and etching using
wet chemical processing techniques. The bottom substrate contained seven
electrodes required for CE/ECD operation, whereas the top substrate had the
microchannel network.

2.3.2. Quartz Chips

Quartz has also been tested for fabrication of microchips. The pros and cons of
this material have already been discussed. Ujiie et al. [69] designed and fabri-
cated quartz chips for NCE. The fabrication is shown in Fig. 3.13 of Chapter 3.
Chromium films sputtered on quartz 90.5 mm thick and 20 x 20 mm size were
patterned by photolithography and wet etching following etching of the capil-
laries by fluorine-based induction-coupled plasma (ICP). An electrode was
biased with a 13.56 MHz power of 15 W to induce sufficient self bias on
the quartz surface. After removal of chemicals and chromium, the quartz
chip was dipped in 1% hydrofluoric acid and bonded with another quartz
plate with four reservoir holes opened by a supersonic machine [70]. Cross-
sectional SEM photographs of the etched quartz trench and its expanded
view are shown in Fig. 2.7. SEM images of quartz trench patterns etched
with 85% C4Hg-15% SFg plasma and etched capillaries pattern with 20 wm
width, 50 wm depth, and aspect ratio of 2.5 are shown in Fig. 2.8. Jindal
and Cramer [71] fabricated a quartz chip (3 x 3 x 1/16 inches) by using
photolithography and wet etching followed by a photo mask for patterning
via CoreIDRAW®, which was printed out on a transparency using a high
resolution printer. The quartz slides were cleaned with acetone, isopropanol,
and deionized water and 250 and 1000 A thick chromium and gold were
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Figure 2.7 SEM photographs of (a) cross-sectional etched quartz trench with
30 wm depth and width and (b) expanded view of the trench sidewall [69].

deposited sequentially on quartz using e-beam evaporation. Gold worked as
the hard mask during etching. Later on, hexamethyldisilanzane (HMDS)
was spin coated on gold at 3000 rpm for 25 seconds followed with spin coating
of the positive photoresist S1813 at 3000 rpm for 40 seconds, with baking at
100°C for 1 min. The channel pattern was transferred photolithographically
to the resist via a contact mask aligner. Again the resist was hard baked at
120°C for 30 min. Finally, hydrofluoric and nitric acids were used as quartz
etching agents and a depth of 43 wm was obtained in 50 min.

Kitagawa et al. [72] reported the fabrication of IF chips by photolitho-
graphic wet etching methods. A polished 0.7 mm thick Pyrex glass or
quartz plate was used and after depositions of chromium and gold metal
layers, a positive photoresist was spin coated and baked at 90°C for 30 min.
Then UV light was exposed through a photomask to transfer the channel pat-
tern onto the photoresist. After etching of the chromium and gold layers, the
glass surface was patterned with a 50% HF solution and the remaining photo-
resist and metals were removed. Another substrate was used as a cover plate
and the cover and etched bottom plates were thermally laminated. The
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(a)

30 um

(b)

Figure 2.8 SEM micrograph of (a) quartz trench patterns etched with 85% C4Hg-
15% SF¢ plasma and (b) etched capillaries pattern with 20 pwm width, 50 wm depth,
and aspect ratio of 2.5 [69].

microchip was cut across the microchannel (100 wm width and 40 pm deep) to
obtain flat cross sections of the etched channel. To connect a fused silica capil-
lary with dimensions of 50 pm i.d., 365 um o.d. an access hole (diameter of
400 pm) was drilled. The end faces of the access holes were flattened using
a diamond deposited cylindrical high speed tip, for reducing dead volume
between the capillary and the microchannel. The microfabrication process
on quartz crystal microbalances is shown in Fig. 2.9 [48]. Thin layers of
gold were sputter deposited on both surfaces of quartz blanks with the dimen-
sion of 1.5 x 1.5 inches with 128 wm thickness. The quartz was chemically
thinned down to the desired thickness for high mechanical stability. Hence,
circular openings were etched on both sides of the substrate. The quartz was
then etched in this area using a mixture of water, hydrofluoric acid, and
ammonium fluoride at 60°C. Later on, all layers were stripped before a new
gold layer was deposited. Gold electrodes were patterned on both sides of
the quartz resonator. In the final step the resonators were cut to their final
sizes and affixed to a printed circuit board.
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Figure 2.9 Schematic representation of fabrication sequence of quartz crystal
microbalances [48].

2.3.3. Silica Chips

Silica is a well-known and popular material for fabrication of microchips. The
advantages and disadvantages of silica material have already been highlighted
in this chapter. Licklider et al. [19] designed and described the electrospray
chips shown in Fig. 2.10. A 1.5 wm layer of SiO, was grown on both sides
of a silica wafer by thermal oxidation. The substrate was patterned using
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aqueous HF and KOH to form the ports. The top oxide layer was patterned and
removed with aqueous hydrofluoric acid. The adhesion of the p-xylylene layer
was enhanced and the silicon surface was roughened by gaseous BrF; and then
covered with a thin A-174 silane promotion layer (3-methacryloyloxypropyl
trimethoxysilane; SCS). The SCS Model PDS 2010 parylene deposition
system was used to coat a 3 wm film of parylene at room temperature at a
rate of 3 wm/h, which was patterned with oxygen plasma by using photoresist
as the masking material. A 5 pm thick layer of AZ4400 photoresist was used as
the sacrificial layer, which was deposited by the standard photoresist spin-
coater operation at 2.5 krpm for 40 seconds. After a soft bake at 90°C for 20
min, the lumen structure was defined by standard lithography. Patterned
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Roughen Surface
Form Lower Parylene Layer

Parylene

~_

T

Deposit and Pattern Photoresist
Form Upper Parylene Layer
Photoresist

Free Needle and Open Port

l Remove Al Mask
Dissolve Photoresist

Figure 2.10 Schematic representation of micromachining process used to fabricate
microfluidic chips incorporating an electrospray emitter [19].



2.3. TECHNIQUES OF FABRICATION 33

resist was enclosed by a 3 wm parylene film after treating the first parylene
layer with oxygen plasma to promote adhesion between the two parylene
layers. This film and aluminum mask was added to protect parylene structures
during the plasma etching process, to create the needle tip. The needle tips
were defined by oxygen plasma etching, and the wafer was diced. The
needle structures were freed by etching with gaseous BrF; for removing the
underlying silica layer. Finally, the masking layer was removed and the sacri-
ficial photoresist layer was dissolved by acetone for 4 to 6 h. The acetone in the
bath was replaced with ethanol and finally with deionized water.

Xie et al. [20] reported the fabrication chip for pumps and an electrospray
nozzle. The process used to fabricate the electrochemical pump chips with elec-
trospray nozzle is shown in Fig. 2.11. A 1.5 pm layer of SiO, was grown on the
surface of a4 inch silicon wafer by thermal oxidation. The front side oxide layer
was patterned and removed with buffered HF. XeF, gaseous etching was used
to roughen the silicon surface in order to promote the adhesion between sub-
sequent layers and the substrate. The first 4.5 wm parylene layer was deposited.
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Figure 2.11 Schematic representation of fabrication process for electrochemical
pumps on a silicon substrate [20].
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A 5.5 wm photoresist layer was patterned as the sacrificial layer, followed by the
deposition of a second 4.5 wm parylene layer. The parylene/photoresist/
parylene sandwich structure formed the electrospray nozzle and channel
when the photoresist was subsequently dissolved. A 1500 A sputtered alumi-
num layer was used as a mask for parylene etching to define the shape of
the nozzle. Aluminum was removed by a wet etching process. After SU-8
developing, wafers were left inside the SU-8 developer for 2 days to release
the photoresist. A serpentine channel (250 pm x 500 pm x 15 mm) extend-
ing from the junction of pump channels to the edge of the chip was patterned
in the SU-8 layer. Platinum/titanium lines spaced 200 .m apart were patterned
under the channel after the electrode deposition step.

2.3.4. Polymer Chips

In addition to those described above, some new polymeric materials have been
developed and used in the manufacturing of microchips. These new materials
address the drawbacks associated with the above-mentioned materials.
Additionally, the advantages of polymeric materials, discussed earlier, com-
pelled scientists to use them as chip materials. McDonald and Whitesides
[6] described soft lithography for fabrication of microdevices on PDMS.
Figure 2.12 indicates a scheme for rapid prototyping of high resolution
transparency as a photomask for generation of the master by photolithography.
A system of channels was designed in a CAD program and a high resolution
transparency produced, which was used as a photomask in contact photolitho-
graphy to produce a master, which consisted of a positive relief of photoresist
on a silicon wafer and served as a mold for PDMS. This figure also shows
liquid PDMS pre-polymer poured over the master and cured for 1 h at 70°C
with the PDMS replica peeled from the master and sealed to a flat surface to
enclose the channels.

Fu et al. [73] used a hybrid device for fabrication and packaging of micro-
chips. This method consisted of a layer of inorganic substrate like silicon wafer
and organic elastomer such as PDMS to perform multiple functions on an inte-
grated chip.

Lagally et al. [74] developed an integrated device for PCR and NCE with
electric field control and fluorescence detection. Furthermore, the device
had integrated heaters and temperature sensors, as well as PDMS membrane
valving to control analyte transport. The PDMS unit was fabricated as mem-
brane valves between a glass PCR chamber and the glass NCE channel, allow-
ing precise control of both process unit operation and analyte transport.

Zhao et al. [75] described a protocol for creating micron sized structures in the
substrate material to design, produce, and fabricate a microfluidic system with
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Figure 2.12 Schematic representation of rapid prototyping. A system of channels is
designed in a CAD program. (a) Transparency used as a photomask in contact photo-
lithography to produce a master, (b) liquid PDMS pre-polymer poured over the master
and cured for 1 h at 70°C, (c) PDMS replica peeled from the master, and (d) the replica
sealed to a flat surface to enclose the channels [6].

channel features >10 pwm in PDMS. The procedure involved the creation of a
master template with negative features, using high precision machining. The
performance of the device was evaluated for the analysis of DNA fragments.
Zhu et al. [76] designed and fabricated microfluidic devices on polymethyl-
methacrylate (PMMA) substrates for electrochemical analysis applications
using an improved UV-LIGA process. The microchannel structures were
transferred from a nickel mold onto the plastic plates by the hot embossing
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Figure 2.13 Schematic diagram of NCE microchip fabrication by improved ULIGA
process [76].

method. During the mold fabrication, the exposure process was optimized for a
large ratio of exposed area to unexposed area of negative photoresist (SU-8)
followed by nonplanar electroforming technique used for large line space
of SU-8 photoresist mold. The electrodes for electrochemical detection were
fabricated on other blank PMMA plates through a lift-off process. These
substrates with microchannels were bonded to PMMA plates with micro-
electrodes by thermal bonding method. Figure 2.13 represents schematically
the fabrication of NCE chips by an improved UV-LIGA process.

Nie et al. [77] described designing microchips using CAD 3-D Excalibur
software. Initial designs incorporating multiple parallel columns within a
single chip were made with a single, double or triple column based electro-
osmotic micropump (EOP). By using CAD, designing channels within the
PMMA plates were fabricated through direct micromilling with 10 x 0.4 x
0.4 mm channel holding monolithic capillary columns. Two access holes
(2 x 2 mm) were drilled at both ends of the channels for reservoir and outer
power connections.

2.3.5. Plastic Chips

Plastic materials have gained importance in microfabrication due to their ease
of molding, inexpensiveness, and disposability. Some workers have used these
substrates for fabrication of microchips. Pethig et al. [78] and Roberts et al.
[79] used laser ablation as a direct method for creating microchannels in plastic
chips without the need for fabrication. The methods used an UV excimer laser
to burn the microchannels onto the polymer substrate, moving in a predefined,
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computer-controlled pattern. The channels were sealed with a low film lami-
nation technique. The substrates used in this technology were polystyrene
(PS), polyethylene terephthalate (PET), etc. The utility of this method lies in
the fact that it has negligible effects on the surface properties of the substrates
[16]. By this method high performance sequencing and genotyping devices at
relatively low cost could be prepared.

Rossier et al. [80] used UV excimer laser photoablation for changing the
surface properties of the plastics and drilling. The authors discussed the
method for patterning biomolecules on a polymer along with surface coverage
of active antibodies and equilibration time. Besides, a method of designing
NCE comprising an on-chip injector, column and electrochemical detector
was also discussed. Furthermore, the potential of this disposable device was
discussed and compared to classical systems.

Nikcevic et al. [81] reported the fabrication of a microchip by using the
UV-LIGA process. The mold for microchip replication was fabricated on a
nickel mold disk (7.5 cm. diameter, 1.6 mm thick). The Ni disk was lapped
flat and thick photoresist (SU-8 2075 negative photoresist) processing was car-
ried out on the disk followed by Ni electroplating. A plating height of about
100 wm was achieved after 10h of electroplating in a Ni-sulfamate bath
with about 10 wm/h plating rate. After removing the photoresist, the electro-
plated pattern was polished, which resulted in great improvement in transpar-
ency and good perfection in the chips. Replicate plastic microchips were made
by injection molding (19,000 psi pressure). The cleaning was achieved by iso-
propanol and distilled water to remove particulate and organic matter.

Koesdjojo et al. [82] described the fabrication of a microfluidic chip for use
in NCE by using a two-stage embossing technique and solvent welding on
polymethyl methacrylate with water as a sacrificial layer. The hot embossing
method involved a two-stage process to create the final microchip design.
Two polymer substrates with different glass transition temperatures (Tg), poly-
etherimide (PEI) and polymethyl methacrylate (PMMA), were used to make
the reusable secondary master and the final chips.

2.3.6. Chips and the Polymerase Chain Reaction

Among various miniaturized analytical devices, polymerase chain reaction
(PCR) microchip/microdevices are studied extensively with respect to fabri-
cation, bonding, and sealing. The fabricated PCR microfluidics are very
important molecular biological tools to study replication and creation of
copies of DNA by cycling through three temperature steps. Normal PCR sys-
tems require 1 to 2 h for this purpose because of the low ramping rate resulting
from the high thermal capacity of the material in the PCR reaction system,
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which cannot meet the need for fast DNA amplification in spite of good ramp-
ing rates in instruments available in the market nowadays. But, fortunately,
chip-based PCR units can replicate the required DNA strand within seconds,
which is a landmark in genomic and proteomic research [83]. PCR chip
devices are manufactured by silicon micromachining technology, including
photolithography, thermal growth of silicon oxide, chemical etching, electro-
chemical etching, ion etching, chemical vapor deposition (CVD), physical
vapor deposition, epitaxy, and anodic bonding. Shin et al. [84] reported the
fabrication of a PDMS microchip for PCR. Of course, PDMS is a good
material for microdevices but in PCR it causes several problems, such as
bubble formation, sample evaporation, and protein adsorption. The authors
attempted to overcome these drawbacks by coating micro-PCR chips with par-
ylene film, which has low permeability to moisture and long-term stability.
The thermal compability of the PDMS chip was compared with silicon and
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Figure 2.14 Schematic process for (A) the fabrication of a PDMS-based PCR chip
and (B) a complete fabricated PCR chip [84].
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glass and appropriate thermal responses of PDMS microchips were observed.
Figures 2.14A and 2.14B represent schematically the process for fabrication of
a PDMS PCR chip and a complete fabricated PCR chip, respectively. Readers
interested in the details of PCR microdevices should consult Zhang et al. [38].

2.4. SURFACE MODIFICATION

As in the case of normal chromatography both stationary and mobile phases
are also required in NLC. On the other hand, in NCE hydrophilic channel
walls with improved control over electroosmotic flow are required for better
separation of biological samples. Briefly, the separation efficiencies and selec-
tivities in NLC and NCE depend on the properties of the microchannels, and,
therefore, surface modification of the microchannel is usually necessary to
achieve good separation of a variety of analytes. Recently, Muck and Svatos
[85] reviewed the surface modification of microchannels by critically analyz-
ing the scope and development of chemical modifications based on chemical
derivatization or activation of surface layers with reagent solutions, reactive
gases, and irradiation. The authors also evaluated bulk modification of poly-
mer chips having incorporation of monomers with selective chemical func-
tionalities throughout the bulk polymer material and integration of the chip
modification and fabrication into a single step.

The polymeric chips require special attention to their surface properties due
to their poor compatibility with many samples and organic solvents used in
forming a coating and in the composition of the mobile phases. Lee et al.
[86] and Liu and Chen [87] reviewed the coatings of microchips used in
NCE. The authors discussed the advancements and developments of coating
preparation methodology and materials, with especial emphasis on the effects
of coatings on the resolutions of separation and the reproducibility of separ-
ations. Furthermore, dynamic coatings and linked coatings, classified as
homopolymers, copolymers, and heterocyclic compounds, were also dis-
cussed. The discussion is useful for optimization of separation. The surface
modifications of glass microchips are similar to the fused silica capillaries.
Normally, coating thickness ranges from microns to angstroms and can be con-
trolled by the amount of dimer. The normal deposition rate of parylene is about
5 pm per hour. The deposition rate is directly proportional to the square of the
monomer concentration and inversely proportional to the absolute temperature
[19]. High deposition rates can result in poor film quality, which sometimes
looks cloudy in contrast to normal clear transparent ones. Shin and coworkers
[84] removed the porosity problem of PDMS by coating the chip surface with
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parylene film. Wang et al. [88] used animation to overcome the aging effects of
oxidized PDMS surfaces.

2.4.1. Modification by Polymers

Polymeric materials have been used for surface modification and packing of
microchannels in NCE and NLC. Some reports are available on this issue
and discussed herein. Hjertén’s protocol [89] seems to be the best one for sur-
face control in glass chips by covalently bonded polyacrylamide. Belder et al.
[90] reported PVA coating of microchips showing good EOF suppression and
reduction in wall analyte interactions. It is important to mention here that these
procedures are tedious and time consuming and, hence, have not yet been
adopted a standardized protocol for applying these surface modifications in
plastic chips. Lin et al. [91] described PMMA coating by using poly(vinylpyr-
rolidone) (PVP), poly(ethylene oxide) (PEO), and 13 nm gold nanoparticles
(GNPs) and tested for DNA separation. Landers’ group [92-94] reported
dynamic coating of microchannels with adsorptive polymers such as dynamic
mechanical analysis (DMA), DEA, etc. Lai et al. [95] used a gas resin injection
procedure for modifying channels of PMMA and tested for analysis of DNA.
The procedure involved the injection of hydroxyethyl methacrylate monomer
(HEMA), a photoinitiator, and other additives (sodium dodecyl sulfate, ethyl-
ene glycol, and polyethylene glycol [PEG]) into the microchannel by applying
nitrogen pressure. The liquid was forced out leaving behind a thin layer on the
microchannel walls. Later on, resin was cured with UV light resulting in more
hydrophilic unmodified PMMA surface. A mixture of poly-HEMA and 10%
PEG was found to be most hydrophilic coating as determined by contact angle
measurements. Barker et al. [96,97] applied polyelectrolyte multilayers com-
posed of PSS and poly(allylamine hydrochloride) for EOF control in PS and
PETG microfluidic devices. Liu et al. [98] described dynamic coatings of poly-
electrolyte multilayers to overcome some disadvantages of PDMS, such as the
tendency of PDMS surfaces to absorb analytes and the instability of electroosmo-
tic flow in oxidized PDMS channels. It was possible with multilayers of cationic
polybrene and anionic dextran sulfate in PDMS microchannels and led to stable
EOF over a wide pH range. Ro et al. [99] described polyelectrolyte multilayers to
improve the performance of PDMS devices for packed bed in NCEC.

Belder et al. [90] described poly(vinyl alcohol) coated microfluidic devices
in NCE for a suppressed electroosmotic flow and improved separation per-
formance of labeled amines. A threefold increase in separation efficiencies
was obtained on coated chips. In PVA-coated channels, rinsing or etching
steps could be omitted, which are necessary for uncoated devices. Wu et al.
[100] described multilayer poly(vinyl alcohol)-adsorbed coating on
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poly(dimethylsiloxane) microfluidic chips for biopolymer separation. The reflec-
tion absorption infrared spectrum (RAIRS) showed that 88% hydrolyzed poly-
vinyl alcohol (PVA) adsorbed more strongly than 100% hydrolyzed PVA on
the oxygen plasma pretreated PDMS surface. Repeating the coating procedure
three times was found to produce the most robust and effective coating. PVA coat-
ing converted the original PDMS surface from a hydrophobic to a hydrophilic
surface, and suppressed electroosmotic flow (EOF) in the range of pH 3 to 11.

Pumera et al. [101] used gold nanopatrticles to improve the selectivities of
solutes and efficiency in NCE. The microchannel wall of a microfluidic
device was coated with a layer of poly(diallyldimethylammonium chloride)
(PDADMAC) and citrate-stabilized gold nanoparticles were collected on it.
The authors reported that the resolutions and the plate numbers of the solutes
were doubled in the presence of the gold nanoparticles. Qu et al. [102] described
chemical modification of a PMMA microchannel surface by protein patterning
on a plastic microfluidic channel. A craft copolymer was designed and syn-
thesized to introduce silane functional groups onto the plastic surface. Thus,
anchoring of proteins onto the hydrophobic PMMA microchannels could be
realized with bioactivity preserved. The performance of protein patterning in
a microfluidic channel was evaluated by performing NCE with laser-induced
fluorescence (LIF) detection and confocal fluorescence microscopy, for trypsin
digest. Jiang et al. [103] described a method for avidin and biotin immobilized
structures. Gunawan et al. [104] fabricated a stable and covalently proteins
immobilized microdevices. Wang et al. [105] reported protein modification of
poly(dimethylsiloxane) microfluidic channels for the enhanced separation in
NCE by coating albumin and lysozyme proteins. The separated compounds
were neurotransmitters and the environmental pollutants, which were efficiently
separated within 140 seconds in a 3.7 cm long separation channel.

Du and Fang [106] reported a simple and robust static adsorptive (dynamic)
coating process using 2% hydroxyethylcellulose for surface modification of
PMMA microfluidic chips for DNA separation. The authors evaluated the per-
formance of the coated chips at different phases of the coating process by con-
secutive gel electrophoretic separations with LIF detection using a PhiX-174/
Haelll DNA digest sample. The authors reported good performance of the
coated chips even after three months. The average precision of migration
time was 1.31% RSD (n = 6) during a 25 day study. Lee et al. [107] described
the surface modification of microchannels in NCE PDMS, quartz, and glass
materials. The authors reported that the new functional groups could be
formed on the PDMS surface after treatment, resulting in a change in the sur-
face property. The time-dependent surface property of the plasma-treated
PDMS was measured in terms of the zeta potential. Two simple and reliable
methods utilizing organic-based spin on glass and water-soluble acrylic
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resin were reported. This method was evaluated by using PhiX-174 DNA
maker separation, indicating the surface property modification and separation
efficiency improvement. Liu and Henry [108] utilized the chemical modifi-
cation of the microchannels to reduce or eliminate the analyte wall interactions
and alteration of electroosmotic flow. The authors reported a stable polyelec-
trolyte multilayer coating to prevent analyte adsorption for the rapid and effi-
cient separation of biomolecules within microchannels. The method of
microchip coating with polyelectrolytes and the expected results have been
discussed. Brown et al. [109] reported different types of surface modifications
of PMMA to change substrates properties. The methods include air plasma
treatment, acid-catalyzed hydrolysis, and aminolysis. The resulting substrates
were carboxyl- and amine-terminal PMMA surfaces.

2.4.2. Modification by Silica Gel

Silica gel is the famous stationary phase in liquid chromatography and capil-
lary electrophoresis. It has been used to coat and pack microchannels in a
number of studies. Jacobson et al. [110] coated the wall of a glass microchip
(a 16.5 cm long serpentine channel that was 5.6 um deep and 66 pm) with
octadecyltrichlorosilane in a pressurized, high temperature process for C;g
nature. Later on, an improvement in coating with octadecylsilane modification
procedure was reported at room temperature [111] and chips with C;g coating
exhibited a decrease of 10% to 25% in electroosmotic flow compared to non-
coated channels. Constantin et al. [112] reported sol gel chemistry of thin silica
gel coatings having high surface areas due to their porous structure. A partially
gelled mixture of tetraethyoxysilane (TEOS) and n-octyltriethoxysilane
(Cg-TEOS) was injected into the channels of a glass microchip for coating
purposes. Silica gel was anchored to the walls of the chip by condensation
reactions involving surface silanol groups. The channels were flushed with
solvent to remove excess gel, leaving only a thin layer of coating on the
wall surface. Sodium hydroxide was used to increase the surface area of
the coating. Soper et al. [113] described a two-step procedure for forming octa-
decylated surfaces on hot embossed PMMA devices. The surface methyl
ester groups of polymer were converted into amines by reaction with
N-lithioethylenediamine followed by filling with octadecylisocyanate, which
reacted with pendant amine functionalities to afford a C;g modified surface.
The surface resulted in a positively ionized nature due to residual unreacted
surface amine groups resulting in electroosmotic flow from cathode to
anode. Due to the large surface area of collocated monolith support structures
(COMOSS), silica-based stationary phases are widely characterized and easily
functionalized. However, the uniform packing and reproducibly in the
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channels is a significant technical challenge [114]. He and coworkers
[115,116] coated COMOSS columns with silanized (3-aminopropyl)triethox-
ysilane. Then poly(styrene sulfonate) was attached electrostatically to the
amine-modified surface to create a hydrophobic coating suitable for the reverse
phase separation mode. Jindal and Cramer [71] fabricated a quartz chip (3 X
3 X 1/16 inches) by using photolithography and wet etching followed by
packing with silica gel. Stationary phase particles were immobilized through
the sol gel method, prepared by mixing TEOS (20 pL), HCI (0.12 M, 10
pnL), and DEME (70 pL). The C, silica (250 mg/mL) was added to the
above solution and kept for 5 h followed by agitation and packing of the chan-
nel. Figure 2.15 represents schematically the process of immobilization of the
stationary phase in the channel. It also indicates the microfabricated quartz
chip with cross channel design, PDMS slab bonded reversibly to the quartz,
and quartz with stationary phase particles immobilized in the separation chan-
nel after removing the PDMS cover.

(@)

(b)

(c)

Sample (S)

Sample Waste
(Sw)

(d)

Waste (W)

Figure 2.15 Schematic representation for the process of immobilization of the
stationary phase in the channel. (a) Microfabricated quartz chip with cross channel
design; (b) PDMS slab bonded reversibly to the quartz, defining the location of the
stationary phase; (c) quartz with stationary phase particles immobilized in the separ-
ation channel after removing the PDMS cover; (d) bonding of PDMS and quartz after
oxygen plasma treatment [71].
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2.4.3. Modification by Monolithics

Recently, columns made of a single piece of monolithic silica were introduced
as an alternative to particle-based columns. These columns possessed a bipor-
ous structure consisting of larger macropores (2 m) that permit high flow
rates with low back pressure. It is then possible to perform analysis with
high linear flow velocity but without significantly reduced separation
efficiency. The monolithic stationary phases have many advantages of high
surface area and easily controlled surface chemistry. Besides, the monolith
can be prepared easily and rapidly via free radical polymerization within the
channels of the microdevice. The porosity, surface area, and pore size of the
monolith are controlled by adjusting the composition of the initial monomer
solution and the polymerization conditions. Additionally, a wide variety of
chemistries can be incorporated into the microfluidic device through suitable
selection of monomers. The performance of the monolithic stationary phase in
the microchip was compared to the fused silica. These features are compatible
for an ideal coating and packing of microchannels. Some authors reported
surface modification and packing of channels using these substrates. Ericson
et al. [117] described polymer-based monolithic stationary phases packed in
quartz microchannels. Svec and colleagues [118,119] reported UV-initiated
polymerization for the preparation of monoliths within microfluidic devices.
Later this group refined this approach for the preparation of the monolith
and in situ surface functionalization [120-124]. The process was carried out
with the preparation of a variety of methacrylate-based monolithic porous
polymer stationary phases. Breadmore et al. [125,126] reported monolithic
stationary phases in NCEC; basically, it is a modification of the procedure
described by Ishizuka et al. [127].

2.4.4. Modification by Sulfonation

Some authors modify the surface chemistries of microchips by certain chemi-
cal reactions. Among them sulfonation is one of the mostly used methods.
Soper et al. [113,128] used sulfur trioxide gas to modify the hydrophobicity
of microchannels. Furthermore, the same group [113,129] modified PMMA
surface properties by sulfonation via fuming sulfuric acid, resulting in low
EOF velocity. In the same way, the authors used o-diaminoalkanes to achieve
an amine-terminal PMMA surface. Xu et al. [130] reported that coating of
PMMA channels with hydroxypropyl methylcellulose (HPMC) controlled
EOF resulting into a good separation of DNA molecule. Vaidya et al. [128]
made polycarbonate surfaces more hydrophilic and manipulated electroosmo-
tic flow by chemical treatment with sulfur trioxide gas.
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2.5. DESIGNS OF CHIPS

The shape, size, and length of microchannels are important issues to achieve
good separation in NLC and NCE. Therefore, different types of microchips
with various dimensions of microchannels were designed and fabricated.
Normally, an NLC microchip has a wafer access hole on the back as fluidic
inlet and solvents flow in following entry into the electrospray nozzle with
minimum dead volume. The size of the column varied depending on the
requirement. Bousse et al. [131] described a chip-based electrokinetic
device consisting of parallel series of separation channels, which are capable
of distributing a serial sample into these channels, resulting in good separation
of various compounds. Similarly, Manz and Becker [132] reported a serial to
parallel converter for NCE used for efficient separations.

He et al. [115] designed and fabricated a special type of column called col-
located monolith support structures (COMOSS) which are essentially a tightly
packed array of posts (Fig. 2.16). The size, shape, and dimensions of the chan-
nels can be varied depending on requirements. COMOSS have many advan-
tages, such as the uniformity and regularity of the support particles, high
level of control over the channel dimensions and geometry, and the ability
to control the extent of mixing in the column. Besides, COMOSS columns
showed two to three times the surface area of normal columns, resulting in
higher loading capacities. He and coworkers [115,116] investigated the
design and fabrication of the devices. Anisotropic deep reactive ion etching
was used to create small, high aspect ratio support structures in quartz devices
(150 pm wide and 4.5 cm long). However, it is important to mention that
COMOSS devices are costly (about US$ 2000) [125], which may be con-
sidered a drawback.

Slentz et al. [133] described the effects of geometry (size, shape, and
dimensions) on the performance of COMOSS. Vreeland and Barron [134]
described the design of functional materials for genomic and proteomic ana-
lyses in NCE. The authors discussed different polymer chemistries for micro-
channel surface passivation and improved DNA separation.

Novel bioconjugate materials designed specifically for NCE have also been
discussed. Sato et al. [135] described a bead bed immunoassay system in NCE.
The chip has branching multichannels and four reaction and detection regions.
This device was capable of processing four samples at a time. The biases of the
signal intensities obtained from each channel were within 10%, and coefficients
of variation were almost the same level as the single straight channel assay.

Ceriotti et al. [136] developed a poly(dimethylsiloxane)-based fritless
NCE with conventional particulate stationary phases. The device includes
an injector and a tapered column with particles of the stationary phase.
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Figure 2.16 Representation of (a) layout of a typical COMOSS separation column
and (b) an SEM image showing the microfabricated inlet splitter [115].

The separation channel was packed by 3 wm, octadecylsilanized silica micro-
spheres using a vacuum system. The packing was stabilized in the column by a
thermal treatment, and its stability and quality were evaluated by indirect
fluorescence detection. The effects of voltage on electroosmotic flow and
efficiency were investigated. Swinney and Bornhop [137] described quantifi-
cation and evaluation of joule heating in NCE. According to the authors a
7% reduction in separation efficiency was determined for a high current
drawing buffer such as Tris-boric acid under an applied field of just
400 V/cm. Furthermore, it was realized by the authors that heating effects
on the chip NCE were underestimated, and there was a need to re-address
the theoretical model. Fu et al. [138] reported the geometry effects on band
spreading in NCE. The authors have designed and tested various geometric



2.5. DESIGNS OF CHIPS 47

bend ratios to greatly reduce racetrack effect. The effects of the separation
channel geometry, fluid velocity profile, and bend ratio on the band distri-
bution in the detection area were discussed. A folded square U-shaped channel
was reported to be better for miniaturization and simplification. The band tilt-
ing was corrected and the racetrack effect reduced in the detection area when
the bend ratio was 4:1. The detection time obtained from the present numerical
solution matched well with the experimental data. According to the authors the
geometry and flow field conditions in the separation microchannel of NCE
might have an important impact on the system separation efficiency. Chen
et al. [139] developed 2-D NCE via assembling, disassembling, and reassem-
bling of PDMS chip components with perpendicular separation channels.
Thorsen et al. [140] designed and developed microfluidic networks as in the
case of electronic integrated circuits, having 1024 flow channels addressed
by only 20 control channels and a multiplexed valve system.

(c) (9)

(h)

Figure 2.17 Schematic representation of a simplified fabrication process used for
proposed GNEE NCE microchip. (a) Contact electrode exposure, (b) electrode devel-
oping, (c) platinum etching, (d) GNEE direct bonding, (e) master fabrication, (f) hot
embossing, (g) alignment, and (h) low temperature solvent bonding [146].
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Gitlin et al. [141] designed topographical features on one channel wall to
achieve electrokinetic pumping by applying the field across the channel. Liu
etal. [142] reported a biochip having mixers, valves, pumps, channels, chambers,
heaters, and DNA microarray sensors for effective analysis of DNA strands.
Shaikh et al. [143] described a modular microfluidic structure for biochemical
analysis. Park and Madou [144] designed 3-D electrode for high throughput
dielectrophoretic concentration, filtration, and separation. Taff and Voldman
[145] described scalable architecture for trapping, imaging, and sorting individ-
ual microparticles by using a positive dielectrophoretic (p-DEP) trapping array.
The authors demonstrated capturing, holding, and release operations with both
beads and cells in small arrays of this new architecture. Liao et al. [146] described
a fabrication process for gold nano-electrode ensemble (GNEE) in NCE

Pt electrode

Figure 2.18 Representation of (a) photograph of completed GNEE NCE microchip
and (b) SEM image of bonded GNEE on Pt electrode [146].
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microchip. Microchannels were created by using a hot embossing process with a
glass etched mold. Figure 2.17 shows the simplified fabrication process for a
GNEE NCE microchip. Figures 2.18a and b indicate a photograph of the com-
pleted GNEE NCE microchip and SEM image of bonded GNEE on a platinum
electrode. PCR microdevices are single- or multi-chamber units, which are
single-chamber stationary, multi-chamber stationary PCRs. Flow through and
thermal convection driven PCR microfluidics and on-chip serpentine rectangular
channel base have also been developed. Zhong et al. [147] used a two-side
etching/alignment and a simplified one-side/two-step etching method for
designing the microfabricated two weir structures within a microchannel. The
former method required a straightforward alignment step while the latter
technique comprised a simplified wet etching process using paraffin wax as
the temporary protective layer. The authors reported good separation of
A-DNA extractions on these chips. Shi et al. [148] described radial microchannels
in NCEs for DNA sequencing consisting of 16, 96, and 384 channels (Fig. 8.10,
Chapter 8). The authors studied geometry both theoretically and experimentally
to reduce turn dispersion and minimize turn-induced resolution loss. The radii
of curvature of the turn, the tapering length, and the degree of tapering
were optimized.

2.6. BINDINGS IN CHIPS

In NLC and NCE graved structures are required in the form of columns and
capillaries. Therefore, the binding of two chips to form microchannels is an
important issue. The sealing of the chips must be leakage free and, hence,
different approaches have been used for this purpose, including pressurizing,
gluing, and mechanical holding. Stjernstrom and Roeraade [149] reported
thermal bonding in soda lime glass. Berthold et al. [150] described glass bond-
ing by the deposition of silicon nitride, polysilicon, or amorphous silicon on
the glass surfaces. Huang et al. [151] used UV curable glue for bonding
glass chips at room temperature and verified its performance in NCE. Ito
et al. [152] used a water glass solution for glass binding. Jia et al. [153]
reported a room temperature bonding process for the fabrication of glass
chips resulted in more than 95% bonding quality. Satyanarayana et al. [154]
described UV-curable adhesive bonding for silicon, glass, and nitride surfaces.
Howlader et al. [155] reported the bonding of glass wafers by using the surface
activated bonding method at room temperature without heating.

Nakanishi et al. [70] pressed two quartz chips at a load of 1.3 MPa at room
temperature for 24 h to produce enclosed channels. Satoh [156] used a low
temperature and low external load technique for silicon—silicon bonding
using water glass. Weinert et al. [157] used oxygen and argon plasma for
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binding of chips made of silicon, silicon dioxide, and quartz. Wild et al. [158]
used laser radiation to bond silicon and glass wafers. Wu et al. [159] trans-
ferred a thin layer of adhesive to a patterned substrate for sealing PDMS to
a flat plate to form a microchip. Hui et al. [160] used microwave plasma, gen-
erated in a glass bottle containing 2 to 3 torr oxygen, for irreversible sealing in
PDMS. Yussuf et al. [161] used microwave energy for binding two PMMA
chips. Blom and coworkers [162] exploited thermal stress caused by the differ-
ence in thermal expansion to join two channels. Kelly and coworkers [163]
used high internal pressures to bind polymeric microchips. Pattekar and
Kothare [164] reported microfluidic interconnectors in Teflon capillaries by
sealing with a high temperature curing epoxy. Lee et al. [165] reported electro-
chemical discharge for microfluidic connections in plastic chips. Jindal and
Cramer [71] joined together two quartz chips (3 x 3 x 1/16 inches) by dril-
ling access holes with a diamond-tipped drill. Nie et al. [77] drilled two access
holes (2 x 2 mm) at both ends of the channels for reservoir and outer power
connections. After cleaning, 10 x 0.1 mm monolithic silica was carefully
inserted into the channels. The gap between channel and column was sealed
at either end by using epoxy resin to prevent leakage. Similarly, Nikcevic
et al. [81] developed and patterned a wafer (channel width 100 pm and
depth 80 wm) by covering the wafer IM-PMMA, 0.9 mm) through thermo-
plastic fusion bonding (86°C, 0.2 tons pressure). Reservoirs were made by dril-
ling holes at appropriate locations on the fabricated wafers; for loading
analytes and applying operating voltages. To increase the volume of reser-
voirs, polypropylene pipette tips or glass tubes (1/4 in. i.d. x 7 mm height)
pieces were bonded to wafer holes with epoxy after chip bonding.

2.7. CONCLUSION

The world of the microchip has changed the lifestyle of society since the
discoveries of Bardeen, Brattain, Shockley, Kilby and Noyce in silicon chip
fabrication. Various substrates and techniques have been used to fabricate
microchannels but polymeric materials are ideal in NLC and NCE appli-
cations. Surface modifications are also an important issue for achieving
good separations and many materials have been used for these purposes.
The developed chips and microchannels are capable of separating a wide var-
iety of compounds at nano or low level ranges. The microfluidic devices are
not fully developed and are still in development stages. We anticipate future
development of new materials and methodologies that will have an impact
on the fabrication of microchips and separation science, including interdisci-
plinary areas.
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CHAPTER 3

INSTRUMENTATION OF
NANOCHROMATOGRAPHY AND
NANOCAPILLARY ELECTROPHORESIS

3.1. INTRODUCTION

Basically, the efficiency, selectivity, robustness, speed, detection, and reprodu-
cibility of all the analytical techniques are the inherent characteristics of their
paraphernalia. All parts of the instruments are important as they play crucial
roles to achieve the nanolevel analyses. Nanoanalysis by chromatography
and capillary electrophoresis is an emerging field in separation science and,
hence, an introduction to the paraphernalia is very important before proceed-
ing with the experimental work. In nanochromatography the most important
aspects to be considered are mobile phase reservoirs, tubings, pumps, injec-
tors, columns, detectors, and recorders. In the case of nanocapillary electro-
phoresis, solvent reservoirs, injection ports, detectors, and recorders are
responsible for providing detection at trace levels. Nano detection in samples
of low volume or having low concentrations of ingredients is difficult.
Therefore, knowledge of the configuration of the sample preparation device
is also very important to achieve the desired task. It is important to mention
that nanoanalyses have been achieved by using normal liquid chromato-
graphic, gas chromatographic, and capillary electrophoretic instruments invol-
ving capillary columns, but these are not discussed here as information on their
instrumentation is available in many articles and books [1-7] and interested

Nanochromatography and Nanocapillary Electrophoresis. By Ali, Aboul-Enein, and Gupta
Copyright © 2009 John Wiley & Sons, Inc.
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readers can consult them. This chapter is dedicated to the discussion on micro-
chip-based paraphernalia required for trace analyses in the nano world of sep-
aration science. Nanochromatographic and nanocapillary electrophoretic
instruments are not yet fully developed; however, attempts have been made
to explain the instrumentation available today.

3.2. NANOLIQUID CHROMATOGRAPHY (NLC)

Great efforts have been made to develop nanoliquid chromatographic instru-
ments by using theoretical, technical, and methodological studies.
Nanolevel separations have been achieved through nano-HPLC but few
papers are available on this subject using other modalities of liquid chromato-
graphy, such as capillary electrochromatography (CEC) and micellar electro-
kinetic chromatography (MEKC). Generally, nano separations by these
modalities are achieved using tubular or packed capillaries of 10 to 100 wm
diameter with an MS detector. Few papers were found on microchip-based
nano-HPLC, which is truly a nano-HPLC technique and is the future of nano-
level separations. Therefore, this chapter describes instrumentation for chip-
based nano-HPLC. An outlook and schematic representation of nano-HPLC
instruments are shown in Figs. 3.1 and 3.2, respectively.

Basically, nano-LC and nano-CE are not yet fully developed but are still
growing. Therefore, few papers are available in the literature on nanoanalyses
using real nano-HPLC. However, some workers have attempted to develop
nano-HPLC machines. Szekely and Freitag [8] designed and described a
chip-based analytical system and the monolithic stationary phase was devel-
oped in the separation channel of the chip for pressure- or voltage-driven nano-
chromatography. The multifunctional connection and support unit having
optical probes, reservoirs, and high pressure and voltage connectors were

Micro degassification &
Solvent reservoirs

- Microchip
o)

e [
RS %

s -
=, = — = — R M -
/ lon Trap e =
(J M Chip Handler : e 7EJ@
& Valve .
Nanopump TCC, Nanocolumn, Mass Spectrometer Microprocessor

Valves & Fittings & Recorder

Figure 3.1 A complete chip-based nano-HPLC machine.
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Flow sensor
Mlcrochlp holder

Trap 1 I O—-_ Nano switching valve

Solvent §
Pump 1

Solvent N
Pump 2 i Microchip holder

Figure 3.2 A schematic representation of nano-HPLC.

also developed. The authors reported the chips were capable of bearing
pressure of 130 to 150 bar. The authors tested this nano-HPLC system in
terms of its fluid dynamics under pressure- and voltage-driven conditions. A
schematic presentation of the chip holder, reservoirs, flow control, high
pressure connections, and optical detection is shown in Fig. 3.3 [8]. In this
system, the chip holder/interface was made from Teflon. Gold electrodes

Light- ) Optical
focusing slit probe or

on cover simple
Optical plate sealing
probe
Meniscus
Teflon cover

O ring

connection

\
/ Teflon

Microchip Siezing
Detection slit supporting
on supporting base
base

Figure 3.3 A schematic presentation of the chip holder, reservoirs, flow control,
high pressure connections, and optical detection in NLC [8].
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were inserted from the side of the reservoirs and noninvasive optical flow con-
trol unit and connectors were integrated. A second holder was used for wash-
ing, which is attached to the HPLC pump; with all connections to the chip
holder including high voltage power supply.

Nanostream Inc. USA and Agilent, USA are the main manufactures of LC-
chips. Nanostream Inc. has introduced chips made of brio cartridges of poly-
meric material with 24 bead-packed parallel microfluidic columns by which 24
samples can be analyzed simultaneously. On the other hand Agilent intro-
duced a chip-based fritless LC column with electrospray ionization (ESI)
nozzle. The chips are made of two polyimide layers bonded together. The
columns are packed with C;g material by using a tapered outlet. The samples
can be injected from off-chip by using an injection valve attached to the back
of the chip. Various components of a nano-HPLC are discussed in the
following sections.

3.2.1. Mobile Phase Reservoirs

Basically, no special devices have been developed to handle mobile phases in
nano-HPLC. However, our experience dictates that reservoirs small in volume
and of high quality glass are preferred for this purpose. Solvent containers
should be air tight and free from any contamination. The use of helium gas,
through a sparging device, may be beneficial for degasification of solvents
in nano-HPLC, which can improve check valve reliabilities, especially at
nano flow, and diminish baseline noise in UV detection. Besides, each
reservoir should be equipped with a shutoff valve for efficient helium con-
sumption [9].

3.2.2. Mobile Phases and Flow Calibration

The mobile phase is the heart of separation in liquid chromatography and,
hence, solvents must be of HPLC grade and should be degassed before their
use. Commercial available nano-HPLC systems have online degassers in
their pumping units. The preferred organic solvent is acetonitrile instead of
classical methanol due to the viscous nature of the latter, which creates pro-
blems at high pressure with nanolevel flow rates. Methanol viscosity is 0.60
cP at 20°C, while that of acetonitrile is 0.37 cP. Besides, high grade purity
water is also a useful mobile phase in nano-HPLC, which can be used in var-
ious combinations of other solvents. Ethanol and propanol have also been used
in nano-HPLC. Reproducibility and flow accuracy of the mobile phases in a
nano-HPLC machine is controlled by the new microchip flow sensor. This
sensor controls precise flow rates, which is characterized by high precision,
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Figure 3.4 The restored chromatography using flow calibration [10].

digital intelligence, and excellent reliability. The noninvasive and measuring
of nano flow rates are independent of mobile phase composition. The
mobile phase flow calibration provides constant flow delivery with zero chro-
matographic dispersion. Figure 3.4 indicates microflow sensing and cali-
bration compensation for anomalies in column and system performance to
ensure consistent chromatographic reproducibilities [10].

3.2.3. Mobile Phase Tubings

In nano-HPLC, high grade tubings are required and must be made of steel
or some other inert material like polyether ether ketone (PEEK). To the
best of our experience PEEK tubings are useful to achieve excellent per-
formance in nano-HPLC. The diameter of the tubing should be as small
as possible, preferably in the micrometer range. The internal surface
should be smooth for providing constant laminar flow of mobile phase.
The lowest possible tolerance, on concentricity of tubing and good align-
ment of the bores is effective to achieve the nanoscale separation.
Reduction in void volume may be achieved by minimizing the number
of connections and use of low volume accessories such as online filters,
spillers, and unions. To achieve constant laminar flow, the connections
of tubings must be with minimum connection gaps.
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3.2.4. Solvent Delivery Pump

Nano-HPLC needs reliable pumps especially for providing constant flow rate
with no variation. The pumps are capable of delivering a flow rate ranging from
25 to 4,000 nL/min nano-HPLC pumps have gradient flow delivery systems
capable of high reproducibility at low flow rates. Such a low flow rate is gen-
erated by applying nano flow splitting technique. For this purpose, a newly
designed, noninvasive microchip-based nanoflow sensor (Fig. 3.5) has been
used in this technique. These types of flow devices were developed by
Dionex Corporation, USA. Other commercially available pumps for nano-
HPLC have appeared on the market, which use compressed air as the pressure
source and a flow sensor to provide feedback control for generating exact
and precise nL/min flow rates [11]. Scivex, USA introduced a confluent
NFM (nanofluidic module), which delivers isocratic solvents at extremely
low flow rates, which is compatible with sample loading into an MS, lab-
on-a-chip and nanoliquid chromatography. It is important to note that a
quick-split automated flow splitter can convert a standard HPLC system into
nano-HPLC capable of delivering 100 nL/min flow rate. The flow splitting
pumps generate highly reproducible flow rates in nano-HPLC with fast gradi-
ent equilibration times.

Xie et al. [9] reported on-chip generation of gradient elution by using elec-
trochemical pumping in LC-ESI, which contains two 3 pL. on-chip solvent
reservoirs, two electrochemical pumps, and an ESI nozzle. Solvent pumping
was controlled galvanostatically at a flow rate of 200 nL/min. The authors
reported a higher electrical current was used to increase flow rate or to achieve

Figure 3.5 Noninvasive microchip-based nanoflow sensor.
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pumping at higher back pressures. For example, pumping at 200 psi back
pressure was demonstrated using a current of 800 pA. The authors also claimed
the generation of electrically controlled on-chip gradient without any external
fluidic connections to the chip. They also observed continuous generation of
gradients for 30 min at a total flow rate of 100 nL/min. Furthermore, the
authors advocated this pumping device as capable of meeting the general
requirements of LC applications. Recently, Nie et al. [12] introduced a
robust, compact, on-chip, electroosmotic micropump (EOP) for microflow
analysis, which may be useful in nano-HPLC. The authors fabricated a chip
(15 x 40 x 2 mm) made of poly(methyl) methacrylate (PMMA). The sche-
matic representation of the fabrication process for an electroosmotic pump is
shown in Fig. 3.6.

Electroosmotic pumps lack mechanical parts and specific localization in the
manifold, producing an even electroosmotic flow. Besides, the flow in inter-
connected and branched channels can be controlled by switching voltages
only. Just two decades ago electroosmotic pumps were attractive and feasible
ways for mobile phase flow into microfluidic devices [13] but in the 1990s the
conventional pumps available showed a major problem with the high pressures

LLTLT

2. Milling PMMA

o S y /
3. Bonding a,b,c | @'\ | / |
Adhesive film \
(Middle layer)

Channel cross-section Monolithic
0.4 x0.4 mm 0.36 x 0.1 mm

Blank PMMA

Figure 3.6 A schematic representation of the fabrication process for an electro-
osmotic pump. (Left) (a) milled PMMA chip, (b) channels containing fixed capil-
laries, and (c) blank PMMA top plate attached. (Right) A schematic view of the
monolithic column inside the channel sections [12].
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necessary for transport in channels in the order of 1 to 20 pmi.d. and 1 to 10 m
length. Therefore, attempts were made to carry out development of micropump
systems [14,15] for microflow systems. Manz et al. [16,17] designed and
developed valves, pumps, and detection systems, in miniaturized flow injec-
tion analysis, stacked modular devices in silicon and plexiglass for suppressing
limitations of the integration.

3.2.5. Sample Injector

The sample injection is the most important and critical issue in nano-HPLC,
which requires quality, reproducibility, and flexibility of sample injection
valves. A low dispersion injection method is used in nano-LC to achieve
sharp peaks with high quality chromatographic resolution. Micro-autosam-
plers, with loading capacity of 1 pL, are the ideal ones for nano-HPLC.
Normally, sample injectors have two positions, that is, load and inject,
which allow sample loading and injection, respectively. The injectors used
in the normal HPLC pumps may be used to load a low amount of sample
(microliter). Rheodyne, USA launched a new microscale injector (Model
7520), which may be useful for nano-HPLC by injecting a 0.2 wLL sample
via coupling to accessory chambers. The internal configuration of the injector
is shown in Fig. 3.7, which shows its configuration with flow direction of the
mobile phase. The same company designed an automatic nanoscale injector
(Model MX), which is ideal for nano-HPLC. The configuration of this injector
includes a 10 pL internal injection loop, low dispersion 0.10 mm flow

Sample needle port

Inlet stator — Sample chamber

—— Pump

Outlet stator

Column

Figure 3.7 Internal configuration of an injector (Model 7520) [18].
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Figure 3.8 The MX injector and its working configuration [18].

passages, and operation by either push button or complete remote control. The
special feature of this injector comprises the loading of sample during equili-
bration and injection unattended; when the system is ready just by connecting
the valve to a single contact closure (two wires). The MX injector and its work-
ing configuration are shown in Fig. 3.8 [18]. The configuration and working
capacity of the MX injector are given in Table 3.1, which indicates various
features of the injector, such as maximum pressure, flow passages, operating
temperature, power requirements, and remote control communication.
Dionex, USA also developed a sample injection device using a specially
designed micro-autosampler (up to 1 pnL). Ye et al. [19] developed tubing
set up for an autosampler valve to achieve nanodetection of phenols.
Groton, USA launched a new version of automated reactor sampling (ARS)
for sampling in nanoliquid chromatography with the facility of multiplexation
with others to improve throughput. Shen et al. [20] developed a microfluidic
chip-based sequential injection system for the detection of butyl rhodamine
B. The sample injection system was slotted with a vial array for holding
sample and reagents using six micropipette tips with slotted ends.

TABLE 3.1 Configuration and Working Capacity of the
MX Injector

Parameters Specifications
Maximum pressure 5000 psi (345 bar)

Flow passages 0.1 mm (0.004 in.) diameter
Power requirements 100-240 VAC, 50/60 Hz
Remote control communication One-line contact closure
Operating temperature 4-40°C

Dimensions 102cm H x 7.6cm W x 12.7cm D
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Chmela et al. [21] described a pressure-driven injection system for an ultra-
flat chromatographic microchannel, compatible with shallow microchannels
with a very large aspect ratio (1 wm deep and 1000 wm wide). The authors
claimed this sort of system provides high loadability and low sample dis-
persion, and, hence offer potential advantages in the miniaturization of
liquid chromatography. Furthermore, the authors carried out computational
fluid dynamics simulations to predict the flow profiles and the transport of
solute in the system and justify the injection principle. Based on the simulation
results, a prototype integrated into a chip for hydrodynamic chromatography
has been realized and tested experimentally by these workers. The perform-
ance of the device was advocated as satisfactory and the results were in quali-
tative agreement with the numerical models.

3.2.6. Separation Chips

Separation capacity, reproducibility, ruggedness, and efficiency of a nano-
HPLC depend on dimension and packing material microchips. Therefore,
the chip is the most important and crucial part of a nano-HPLC system. The
selection of chip dimension and packing material depends on the type of appli-
cations and experimental conditions. An experienced person can select suit-
able chips more efficiently and precisely. But chip technology is not fully
developed and there are some limitations in the selection of chip dimensions
and packing materials. However, the best chip selection can dramatically cut
time, save costs, and increase productivity while improving analytical results.
The columns engraved on microchips (75 pm, i.d.) are packed or coated with
Cg or Cyg silica gels, the packing materials normally used in conventional
HPLC. Normally, the particle sizes of silica gels are 2.1, 3.5, or 5.1 pum. The
most important factors reducing column performance are void volumes, non-
specific interactions, and disruption of the laminar flow. Therefore, to achieve
nanoscale separation high quality packing materials, integrated connection
capillaries, PEEKsil (fused silica lined PEEK for column body and tubings)
are required. Besides, all surfaces of the packing material is deactivated, that
is, the silonol group on the fused silica gel is chemically deactivated. The stain-
less steel fibers of the frit are gold plated and covalently deactivated. In nano-
HPLC, chips are fully optimized by minimizing system dead volume.

The column length and inner diameter are the two most important features
required in column generation on microchips. The column separation capacity
is measured in terms of number of plates, which is proportional to column
length. But back pressure and analysis time are raised proportionally as
column length increases. For gradient separations, column length is less a
factor for resolution as separation is controlled by gradient rather than
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length of the column. However, the optimum length of nano-HPLC columns
ranged from 1 to 5 cm. Narrow bore columns are needed in trace analysis,
which require less sample and mobile phase. It should be noted that on-chip
columns usually have rectangular cross-sections, unlike the conventional
cylindrical columns. Due to these facts, nano-HPLC is sometimes also
called nano-bore HPLC and nano-scale HPLC [22]. Normally, nano-HPLC
columns on chips have 20 to 100 wm as the internal diameter. The internal
diameters of columns used in different modalities of liquid chromatography
are given in Table 3.2. The column switching techniques are also useful and
effective in nano-HPLC. Newly developed monolithic columns, with
column switching module, have a wide range of applications with good effi-
ciencies and reproducibilities, which can be used in nano-HPLC. The nano-
scale MX six-port switching valve (Stainless Steel MX7980-000) or an
analytical-scale MX six-port switching valve (Stainless Steel MX7900-000
or Biocompatible MX9900-000) are available devices for automated column
back flushing [10].

In spite of the importance of nano-HPLC, on-chip pressure-driven nano-
HPLC technology is not fully developed but progress is being made
[23-33]. One factor is the lack of available technologies to integrate various
components of a nano-HPLC system, especially the separation column
[24,25]. The packing of an on-chip column with beads seems to be desirable
and straightforward with few exceptions [26]. These include open tubular [27],
surface-activated micromachined posts [28], continuous monolithic bed
formed by in situ polymerization [29], and column coated with nanoparticles
[30]. Agilent, USA has provided a chip-based fritless HPLC column capable
of coupling with an electrospray ionization (ESI) nozzle [23,31]. The chip is
fabricated of polyimide layers while the ESI nozzle is fabricated by laser abla-
tive trimming of the bonded chip. Xie et al. [32] developed the most complete

TABLE 3.2 The Different Types of Columns and Required
Mobile Phase Flow Rates Used in Different Modalities of HPLC”

Columns Internal Diameters Flow Rates
Open tubular LC <25 pm <25 nL/min
Nano-HPLC 25-100 pm 25-4,000 nL/min
Capillary-HPLC 100-1,000 pm 0.4-200 wL/min
Micro-HPLC 1.0-2.1 mm 50-1,000 pL/min
Normal HPLC 4.0-5.0 mm 1.0-10.0 mL/min
Preparative HPLC >10 mm >20 mL/min

“Ref. 16.
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Figure 3.9 A schematic representation of an LC-microchip.

nano-HPLC chip that has on-chip gradient pumping, sample injection,
column, and electrospray nozzle, with a column length of 1.0cm. ACE
(www.ace-hplc.com) introduced nano-HPLC chip-based columns of 75 to
100 pm internal diameter with 100 A pore size of the packing material. To
familiarize readers with the chip-based separation device, a schematic rep-
resentation of a microfluidic chip integrated with a 30 nLL volume precolumn,
a 4.5 cm length analytical column (75 x 50 pwm cross-section channel) and a
10 wm i.d. nano electrospray emitter is shown in Fig. 3.9.

3.2.7. Detectors

Nanoanalyses relay on the most sensitive, efficient, and reproducible detectors.
The art of hyphenation of the detectors with nano-HPLC is the most important
and crucial aspect in separation science at the trace level. In spite of the use
of many detectors in nano-LC, the sensitivity of detection at the nanolevel
is still a challenging job. However, this task may be achieved by using very
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Figure 3.10 A schematic representation of chip-based MS [46].

sensitive detectors, such as UV-visible, conductivity, fluorescent, refractive
index, atomic absorption spectroscopy (AAS), atomic emission spectroscopy
(AES), atomic fluorescence spectrometry (AFS), inductively coupled plasma
(ICP), mass spectrometry (MS), nuclear magnetic resonance (NMR), induc-
tively coupled plasma-mass spectrometry (ICP-MS) and time-of-flight mass
spectrometry (TOF-MS) [35-41]. The hyphenation of these detectors with
nano-HPLC improves sensitivity greatly. Many hyphenation methods have
been reported in the literature for normal LC, which may be also used for nano-
world machines. Details are provided in Chapter 4 of this book. Basically,
nano-HPLC deals with small amounts (20—50nL) of sample and, hence,
the sensitivity is not very high. Therefore, some devices have been coupled
with nano-HPLC, which increase sensitivity in detection. In the case of
UV-visible detection, an increase in volume of the detector cell is useful to
raise the detection level. Besides, column focusing [42,43] and 2-D separation
[44] methods have been used to avoid this drawback. Nowadays, MS detectors
are available based on chip technology, which can be coupled with chip-based
nano-HPLC [45,46] A schematic representation of a microchip-based mass
spectrometer detector is shown in Fig. 3.10 indicating the alignment of the
chip in the MS unit.

3.2.8. Recorder

The recorder also plays an important role in analysis by printing the chroma-
tograms. Nowadays, all nano-HPLC instruments are computer based and data
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are processed through different software. The most effective nano-HPLC soft-
ware are Millennium 2000, Sparklink, Agilent ChemStation A 10.02,
Chromleoon, and UltiChrom. These are capable of sensing even a single
signal and can record it in the form of a chromatogram. The facilities of chro-
matogram expansion are also available by which a small peak can be
expanded, integrated, and observed easily. Moreover, these software include
many other facilities like comparison of standard and sample chromatograms,
nanoscale quantitation, calculations of methods of error, etc., to process the
analytical data. Shih et al. [47] described on-chip temperature gradient inter-
action chromatography. The system consisted of a parylene high pressure
liquid column, an electrochemical sensor, a heater, and a thermal isolation
structure for on-chip temperature gradient interaction chromatography appli-
cations. The column was 8 mm long, 100 pwm wide, 25 wm high, packed
with 5 pm sized C,g silica gel.

3.2.9. Sample Preparation Units

Trace analyses in unknown matrices are challenging owing to the presence of
many impurities, which interfere with the separation and detection. Normally,
nanoseparation is required for samples of low volume or poor ingredient con-
centrations and under such conditions sample preparation becomes crucial
especially in biological and environmental matrices. In addition, impurities
in biological and environmental matrices make nanoanalysis more complex.
In view of these facts, nanoanalysis requires optimized sample preparation.
Many online methods are available for sample preparation in normal HPLC,
which may also be used in nano-HPLC. Details of sample preparation meth-
odologies are discussed in Chapter 3. However, the hyphenation of sample
preparation units with chromatography is discussed briefly here. Veuthey
et al. [48] described an online solid phase extraction unit to achieve nano-
analysis of drugs in biological samples. Injection of the sample is carried
out directly onto the extraction support with and after the extraction, the
valve is switched on, and analytes are transferred to the column with the elut-
ing mobile phase followed by extraction support at re-equilibration. The
method reported is simple and several applications have been published for
direct analysis of biofluids. Recently, Pragst [49] reviewed sample preparation
by solid phase micro-extraction devices and information furnished in this
article may be useful for sample preparation in nanoliquid chromatography.
Shen et al. [20] described a microfluidic chip liquid-liquid extraction
preconcentration of butyl rhodamine B. The schematic representation of the
chip-based microfluidic system is shown in Fig. 3.11. The unit comprises a
microfabricated glass lab chip with a 35 mm extraction channel and 134
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Figure 3.11 A schematic representation of a chip-based microfluidic system [20].

shrunken opening rectangular recesses (100 mm length, 50 mm width, 25 mm
deep) arrayed within a 1 mm length on both sides of the middle section of the
channel. Many other sample preparation devices are also available based on
chip technology [50-53]. Vanhoutte et al. [54] compared the amount injected
and UV and MS responses for a phosphate alkylated dGMP/BPADGE
adduct. The results are given in Table 3.3, which indicates that nanoliquid
chromatography (NLC) is the best modality due to the low amount of sample
injection and high UV and MS responses. Besides, the response of MS

TABLE 3.3 A Comparison of Nanocapillary and Conventional
LC-MS for the Amount Injected and UV and MS Responses”

Volume Amount
LC/MS Injected, nL. Injected, ng UV Response ~ MS Response
Nano 3.0 0.135 1.0 1.0
Capillary 200.0 9.0 11.0 4.1
Conventional 20000.0 900.0 44.0 23

“Ref. 56.
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TABLE 3.4 The Effect of Chip Implementation on Band Broadening”

Total Total
Flow Rate, Microfluidic Contribution Microfluidic Contribution
pmL/min System of the Chip System of the Chip
1 39 33 100 49
2 26 23 54 29
3 21 18 39 23
4 18 15 31 20

“Ref. 57.

detector is good in comparison to UV. de Boer et al. [55] studied the effect of
chip implementation on the band broadening and the results are given in
Table 3.4, which indicates that lower flow rates and injection volumes resulted
in broader peaks. Furthermore, it may be seen that at an injection volume of 0.1
mL, 85% of the band broadening can be contributed to the microfluidic chip,
independent of the flow rate. It is due to the fact that the connections and chan-
nels of the chip increased the extra column volume and thus the sample
dilution. At larger injection volumes (1 mL), the percentage of band broaden-
ing was 60% due to the diffusion at the borders of the sample plug.

3.3. NANOCAPILLARY ELECTROPHORESIS (NCE)

Capillary electrophoresis (CE) is a separation technique involving nanoliter
samples in a fused silica capillary of 30 to 100 cm length and 50 to 100 pm
diameter. Mostly the detection limit of this configuration is at the microlevel,
with the exception of nanodetection and, hence, it is a popular technique in the
microworld. Due to high demand for nano-level analyses of samples with low
volume and poor concentration, attempts have been made to achieve this task
by incorporating a chip in CE, which is called microchip capillary electrophor-
esis (MCE). In this book we term it nanocapillary electrophoresis (NCE) as it
involves sample injection and flow of background electrolyte (BGE) at the
nanolevel. The advances in genome, proteomic, and drug development
compel scientists towards the development of chip-based CE. Chip-based
CE has many advantages, such as high speed, reduced sample volume, and
higher separation efficiency [56-61]. The integration of all components of
CE on to a chip was developed and called the Lab-on-Chip system, comprising
a microchannel network for sample pre- and post-handling, chemical reac-
tions, separation, and detection.

The development of chip-based CE is an innovation in the fields of chemi-
cal, clinical, biological, and other analytical sciences. Manz et al. [56] used
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planar chips technology for miniaturization and integration of separation in
capillary electrophoresis on a chip. Normally, the NCE cross-channel chip is
made of silica or glass, or other materials such as poly(dimethylsiloxane)
(PDMS) with a channel cross-section of 50 x 20 wm and separation channel
length of 5cm. Among the materials listed above glass is the best one due
to its favorable electrical insulation and thermal conductivity, which are
required for electrokinetic pumping using electroosmotic flow instead of
mechanical pumping. Quartz is the best glass used for this purpose owing to
its good transparency in the UV region, which is required in ultraviolet detec-
tion. Agilent/Caliper’s 2001 Bioanalyzer and Caliper’s Automated Fluidics
System 90 are chip-based CE instruments. A schematic representation of a
chip-based NCE with negative pressure, large volume sample injection is
shown in Fig. 3.12 [62]. The instrument contains a syringe pump (SP),
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Figure 3.12 A schematic representation of NCE [62].
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three-way valve (V), high-voltage power (HV) supply, T-shaped connector
(T), buffer solution reservoirs (B and BW), sample containers (S1 and S2),
and sample waste reservoirs (SW1 and SW2). In this set up, the chip is
operated in sample loading mode and the three-way valve is switched to con-
nect ¢ to b and the pump is used to aspirate 200 wL air from the two sample
waste reservoirs. The negative pressure developed is responsible for sample
loading. Simultaneously, buffer solutions are also drawn from reservoir B
to SW1, and BW to SW2, introducing a large volume sample plug. The exper-
iment is carried out by applying high voltage as in the case of a normal
CE machine.

3.3.1. Separation Chip

A microfabricated CE chip has been developed and many workers have
reported a promising future for it [56,63]. The microchip is prepared by photo-
lithography and wet chemical procedures using a hydrofluoric acid and nitric
acid mixture. Contrarily, dry etching of silica gel has been investigated inten-
sively for oxide contact hole etching. In wet and dry etching the etched lengths
are 1 to 2 um and 5 to 10 wm, respectively [64,65]. These chips may be
used for sample preparation, separation, and detection (biochemical sensors,
microoptics, and microelectronic devices) for very small samples [66].
Microchannels are obtained on quartz glass using photolithography and wet
chemical etching by hydrofluoric acid or a mixture of hydrofluoric acid and
nitric acid.

Ujji et al. [67] reported high rate quartz etching with high selectivity using a
plasma process, and developed chips of high-aspect-ratio capillaries or submi-
cron structures, which are not possible by conventional wet technology. These
authors compared the dry etching technology with the wet process and
reported that the dry method was the best approach. They also described the
process of quartz microcapillary electrophoresis chip preparation as shown
in Fig. 3.13 [67]. The authors used chromium film sputtered on an optically
flat quartz plate of 0.5 mm thickness and 20 x 20 mm size, patterned using
photolithography and wet etching. The capillary trenches were in fluorine-
based inductively coupled plasma. The chromium residue and other chemicals
were removed from the chips using 1% hydrogen fluoride and bonded together
through four holes. Finally, two chips are pressed together at 1.3 MPa for 24 h
to obtain an enclosed channel used as a capillary.

Figure 3.14 [67] shows a design of a micocapillary electrophoresis chip,
which is a closely folded separator 7.6 cm long from the sample reservoir to
the waste port, engraved onto a 20 x 20 mm” quartz plate. A double-T
sample injector is upstream of the separator. The etched capillary is rectangular
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Figure 3.13 A schematic representation of the process sequence of a quartz NCE
chip [67].

in shape with cross-sections of 30 x 30, 15 x 30, and 30 x 15 pwm to investi-
gate the cross-sectional effect on chip performance. The authors reported
improved heat dissipation in comparison to normal silica capillaries. The sep-
aration of rhodamine B and sulforhodamine dyes was obtained within 20
seconds just applying 2 kV as applied potential with 20,000 as theoretical
plates. Furthermore, these authors studied the working characteristics of the
chips and reported that glass chips are better than silica ones due to improved
heat dissipation. Figure 3.15 indicates plots of current against voltage for
7.6 cm chips of 30 x 30, 30 x 15, and 15 x 30 pm, which indicates almost
similar behavior except for the 30 x 30 wm chip, which shows 1.5 times
higher electrical current. The authors reported that the current area was inde-
pendent of cross-sectional area but proportional to the periphery length.
Furthermore, the authors reported that the same behavior of 15 x 30 and
30 x 15 pwm chips indicates microstripes on their etched sidewall have negli-
gible influence on separation characteristics.
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3.3.2. Background Electrolyte and Its Reservoirs

There are no special devices used for the background electrolyte (BGE) in
NCE and a small vessel is etched on the chip, which is filled with BGE.
Schematic representation of the buffer reservoirs (B) can be seen in Fig. 3.12,
which indicates the location of the BGE reservoir. Background electrolytes
used in conventional CE can be used in NCE effectively. There is no special
BGE required in NCE. However, the solvents and reagents should be of HPLC
and analytical grades. Normally, phosphate buffers of different pHs and ionic
strength are used in NCE. Different organic modifiers such as acetonitrile and
methanol may be used to improve resolution. The exhaustive degasification of
the BGE is required for reproducible results. Based on our experience, fresh
BGEs are most effective for efficiency and reproducibility. The reproducibility
of NCE is better than commercial CE as the former modality needs small
amounts of BGE, keeping the ionic concentration almost constant. Jackson
et al. [68] used phosphate buffer (20 mM, pH 4) and filled in NCE reservoirs.
There is no need to discuss the composition of BGE in NCE here since these
are given in many review articles [59-61,68-84]. Fu et al. [85] described an
experimental and numerical investigation into electrokinetic focusing flow
injection for bioanalytical applications with a novel device that integrated
two important microfluidic phenomena, that is, electrokinetic focusing and
valveless flow switching within multiported microchannels. According to
this study a voltage control model achieving electrokinetic focusing, in a pre-
focusing sample injection system, allowed the volume of the sample to be con-
trolled. Chang and Yang [86] reviewed recent developments in electrokinetic
mixing in microfluidic systems.

3.3.3. Sample Injection Port

Sample injection in NCE is very important for reproducible results with low
limits of detection. In spite of some development in NCE very little effort
has been made to develop sample injection devices in this technique. Of
course sample injection in NCE is a challenging job due to small volume
requirement [87]. The controlled injection of small amounts of sample is a pre-
requisite for successful analysis in NCE. Electrokinetic injection (based on
electroosmotic flow) is the preferred method and Jacobson et al. [88] opti-
mized sample injection using this approach. Pinched injection allowing injec-
tion in minute quantities [89,90] and double-T shaped fluidic channels [91]
have also been used for this purpose. Furthermore, Jacobson et al. [92] used
a single high voltage source to simplify instrumentation. Similarly Zhang
and Manz [93] developed a narrow sample channel injector to improve
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resolution and sensitivity. Thomas et al. [94] modified the pinched method for
rapid sample loading.

The electrokinetic technique depends on surface properties of channel walls
resulting in the bias effect towards different species [95,96], especially when
the surface properties are modified by injected samples. Long time injection
strategies ranging from 10 to 150 seconds are useful to avoid this problem.
Fang et al. [97] reported on the sequential injection sample introduction
method in microfluidic NCE, the authors observed reproducible injections
using this method. Bai et al. [98] proposed a pressure pinched injection of
nanoliter volumes by a multiport injection valve with three syringe pumps.
Solignac and Gijs [99] developed hydrodynamical injection by applying a
pressure pulse to a membrane on the reservoir. Kaniansky et al. [100] used
fixed volume sample loops and four peristaltic micropumps for injection.
These authors also described column switching in NCE. Baldock et al.
[101] developed a sample injector capable of delivering variable sample
amounts to the microdevice with both hydrostatic pumping and syringe
pumps. Gai et al. [102] described injection in NCE by hydrostatic pressure
in conjunction with electrokinetic force on a microfluidic chip. The hydrostatic
pressure was generated by adjusting the liquid level in different reservoirs
without any additional pump. Two dispensing strategies using floating and
gated injections, coupled with hydrostatic pressure loading, were tested.
Futterer et al. [87] described an injection system with dynamic control of
the reservoir pressures at the end of each channel. Wu et al. [103] reported a
push/pull sample injection method by using push/pull pressure flow via a
dual-syringe pump. Cho et al. [104] described a bias-free pneumatic sample
injection in NCE, which enabled solution introduction without sampling
bias. An aliquate of 10 nL was injected by pneumatic pressure into a hydrophi-
lic separation channel. Buttgenbach and Wilke [105] described a hydro-
dynamic sample injection procedure in poly(dimethylsiloxane) NCE. The
authors advocated a high degree of functional integration in miniaturization.
Recently, Zhang et al. [106] proposed an efficient and reliable approach for
injecting well-defined, nonbiased picoliter sample plugs into the separation
channel of an NCE. The injection was carried out by pressure-driven flow
induced via negative pressure, generated by a syringe pump with EOF,
and static pressure-driven flows created by differential liquid levels in the
on-chip reservoirs. Figure 3.16 [106] is a schematic diagram of the microchip
electrophoresis system with negative pressure pinched sample injection.

Fang et al. [107] used a high throughput continuous sample introduction
interface in NCE. The authors attempted to achieve world-to-chip interfacing
by a novel flow-through sampling reservoir featuring a guided overflow
design. A cross-channel was designed on a 30 x 60 x 3 mm planar glass
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Figure 3.16 Schematic representation of (A) NCE with negative pressure pinched
sample injection. SP, syringe pump; V, 3-way valve, HV, high voltage power
supply. (B) View of the connection from the three-way valve to the sample waste reser-
voir SW [106].

chip for NCE. A 20 L sample reservoir was produced from a section of plas-
tic pipette tip and fixed at one end of the sampling channel. Luo et al. [108]
discussed a novel sample injection method in NCE. This injection method
used hydrostatic pressure, generated by emptying the sample waste reservoir,
for sample loading and electrokinetic force for dispensing. The injection was
performed on a double-cross microchip. An advantage of hydrostatic pressure
was its ease of generation on a microfluidic chip, without an electrode or
external pressure pump, thus allowing sample injection with a minimum
number of electrodes. The authors tested the potential of this injection
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method in a four-separation-channel NCE system. Lacharme and Gijs [109]
reported two variants of a new injection technique in NCE, which they called
front gate pressure injection and back gate pressure injection. Both enabled a
controlled and reproducible sample introduction with reduced bias compared
to electrokinetic gated injection.

Automatic sample injection is the new trend in NCE and some workers have
described this method of injection. Attiya et al. [110] described designing an
automatic sample introduction into NCE. The design contained an interface
flow channel with a volume flow resistance of 0.54 to 4.1 x 106 times
lower than the volume flow resistance of the electrokinetic fluid required for
mixing, reaction, separation, and analysis. The unit was tested with on-chip
mixing, reaction, and separation of anti-ovalbumin, and ovalbumin, with
good reproducibilities of injection and peak height. Similarly, Lin et al.
[111] described automation for continuous analysis in NCE by using flow
through sampling. The unit has an autosampler connected online to the micro-
chip and all the steps, that is, sample loading and injection, analysis, and data
analyses, were fully automated. The unit was tested using Rhodamin B at
different concentrations as the test sample. The fully automatic NCE allowed
sequential analysis of a series of samples. Recently, Huang et al. [112]
described an integrated NCE with automatic sampling for DNA /RNA ampli-
fication. In this unit DNA /RNA samples were first replicated using a micro-
machine-based polymerase chain reaction module and then transported by a
pneumatic micropump to a sample reservoir. The samples were injected elec-
trokinetically into an NCE and separated, followed by their detection by a
buried optical fiber. The unit is an important contribution to the fields of
molecular biology, genetic analysis, infectious disease detection, and other
biomedical applications.

3.3.4. Detectors

The detector in capillary electrophoresis is the main component in nanoana-
lyses. Many detectors can be used for this purpose but the mass spectrometer
is the best one due to its wide ranges and low concentration detection capabili-
ties. In the last few years, time-of-flight—mass spectrometry (TOF—-MS) instru-
ments have come onto the market and are available in many sizes, but small
instruments are preferred in NCE. Bruker (Billerica, MA) has provided a
micro-TOF-MS-LC (2 x 2 x 4 feet) system for nanoanalyses. Bruker also
introduced a Q-q-FTMS (Fourier transform mass spectrometer) for proteomics
called the APEX-QE. It offers fast, dual quadrupoles, which provides the first
stages followed by FTMS for the highest mass accuracy. It can be coupled to
NCE and controlled by Bruker’s ProteinScape work flow and warehousing
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software. In addition, NCE-NMR may be useful in nanoseparations. Some
reviews and research papers [113—118] have been published on the detection
in capillary electrophoresis indicating the mode of hyphenation and working
capacities. Brivio et al. [46] described the superamolecular nature of nanoflow
electrospray ionization (NESI) time-of-flight (TOF) mass spectrometer (MS)
in chip-based microfluid devices. Details on detection in capillary electrophor-
esis are given in Chapter 4.

3.3.5. Recorder

As in the case of nanoliquid chromatography, the recorder also plays an
important role in analyses by printing the electropherograms. All the available
NCE instruments are computer based and remote controlled. The data are pro-
cessed through different software. The most commonly used are Millennium
2000 and ELAN 5000. These are capable of sensing even a single signal
and can record it in the form of an electropherogram. The electropherograms
can be expanded, integrated, and observed easily. Comparisons of standard
and sample electropherograms, nanoscale quantitation, calculations of errors,
etc., can be carried out using the software.

3.3.6. Sample Preparation Units

Nanocapillary electrophoresis deals with low amounts of sample and, hence,
poor detection is an inherent property of the machine, which calls for further
advancements. Among many other proposed ways to avoid this problem,
sample preparation and concentration are the most effective tools in NCE.
Several workers have attempted to couple sample preparation devices with
NCE [119-121]. It has been observed that online hyphenations of sample
preparation techniques are useful for analyses of samples having low
volume and poor ingredient concentrations. These techniques are highly selec-
tive in nature and provide the least interference in analyses due to various
impurities present in unknown matrices. The layout and dimensions of an
SPE-CE microfluid device is shown in Fig. 3.17 [121] indicating the coupling
of SPE with chip-based capillary electrophoresis. The system has been found
effective for the analysis of several analytes, including dyes. Recently, Pamme
[122] presented a review article on continuous flow separations in microfluid
devices. The author described methods of continuous injection, real-time
monitoring, as well as continuous collection. Furthermore, the author reported
that in continuous flow separation, the sample components are deflected
from the main direction of flow, either by means of a force field (electric,
magnetic, acoustic, optical, etc.), or by intelligent positioning of obstacles in



84 NANOCHROMATOGRAPHY AND NANOCAPILLARY ELECTROPHORESIS

O Rt
3.5 mm )
0.5mm _- Micro-SPE
2.5 mm
0.5 mm RS
6 mm weir
m 40 mm
3 7mm °© } 9
7 mm \ Membrane

(c)

Figure 3.17 Layout and dimensions of the integrated SPE-NCE with (b) photo-
graph of the multilayer device; (c) and (d) micrograph and diagram of the packed
micro-SPE column between two shallow weirs [121].

combination with laminar flow profiles. Pamme [122] also reported a large
variety of methods with miniaturized versions of larger-scale methods.
Zhang et al. [106] resolved rhodamine123 and fluorescein by using NCE.
The migration times, theoretical plate numbers resolution, back flow rate,
and peak heights of rhodamine123 and fluorescein are given in Table 3.5.

TABLE 3.5 Effects of Reservoir Levels on Migration Time, Theoretical
Plate Numbers, Resolutions, and Peak Heights of Rhodamine123 and
Fluorescein in NLC*?

B C F
A Rh123 Flu Rh123 Flu D E Rh123 Flu

0.0 314 73.1 1.84 2.14 15.6 0.0000 5.85 11.2
1.7 329 80.6 0.94 0.97 12.7 0.0038 9.94 14.8
2.0 33.0 81.1 1.90 2.20 16.0  0.0040 9.90 15.5
3.0 334 83.6 1.95 2.29 16.9 0.0051 9.17 13.6
4.0 33.8 86.2 1.97 2.40 17.4 0.0062 8.49 12.5
4.5 339 87.0 1.98 245 17.8 0.0065 7.75 11.3

“Ref. 106.

bA, Ah/mm; B, migration time per second; C, theoretical plate numbers/ 10°m™ 1; D, resolution;
E, back flow rate/cm s '; and F, peak heights per 10% V. Rh123 and Flu are thodamine123 and
fluorescein, respectively.
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TABLE 3.6 NCE Characteristics for Dopamine and Catechol
as a Function of Applied Voltage™®

Applied Apparent

CE Field, Migration Mobility, Peak Area Efficiency,

V/cm Time, s pm-V/s (arbitrary units) Plates/m
Dopamine

25 73.0 (£0.5) 55 200 (£490) 1510 (+£73) 69 100 (+2300)

50 37.6 (£0.1) 53 700 (+180) 1520 (£ 66) 93 500 (+1900)

100 20.1 (£0.1) 51 000 (£530) 980 (£ 110) 98 900 (+ 1300)

200 10.5 (£0.0) 47 900 (+100) 435 (£ 15) 54 200 (+2000)
Catechol

25 124.6 (+1.0) 32400 (+300) 3470 (£ 122) 28 000 (+800)

50 65.4 (+0.4) 30 900 (+230) 4050 (+136) 38 900 (+100)

100 36.0 (£0.1) 28 600 (+260) 1170 (£ 85) 68 000 (+800)

200 18.2 (+0.0) 27 800 (+130) 197 (£5) 100 400 (+5200)

“Ref. 68.

The numbers shown in parentheses represent absolute standard deviations.

This table indicates quite acceptable migration times, resolution, and values of
theoretical plates, making NLC effective and applicable in real samples. The
migration times, applied voltages, apparent mobilities, peak areas, and separ-
ation efficiencies of dopamine and catechol in NCE are given in Table 3.6. A
perusal of this table indicates that migration times for both compounds are
quite good, indicating good separation which is decreased as the NCE voltage
is increased. Furthermore, the efficiencies of the system were higher at 100 and
200 V/cm applied voltages in dopamine and catechol, respectively [68].

3.4. CONCLUSION

Nowadays, the demand for nanoanalyses is increasing continuously and some
advancement has been made in chromatographic and capillary electrophoresis
instruments. The integration of all the steps of analysis, that is, sample prep-
aration, injection, separation, and detection on a single chip, is the most diffi-
cult task for scientists. In spite of many encouraging advancements in chip
LC/CE instrumentation we are still far away from realizing the visions pre-
sented a decade ago. Briefly, more advances are needed to turn the dream
of real nanochromatography and capillary electrophoresis into a mature
analytical tool.
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CHAPTER 4

DETECTION IN
NANOCHROMATOGRAPHY AND
NANOCAPILLARY ELECTROPHORESIS

4.1. INTRODUCTION

Basically, the goal of analytical academicians, scientists, and clinicians is to
achieve nano or low detection limits in biological and environmental matrices,
which is a formidable analytical challenge. To achieve this task the role of the
detector is very important in chromatographic and capillary electrophoresis
paraphernalia. It is known that the sensitivity of analytes increases with
decreasing column internal diameter due to low flow rate, which causes a
reduction of chromatographic dilution. The chromatographic dilution factor
is proportional to the square of the radii and to the square root of the length
and plate height of the column. However, in nanochromatography and nano-
capillary electrophoresis relatively low sample volumes are injected (20 to
60 nL) resulting in poor detection and sensitivity, which may be considered
a drawback of NLC and NCE. In order to overcome this drawback, the use
of appropriate detectors is a very important issue. Various detectors have
been used in microfluidic chromatography and capillary electrophoresis.
Mostly mass spectrometer-based detectors have been used in NLC and
NCE. However, detectors such as fluorescence, electrochemical, element
specific, and others have also been used in these modalities of chromatography
and capillary electrophoresis. The state of the art detectors in microfluidic
devices is discussed in this chapter.

Nanochromatography and Nanocapillary Electrophoresis. By Ali, Aboul-Enein, and Gupta
Copyright © 2009 John Wiley & Sons, Inc.
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4.2. MASS SPECTROMETER DETECTORS

Of course, mass spectrometry (MS) is gaining importance as the method of
detection in nanochromatography and nanocapillary electrophoresis for var-
ious applications of biological and environmental interest, because it can
detect any compound at nano or low levels of detection. MS detectors are
useful to achieve improved sensitivity, structural information, unequivocal
identification of compounds, and co-migration of analytes. Moreover,
hyphenation of these detectors with NLC and NCE, through different nano-
spray interfaces, is most effective, with reproducible results. NLC-MS and
NCE-MS coupling are highly compatible due to low flow rates (50 to 600
nL/min) [1-4]. But complete characterization of real samples using mass
detectors is a complex separation task due to the complexity of interfacing
sample separation and mass detection. Tedious sample preparation procedures,
including separation and desalting, are required for complex samples before
mass detection. Microchips have been integrated to facilitate sample prep-
aration, sample introduction, and mass detection.

Some reviews [5—7] have appeared on NCE-electrospray ionization-mass
spectrometry (NCE-ESI-MS) discussing various factors responsible for detec-
tion. Recently, Zamfir [8] reviewed sheathless interfacing in NCE-ESI-MS in
which the authors discussed several issues related to sheathless interfaces.
Feustel et al. [9] attempted to couple mass spectrometry with microfluidic
devices in 1994. Other developments in mass spectroscopy have been made
by different workers. McGruer and Karger [10] successfully interfaced a
microchip with an electrospray mass spectrometer and achieved detection
limits lower than 6x10~® mole for myoglobin. Ramsey and Ramsey [11]
developed electrospray from small channels etched on glass planar substrates
and tested its successful application in an ion trap mass spectrometer for
tetrabutylammonium iodide as model compound. Desai et al. [12] reported
an electrospray microdevice with an integrated particle filter on silicon nitride.

Zhang et al. [13] developed an NCE-ESI-MS set up for analysis at nano-
levels (Fig. 4.1). This figure indicates coupling of NCE with ESI-MS by
means of a liquid junction. The connection of the exit port of the chip to the
electrospray is an important issue and many different designs have been devel-
oped for this purpose [12,14-19]. The separation channel is connected to an
ESI capillary via a liquid junction. A capillary is attached to the microdevice
as an extension of the separation channel, which allows effluent to be switched
either to the mass spectrometer or an online UV detector. In this arrangement
(integration of a microfabricated pneumatic nebulizer at the electrospray exit
port) the dead volume may be reduced, resulting in an improvement in separ-
ation and stability of the electrospray [13]. Licklider et al. [20] described a
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Figure 4.1 A schematic diagram of a microdevice with subatmospheric electrospray
interface. The expanded view shows the coupling of the ESI tip with the separation
channel in the liquid junction [13].

micromachining process for fabricating a mass spectrometry electrospray
source on a silicon chip. The authors reported their work as an efficient
electrospray interface to mass spectrometry, useful for detection of various
molecules at the nanolevel.

Kameoka et al. [21] developed and used an electrospray ionization system
incorporating a triangular thin film polymer tip bonded to a microfluidic chan-
nel. Brivio et al. [22] integrated a microfluidic chip for biochemical reactions
into a sample plate for matrix-assisted laser desorption/ionization—time-of-
flight—mass spectrometry (MALDI-TOF-MS). The effectiveness of the
system has been successfully demonstrated with several examples of (bio)-
chemical reactions. Le Gac et al. [23] designed a nib-shaped microelectrospray
emitter in microfluidic devices. The micronib sources were successfully tested
on an LCQ Deca XP™ ion trap mass spectrometer by using peptide samples at
varying concentrations. Huikko et al. [24] developed a coupling of a polydi-
methylsiloxane (PDMS) microchip with ESI-MS. The hydrophobic PDMS
aided the formation of a small Taylor cone in the ESI process and facilitated
straightforward and low cost batch production of ESI-MS chips. The authors
examined the performance of PDMS devices in the ESI-MS by analyses of
some pharmaceutical compounds and amino acids. Lazar et al. [25] described
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a microfabricated device integrating a monolithic polymeric separation chan-
nel, an injector, and an interface for ESI-MS detection. The microchip ESI
interface as a semipermeable gate and on-chip junction between the separation
channel and ESI emitter is shown in Fig. 4.2. The authors reported the ESI
interface allowed hours of stable operation at flow rates generated by the mono-
lithic column. The dimensions of one processing line were sufficiently small to
enable the integration of four- to eight-channel multiplexed structures on a
single substrate. These workers tested the unit by analyzing protein samples
with detection at femtomole levels. Zhang and coworkers [26,27] developed
a layout of a multiple ESI chip, which has been commercialized for real-
world sample bioanalysis. A channel was etched across the silicon plate and
anozzle (10 mmi.d., 630 mm o.d.) was connected beyond the end of the chan-
nel, which is shown in Fig. 4.3. The reservoir etched in the back of the plate
could hold the analyte for direct ionization.

Kauppila et al. [28] developed a microfabricated heated nebulizer chip for
atmospheric pressure photoionization-mass spectrometry. Various materials
have been used to design and develop hyphenation of microfluidic devices
and ESI-MS. These materials are photoresist SU-8 [29,30], polymers
[31,32], and glassy carbon [33]. Thorslund et al. [34] developed a chip on
which sample injection, separation, and ESI-emitter structures are integrated

(b) high voltage
I .
reservoir powerlsupp 1 Sorous (c) capillary ;
emitter
eg:rﬁﬁi:\ glass gate \
~ .
microchip body microchannel channel

Figure 4.2 A schematic diagram of an integrated polymer monolith NCE with ESI-
MS detection. (a) 1, separation channel; 2, double-T injector; 3, ESI source; 4, eluent
reservoir; 5, sample inlet reservoir; 6, sample waste reservoir; 7, eluent waste reservoir
that houses a porous glass gate; 8, side channel for flushing the monolithic channel,
and 9, ESI emitter. (b) Cross-sectional view of reservoir 7, showing the position of
the semipermeable glass gate. (c) Image of on-chip junction between the separation
channel and the ESI emitter [25].
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in a single platform, eliminating problems at module connections. Yang et al.
[35] integrated a cycloolefin polymer-based chip with a sheathless capillary tip
for ESI-MS. Yue et al. [36] carried out a study on glass membrane prepared for
conducting high voltage for generation of liquid electrospray. Brivio et al. [37]
developed two interfaces, a monolithic design (ionization assisted by on-chip
gas nebulization) and a modular approach (commercially available tips),
enabling hyphenation of nanoflow ESI time-of-flight MS with microfluidic
devices. Xie et al. [38] integrated an NLC chip to analyze a complex mixture
of proteins. They used a low volume static mixer, a column packed with silica-
based reversed-phase support, integrated frits for bead capture, and an
electrospray nozzle.

Basically, NCE-ESI-MS coupling via ESI ionization is considered one of
the most important innovations in genomics [39], proteomics [40], drug analy-
sis [41], glycomics [42], and biomarker discovery [43] research. Also, because
of the increase in heat transfer observable in miniaturization, the use of higher
voltages is possible, thus providing faster separations compared to larger sys-
tems [44]. The make up liquid is not a necessary component and a sheath flow
interface is difficult to build up in NCE. Therefore, the interface is almost
based on a sheathless design containing a nanospray emitter. Normally, the
emitter is built up on a separation channel or a needle embedded onto the
chip via holders and joints. Some workers [5,6,45] have discussed merits
and demerits of the NCE/ESI-MS technique but its merits are more important
in several analytical fields. Akashi et al. [46] developed an NCE/ESI-MS
design with an external emitter, which is shown in Fig. 4.4. Basically, this
is a refinement of the design of Tachibana et al. [47]. This figure indicates a
quartz microchip (68.5 x 12.5 x 6.05 mm) with crossed-type microchannels
(82 x 36 wm). An electrospray needle 27 mm long is attached with a poly-
etheretherketone (PEEK) screw and a sleeve through a guide hole with an
i.d. of 370 wm at the end of the separation microchannel. This set up was
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Figure 4.4 NCE set up with a spray needle for ESI [8].
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Figure 4.5 NCE/ESI QTOF-MS and tandem MS electropherograms of DNA-
binding domain of human TTAGGG repeat binding factor 2 (hnTRF2 DBD) protein.
(A) Mass electropherogram of hTRF2 DBD [M+ 5H]’" ion at m/z 1509, and (B)
top-down by CID MS/MS of ion corresponding to the peak number 5 at 10.88 min [8].



4.3. FLUORESCENCE DETECTORS 97

Figure 4.6 PDMS microchip. (a) PDMS microchip with (E) a graphite-coated emit-
ter tip, (S) reservoirs for sample, (SW) sample waste and (B) buffer. (b) Double-T
injection cross of the PDMS-device: (1) channel path and (2) buffer flow [8].

used successfully for various applications; one example is shown in Fig. 4.5:
the separation, identification, ionization, and sequencing of basic proteins.
Sometimes, the connections of an emitter introduce dead volumes between
the microchip channel and capillary. Therefore, Lazar et al. [6] and Sung
etal. [5] attempted to overcome this limitation based on emitter on chip etching
using PDMS as the microchip substrate. Basically, the work of Lazar et al. [6]
and Sung et al. [5] is based on the same approaches reported earlier in the lit-
erature [30,48,49]. Svedberg et al. [50] developed PDMS microchips using a
nickel mold replicated from a dry etched silicon wafer. The tip for ESI-MS had
a groove with parallel walls. Bergquist and coworkers [34,51] designed two
advanced sheathless ESI microchips containing sample injection, capillary
electrophoretic separation and electrospray emitter (Fig. 4.6). This chip con-
tains sample reservoirs, wastes, and buffers. A tapered fused silica capillary
was inserted into the buffer reservoir and sealed with a droplet of PDMS.
Hop et al. [52] described a chip-based nanoelectrospray ionization source to
compare the ionization efficiencies of compounds with different physicochem-
ical properties. The data indicated that the ionization efficiencies varied less
with the chip-based device than with LC/MS.

4.3. FLUORESCENCE DETECTORS

Of course, fluorescence detectors are very useful tools to achieve nano detec-
tion tasks but have certain limitations, which depend on the characteristic
features of compounds. This sort of detector has been used in nano-LC and
CE with few applications [53,54]. The interesting features of fluorescence
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detectors are their high selectivity and sensitivity than UV-visible detectors.
The major drawback associated with these detectors is the restriction to only
fluorescent compounds and sometimes they require pre-derivatization of non-
fluorescent molecules. As an alternative method to fluorescence detection is
chemiluminescence detection, which is characterized by a simple and inexpen-
sive optical system that requires no light source, providing low background
with excellent sensitivity. Several chemiluminescence detectors have been
reported and used in NCE, including luminol [55], peroxyoxalate [56], and
Ru(bpy)%Jr [57]. Shin et al. [58] described a miniaturized fluorescence detec-
tion chip for NCE immunoassay of atrazine. The photodiode with fluorescence
filter was embedded in a PDMS microfluidic chip and placed just below the
microfluidic channel. The microchip is shown in Fig. 4.7. The microchip is
25 mm wide and 50 mm long, with a four-way injection, 27 mm long separ-
ation channel, and 8 mm long sample loading channels. Schulze et al. [59]
developed a two photon excited (TPE) fluorescence detector for NCE. The
authors evaluated this technique as an alternative to common photon excitation
in the deep UV spectral range. They reported TPE enabled fluorescence detec-
tion of unlabeled aromatic compounds, even in non-deep UV-transparent

Microfluidic channel

Electrode of
photodiode

Figure 4.7 Microscope images and a cross-sectional SEM image of the miniatur-
ized fluorescence detection chip (70 x 12 pwm) [58].
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Figure 4.8 A schematic representation of NCE and two photon excited fluorescence
detection. Excitation light: dashed line. Emission light: solid line. The dotted line dis-
plays light for visualization [59].

microfluidic chips. A schematic drawing of the system is shown in Fig. 4.8,
indicating a coupling of microchip electrophoresis and two-photon excited flu-
orescence detection. Jorgensen et al. [60] designed a chip-based device for
measuring chemiluminescence. Jackson et al. [61] designed a miniaturized,
battery-powered device with high voltage power supply, electrochemical
detection, and interface circuits for NCE. The interface circuit also maintains
the detection reservoir at ground potential and allows channel currents to be
measured likewise. The device was tested by performing separations of dopa-
mine and catechol and by laser-induced fluorescence visualization.

4.4. ELECTROCHEMICAL DETECTORS

Electrochemical detectors are also useful devices in NLC and NCE due to their
increase in sensitivity. But, unfortunately, these have not found wide use in the
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nano world because of their one limitation, of sensitivity towards electroche-
mically active compounds only. Besides, electrode alignment within the capil-
lary is necessary for adequate and reproducible measurements, which is a
tedious job [62—64]. Wilke and Buttgenbach [65] described an NCE with
fully integrated electrodes for amperometric detection. The unit can be used
for analyses with no extra mechanical equipment for electrode insertion.
Figure 4.9 shows a buffer waste reservoir, with two electrodes for electro-
chemical detection on the left and a high voltage electrode on the right with
a separation channel to the left. The device was used successfully for the ana-
lyses of hydrogen peroxide, ascorbic acid, and uric acid simultaneously. Liao
et al. [66] reported a poly-(methyl methacrylate) (PMMA)-based microchip,
with an integrated gold nanoelectrode ensemble (GNEE) and a quartet-T load-
ing channel for electrochemical detection. The authors fabricated the GNEE
electrode using an electrodeless deposition process on a thin polycarbonate
film and bonded directly onto a PMMA substrate. Hsueh et al. [67] and
Arora et al. [68] fabricated electrochemical cells in silicon and PMMA,
respectively, for detection of electrochemiluminescent compounds.

Guijt et al. [69] reported four-electrode capacitively coupled conductivity
detection in NCE. The glass microchip consisted of a 6 cm etched channel
(20 %70 wm cross-section) with silicon nitride covered walls. Laugere et al.
[70] described chip-based, contactless four-electrode conductivity detection
in NCE. A 6 cm long, 70 pm wide, and 20 pwm deep channel was etched on
a glass substrate. Experimental results confirmed the improved characteristics
of the four-electrode configuration over the classical two-electrode detection
set up. Jiang et al. [71] reported a mini-electrochemical detector in NCE,

working reference high voltage
electrode electrode electrode

buffer waste
reservior

separation
channel

Figure 4.9 The buffer waste reservoir with two electrodes for electrochemical
detection on the left and a high voltage electrode on the right. The separation channel
extends to the left [65].
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that is, of 3.6 x 5.0 cm?, width and length, respectively. The detection per-
formance of the new system was demonstrated by the detection of epinephrine
using an integrated PDMS /glass microchip.

4.5. ELEMENT SPECIFIC DETECTORS

Generally, the separation channel of microfluidic devices is shorter than a
normal CE capillary resulting in shorter analysis time (in seconds).
Therefore, coupling of NCE to inductively coupled plasma (ICP) improves
overall sample throughput. Really, NCE interfacing to ICP is a challenging
task due to the smaller sample size, which requires efficient nebulization
and transport of NCE eluent to ICP. However, Song et al. [72,73] reported
an interface of NCE with ICP. Typical NCE-ICP interfaces are shown in
Fig. 4.10, indicating the pattern of hyphenation. The dimensions of the
spray chamber are important for the peak shape and size as large chambers

punched
; hole
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3.5cm | r
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/ |
w + \
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' channel steel tube
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inlet inlet supplementary
flow capillary
To ICP
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Figure 4.10 A schematic diagram of the NCE-ICP interface [73].
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Figure 4.11 A schematic representation of the dimensions and shapes of spray
chambers [75].

may broaden the NCE peak. Two types of chambers are used (Fig. 4.11), that
is, smaller and larger. Good results were obtained with the small chamber. Li
et al. [74] described direct interfacing of NCE to a sensitive and selective
detector for atomic fluorescence spectrometry for rapid speciation analysis.
Hui et al. [75] developed and described an interface of NCE to inductively
coupled plasma atomic emission spectrometry (NCE-ICP-AES), based on

TABLE 4.1 Experimental Conditions of the Chip-Based
CE-ICP System”

ICP forward power 1.15 kW
Frequency of 1f power supply 27 MHz
Number of simultaneous channels 12
Observation height 10 mm above the load coil
Plasma Ar flow rate 12 L min "'
Auxiliary Ar flow rate 1.0 L min~"
Carrier Ar flow rate 1.0 L min~'
Supplementary buffer flow rate 3.5pL min !
Emission lines Ba II 455.4 nm
Mg I 285.2 nm

“Ref. 75.
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cross-flow nebulization. A PDMS NCE chip with conventional cross-channel
layout was used. The nebulization and transport efficiency of the NCE-ICP-
AES interface was approximately 10%. Barium and magnesium ions were
eluted from NCE within 30 seconds. The experimental conditions of the
NCE-ICP system are given in Table 4.1, which indicates various working
variables.

4.6. MISCELLANEOUS DETECTORS

In addition to the detectors discussed above, other devices, such as UV-
visible, conductivity and thermal lens microscope (TLM) have been coupled
with NLC and NCE and used for detection at nano or low levels. As in con-
ventional LC and CE [76-78], UV-visible detectors are not very common in
nanochromatography and nanocapillary electrophoresis due to their low
detection limits and need for slightly high mobile phase volume. However,
on-column detection for accurate qualitative and quantitative analyses is
possible using these detectors. Moreover, the coupling of these detectors
with chromatography and capillary electrophoresis is quite good under
varied experimental conditions. But, sometimes, short path-lengths of the
capillaries in LC and CE create a problem with detection at the nano level.
Some workers attempted to overcome this limitation by using Z-cells in
detectors [79,80]. Uchiyama et al. [81] described a connection between a
capillary electrophoresis chip and a TLM. Later on, Kitagawa et al. [82]
described a coupling of a TLM detector with NCE using an interface chip
(IFChip) (Fig. 4.12) for achieving sensitive detection with high reproducibil-
ity. The authors reported 3,900,000-fold increase in the sensitivity. Laugere
et al. [83] developed an electronic interface to detect liquid conductivity in
NCE by capacitive four-electrode coupling.

Mogensen et al. [84] described the fabrication and working of a silicon-
based NCE chip with integrated optical waveguides for absorption detection.
A 750 pm long U-shaped detection cell was used to augment detection. Ro
et al. [85] discussed an integrated light collimating system for extended opti-
cal-path-length absorbance detection in NCE. The collimating system was
made of the same material as the chip (PDMS), and it is integrated into the
chip during the molding of the NCE microchannels. To block stray light,
two rectangular apertures, realized by a specially designed three-dimensional
microchannel, were made on each end of the detection cell. The authors
reported the detection sensitivity was increased by 10 times in the newly devel-
oped absorbance detection cell. Ma et al. [86] described a hybrid microdevice
with a thin PDMS membrane on the detection window for UV absorbance
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Figure 4.12 A schematic diagram of NCE-IF Chip-TLM [82].

detection. The thickness of the PDMS membrane was about 100 wm, with
high UV transmittance. Li et al. [87] described theoretical study of a contact-
less conductivity detector in NCE, based on the construction of an equivalent
circuit mode of the high frequency conductivity detector and the design of the
structure. The detector has many advantages, such as wide application range,
simple structure, and easy integration. McBrady and Synovec [88] described a
microfabricated refractive index gradient (w-RIG) chip-based detector in
reversed phase NLC with mobile phase gradient elution. The authors reported
that viscosity change during the mobile phase gradient separation was found to
shift the on-chip merge position of the detected concentration gradient.
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4.7. CONCLUSION

Mostly, mass spectrometers have been used widely for nanodetection in NLC
and NCE due to its low detection limits and ease of hyphenation with micro-
fluidic devices. However, attempts have been made to couple other detectors
with NLC and NCE. The state of the art of hyphenation of detectors in NLC
and NCE is still in its development stage. More advances are expected in the
near future for detection at extremely low concentrations for a wide range of
molecules.
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CHAPTER 5

SAMPLE PREPARATION IN
NANOCHROMATOGRAPHY AND
NANOCAPILLARY ELECTROPHORESIS

5.1. INTRODUCTION

Generally, drugs and xenobiotics are present in very low concentrations in
biological and environmental samples and, therefore, their analysis is a tedious
job. Besides, thousands of compounds, as impurities, are present along with
species of interest in unknown matrices. Samples containing high ionic
matrices cause problems in nanocapillary electrophoresis (NCE) as high
ionic strength imparts a low electric resistance resulting in very poor, broad
peaks. In addition to this, electroosmotic flow (EOF) in the capillary is altered
by the influence of the sample matrix, which may result in poor separation.
Sometimes, the detector baseline is perturbed when the pH of the sample
differs greatly from the pH of the background electrolyte (BGE). Samples con-
taining UV-absorbing impurities may be problematic in detection. Sometimes,
detection limits of certain species have been increased by using preconcentra-
tion methods. Besides, enantiomers of drugs, xenobiotics, and metal ion
species (of the same metal ion) may have similar properties, which again
make analysis difficult and require special sample preparation methods.
Moreover, detection is the major drawback in nanoliquid chromatography
(NLC) and NCE because of the low sample quantity or samples having

Nanochromatography and Nanocapillary Electrophoresis. By Ali, Aboul-Enein, and Gupta
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poor ingredient concentrations. Under such circumstances, the sample prep-
aration is essential and required before starting analysis in NLC and NCE.
One of the most important trends to simplify these complications is the
generation of simple, rapid, and reliable procedures for sample preparation.
Method development and setup require the use of materials of known
compositions, for example, certified reference materials. Therefore, spiking
experiments have to be performed for method quality control. Under such
experimental conditions, emphasis has to be placed on the spiking procedures
as they exert an influence on the recovery values. Although present scientific
knowledge is not perfect, the use of spiking experiments helps to minimize the
errors. The integration and automation of all steps between sample preparation

Sample
Collection
1 ‘ l
. Liquid
Solid Samples Samples

| !

Purification &
Concentration

Grinding & Homogenization

Extraction

!

Liquid-Liquid Extraction

}

Solid Phase
Extraction

Analysis
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Figure 5.1 General protocol for sample preparation.
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and detection significantly reduce the time of analysis, increasing reproduci-
bility and accuracy. Therefore, extraction, purification, and preconcentration
of real samples are very important in NLC and NCE. The latest developments
in sample handling have been highlighted in several conferences and some
reviews have been presented on this issue [1-19]. A general protocol of
sample preparation is given in Fig. 5.1. This chapter describes state-of-the-
art sample preparation, including sampling, extraction, purification, and
preconcentration processes required before NLC and NCE analyses.

5.2. SAMPLE PREPARATION

We have carried out an extensive literature search on sample preparation tech-
nologies and found many papers on conventional chromatography and capil-
lary electrophoresis methods but few on NLC and NCE. It is important to
mention here that sample preparation methodologies used in conventional
chromatography and capillary electrophoresis can be used in NLC and
NCE. The interested reader can consult our earlier books for details [20,21].
However, attempts have been made to describe sample preparation protocols
required in NLC and NCE techniques. Some of the important requirements
and preparations are discussed below.

5.3. SAMPLING

Before starting work it is necessary to design the sampling protocol. It is the
first and most important step in NLC and NCE and its design and implemen-
tation has a decisive influence on the analyses. Due to low sample volume and
poor ingredient concentration careful collection of the sample is required.
Before sampling, complete knowledge and information about surroundings
and physiology is needed. Changes in physicochemical properties (transfer,
transformation, deposition, accumulation, etc.) of the target species have to
be considered in more detail. By considering these points useful samples
can be composed, which may significantly improve the analytical results.
Some important facts and issues needed in biological and environmental
samples are discussed below.

5.3.1. Biological Samples

For biological sample collection, the history of the animal, treatment given, if
any, and dose, and the surroundings in the case of plants should be known in
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detail. Biological rhythmicity is very important to consider at the time of bio-
logical sampling. During sampling some important precautions should be
adopted, which include avoidance of cloth, wool, contacts, etc. There
should be no use of acids or bases at the sampling site and all the equipment
should be neat and clean. The biosphere varies greatly in its physical and
chemical properties relevant to species distribution and transformation com-
pared to abiotic environments such as air, water, sediment, and soil. A detailed
sampling protocol has to be developed and adopted separately for the specific
studies depending on the particular requirement. Sampling strategies and pro-
cedures for some biological samples are summarized below.

5.3.1.1. Blood The representativeness with reliable methodology is very
important for blood samples. The skin area for blood collection should be
cleaned with deionized water followed by ethanol or methanol and should
be allowed to evaporate properly. Blood samples are collected by ETS sys-
tems; however, plastic syringes have also been used for collection of blood
samples. Microdialysis is a newly developed technique and has been used
for the collection of blood samples. Due to the risk of contamination, a syringe
made of ordinary glass should be avoided. The addition of anticoagulant into
the collected blood sample should be carried out very carefully as these have
good capacity to complex with metal ions and other molecules, and, therefore,
a blank for each species should be run. Generally, blood samples are stored
at —20°C (for 24 h).

5.3.1.2. Urine Much attention is required in urine sampling due to the
greater possibility of contamination and, hence, more skill is required than
for a blood sample. The urine sample can be collected directly or from the urin-
ary bladder. The samples can be collected with the help of an ETS system or
syringe or a measuring cylinder made of plastic. The collected samples can be
kept in polyethylene containers that can be closed with airtight lids. The
samples should be analyzed immediately or preserved at low temperature, if
analysis will take some time.

5.3.1.3. Tissues Tissue sampling depends on the type of analysis and,
normally, it is carried out from liver, kidney, the gastrointestinal tract, and
other body parts. The probability of contamination in tissue sampling is
quite high due to the long processes involved. The sampling of tissues is car-
ried out by microdialysis, needle aspiration, or biopsies (with surgical cutting
apparatus). Generally, tissues are washed with 1.0% salt solution and kept in
plastic containers at low temperature. Again analysis should be completed
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immediately or samples should be preserved at low temperature if analysis will
be delayed.

5.3.1.4. Plants Sampling of plants can be carried out simply by cutting the
part of interest. The sampling is carried out by means of a knife, scissors, etc.,
in higher plants. A sample from terrestrial plants can be obtained after washing
the outer cell wall of the plant with deionized water. Required samples are col-
lected by dissecting the specific plant parts. The specific samples such as from
xylem, phloem, etc., are collected carefully by the dissection of the plant stem.
Samples from root are collected by digging, washing, and dissecting the roots
properly. Similarly, samples from aquatic plants can be collected with the help
of scissors, a knife, blade, forceps, etc. In the case of phytoplanktons sampling
can be done using a net.

5.3.1.5. Food Stuffs The choice of sampling for food stuffs depends on
the type of analysis and sampling methods. Sample collection from food stuffs
should be carried out carefully as there are greater chances of contamination.
Samples of beverages are collected with the help of a syringe or cylinder made
of inert plastic. Samples from solid food stuffs are collected with the help of a
spoon, knife, blade, forceps, etc. The collected samples can be preserved by
adding some acids and can be stored at low temperature for a few months.
For more details readers should consult the sampling protocol for food
stuffs provided by the Official Control of Foodstuffs Directives [22-24].

5.3.2. Environmental Samples

Environmental sampling protocol and strategy include selection of sampling
sites, type of sample (grab, mixed, or composite), sample container, volume
collection, sample handling, transportation, preservation, and storage. The
selection of the sampling sites and the type of sample are based on the objec-
tives and the nature of the study. The sampling strategies for air, water, soil,
and sediment samples are summarized below.

5.3.2.1. Air The sampling requirement depends on type of analysis; nor-
mally, air samples are collected for the analysis of pollutants. Generally, air
is sampled for dust, smoke, and organic and inorganic pollutants. Air samples
are collected into balloons, cylinders, canisters, glass traps, etc. Vacuum filling
of stainless steel containers is the official sampling method prescribed by the
U.S. Environmental Protection Agency for volatile compounds in monitoring
urban air [25]. In addition, cryotrapping, solid adsorbent cartridges, polymer
bags, and stainless steel canisters are used for air samplings. Aerosols are
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collected using impactors, filters, denuders, electrostatic separators, etc. [26].
Air particles are also sampled using filters, glass fiber, the Hi-Vol sampler, the
Institute of Occupational Medicine sampler, seven holes sampler, etc. Personal
exposure monitors (PEMs) are sampling devices worn on the body to estimate
an individual’s exposure to air pollution. Porous polymers, such as Tebax-GC,
XAD resins, and polyurethane forms, have been used in gas sampling. Other
sorbents used for this purpose are charcoal, carbon molecular sieves, etc. It
is very important to mention here that the inner wall should be inert [coated
with polymers such as polytetrafluoroethylene (PTFE)]. The gas phases can
be collected into a pre-evacuated sampling device [27]. Air is passed through
a 0.45 pm filter to remove solid particles and aerosols up to a predefined size
from the sample. Generally, sample collection involves an air inlet, a particu-
late separator or collecting device, an air flow meter, and a flow rate control
valve air pump. Important parameters to be considered during sampling
include temperature, light intensity, humidity, oxygen content, and aerosol
concentration. Boiano et al. [28] compared the sampling efficiency of three
methods, the OSHA Method ID-215, NIOSH Method 7605, and NIOSH
Method 7703. Roinestad et al. [29] improved the sampling of indoor air and
dust using a Tenax TA sampling pump.

5.3.2.2. Water Sampling methods for water vary depending on the nature
of the compounds and the type of water, that is, ground, waste, lake, river, sea,
tap, industrial, soil, rain, and snow water. The location and depth of the water
sample collection site also influence sampling methods. Water samples having
volatile species are collected by an online combination of purging water with
an inert gas such as helium followed by cryogenic trapping. Polycarbonate or
polyethylene bottles are recommended for most water sample collection. To
avoid any adsorption on glass bottles these should be pretreated with nitric
acid. The containers should be washed properly with tap water, acids (no plastic
bottles), and detergents, then again with tap water and double distilled water.

Sample collection varies from hand sampling procedures at a single point
to more sophisticated multipoint sampling techniques, such as the equal
discharge increment (EDI) method or equal transit rate (ETR) method.
Different types of water samplers can be used to collect water samples from
bodies such as rivers, seas, lakes, etc. The Blumer sampler [30], Deutsche
Hydrographisches Institute sampler (DHI) [31], and a high volume water
sampler, designed to pump water from a defined depth below the water body sur-
face outside the wake of the survey vessel, are suitable as samplers [32]. The
Kemmerer and van Dorn samplers may also be used for water sample collection.
For rivers, up- and downstream samples are usually required, as well as the
points where tributaries or waste drains join the main stream under study.
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The rigorous clean-up of all parts of the sampler and apparatus, solvent, adsor-
bent materials, and other chemicals should be carried out very carefully. Possible
contamination due to penetration of the sampler through the surface layers of the
water body, which may be highly enriched by the pollutants, has to be excluded.
The environmental samples collected should be transported to the laboratory
immediately and analysis should start as soon as possible.

5.3.2.3. Sediment and Soils Sediment is the most important part of a
riverine system by which contamination levels can be measured exactly.
Representativeness is very important in sampling of sediment and soil. Soil
and sediment samples may be collected with the help of samplers such as
the Ponar grab, Orange peel, Smith MclIntyre grab, Shipek grab, Petersen
grab, vanVeen grab, Ekman grab, etc. [33]. The texture of soil and sediment
is heterogeneous and an extensive screening of each sampling site is necessary
for accurate scientific analyses. Numbers and distances of the lateral and ver-
tical sampling points are selected on the basis of geological information by
applying statistical models. Related sampling grids and procedures are avail-
able in the literature [34-36]. Sampling of sediment and soil is carried out
using a shovel, corer, spoon, or knife made of titanium, ceramics, or plastics.
Soil can be collected by initial separation of mineral layers or as intact depth
profiles. The latter approach is very common in the sampling of lake or
marine sediments, which is achieved using different types of corer.
Sediment can also be collected by grab or core samplers. Sediment traps are
used in dynamic flow systems, such as a river, culvert, or canal. Special pro-
cedures for the species retaining sampling of soil and sediment are still lacking
in the literature. Problems also occur from change in the oxygen concentration
during sampling, especially for originally anoxic sediments. The interaction
between solid particles and water, biofilms and pore water occur and, hence,
definition of the sample composition is difficult for a variety of purposes.
Therefore, the development of in sifu methods and new approaches to species
retaining sampling are required.

5.4. PRESERVATION

Sometimes, the laboratories and instruments are not available immediately
after sampling, especially when the sampling is carried out at remote areas.
Under such conditions, storage of the collected samples is required. Preser-
vation of the chemical identities of the sample is the prime objective. Selection
of the preservation method depends on the type of sample, storage time, size,
and number of samples. The temperature conditions for preserving biological
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samples vary from 0°C to —130°C or more depending on the type of sample
collected. Samples can be stored for several years [37] by keeping them in
special cryocontainers in gas phase above liquid nitrogen. Sometimes, water
is removed from biological tissues to prevent bacterial growth but this
method of storage is not universal and effective as some species may be
removed with water. Sometimes, in the case of urine, precipitation occurs
and, hence, these types of samples should be stored in the presence of preser-
vatives (0.03 M/L HCI or HNOs3, sulfamic acid triton-X-100). Care should be
taken to adjust the pH of urine as some metal-protein complexes are destabi-
lized at lower pH. Briefly, the storage of the environmental and biological
samples at low temperature (0°C to —130°C) is the best method of sample
preservation.

Air samples cannot be stored directly for future analyses; however, the
preservation of gaseous components in a cold trap is possible for one week
or more in liquid nitrogen. The storage of gaseous samples for a long time
is not recommended. Certain species get lost due to adsorption on the con-
tainer or ion exchange with the glass container. To avoid adsorption and
exchange, concentrated nitric acid (1.5 mL/L or pH <2) should to added to
water samples prior to storage. But 5.0 mL/L concentrated nitric acid should
be used in samples of high buffer capacity. These water samples should be
stored in an incubator at about 4°C to avoid evaporation. Samples containing
microgram per liter concentrations should be analyzed immediately.
Sometimes, certain special preservatives may be used to store the samples for
inorganic and organic pollutants. The acidification of water or other liquid
sample is carried out to stop adsorption and exchange processes but it is not suit-
able if the sample contains organometals, which may become depredated in
acidic conditions. Sediment and soil samples are stored normally at 0°C.

5.5. FILTRATION

Generally, liquid biological and environmental samples cannot be analyzed
directly and need some processing. Urine, fluids, and water samples may con-
tain some solid impurities and they require filtration to extract them before pro-
ceeding. Filtration of these samples can be carried out using a vacuum pump
and Buchner funnel assembly with Whatman’s filter paper. Weigel et al. [38]
described a PTFE tubing fitted with a gear pump (model MCP-Z pump head
7Z-120 with PTFE gears, magnet 66, Ismatec, Wertheim, Germany) for the fil-
tration of liquid samples. The pump can be placed behind the extraction unit
for calculating the recovery rates from purified water. For online filtration of
the sample glass fiber filter candles (height 82 mm, outer diameter 26 mm,
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Figure 5.2 A solid phase extraction unit [38].

inner diameter 14 mm) were used in a stainless steel housing, as shown in
Fig. 5.2 [38]. Filtration is not required for solid samples; solid samples can
be manipulated if they contain other solid materials. If dust particles are pre-
sent in an air sample they should be removed before loading the collected
air into the machine. Filtration of the air sample is carried out using perch
membranes under pressure.

Chelex-100
Minicolumn
2 M HNO,4
To CE equipment]
H,O through the
programmable
SV, v, sV, arm
s
S,
S sV
s, ' e
Microfilter Peristaltic

pump

Figure 5.3 Single coupling flow injection system for sample preparation introduction
in CE system [39].
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Arce et al. [39] developed a flow injection analysis (FIA) system (Fig. 5.3)
for online filtration of water samples prior to CE analysis. They also con-
structed a pump-driven unit for extraction and filtration of soil samples
combined with CE in an online mode (automated sample transfer between
pre-CE sample preparation step and the CE) [40]. The method was precise
and four times faster than conventional methods of sample preparation with
an off-line unit. Blood samples are centrifuged immediately to remove red
blood cells and the serum is stored as discussed above. Sometimes, urine
samples also contain precipitates which are removed by centrifuge.

5.6. DIGESTION/HOMOGENIZATION

Normally, solid biological and environmental samples need digestion and
homogenization before analysis. The treatment of solid samples is more com-
plicated in comparison to liquid or gas samples. In biological samples, some
molecules remain bonded with proteins and other biomolecules, which require
a rigorous extraction procedure. Since 1970, acid homogenization methods
have been used for the extraction of compounds from solid biological and
environmental samples [4]. Toluene, methanol, etc., are suitable solvents for
homogenization of biological samples but, sometimes, dilute acids along
with the above-mentioned solvents may be used, under special conditions.
For organometalics, the environmental and biological samples are digested
with acid or base which are extracted by organic solvents. Normally, concen-
trated nitric acid is used for homogenization of soil and sediment samples but,
sometimes, mixtures of nitric acid, sulfuric acid, hydrochloric acid, perchloric
acid, etc., are used to digest the samples.

Generally, digestion is carried out in a flask or beaker by heating on a hot
plate. Nowadays, a homogenizer is used for this purpose. The homogenizer
contains small sets of blades and generator probes that cause vigorous
mixing and turbulence, which optimizes sample contact and preparation.
The homogenization of biological and environmental samples is tedious and
time consuming. Homogenization is aided by shaking these samples at differ-
ent speeds. Sometimes, mild heating also improves extraction of molecules
during the homogenization procedure. The direct or indirect sonication of
the samples helps greatly to extract species of interest from solid samples.
Sonication causes a disruption of the cell wall in biological samples, that is,
plant cells, bacteria, fungi, and yeast and it helps in the release of the analytes
from these biological solid samples. After disruption, the proteins, DNA,
RNA, and other cellular components can be separated for additional purifi-
cation or processing.
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5.7. EXTRACTIONS

The extraction is the most important step in sample preparation of biological
and environmental matrices. Many devices have been used for the extraction
procedures. The most important techniques used before conventional chrom-
atography and capillary electrophoresis analyses include:

Extraction of solid samples
Homogenization extractions

Sonication extractions

Microwave assisted extractions

Soxhlet extractions

Accelerated solvent extractions
Supercritical fluid extractions

Extraction of liquid samples
Liquid-liquid extractions

Solid phase extractions (SPE)

Liquid chromatographic extractions
Column chromatography

High performance liquid chromatography (HPLC)
Supercritical fluid chromatography (SFC)
Gel permeation chromatography (GPC)
Membrane methods in sample preparation
Enzymatic hydrolysis

These methods are fully developed for conventional chromatography and
capillary electrophoresis. They are not discussed in detail here and the inter-
ested reader should consult our earlier books [20,21]. However, few papers
are available on those techniques capable of working at nanolevel analysis
and these have been summarized in this chapter.

5.8. CLEAN UP

In the case of off-line sample preparation methods, clean up is required in
samples having colors and other interfering impurities. Biological and
environmental samples contain thousands of other substances as impurities
and these were extracted along with the analytes of interest. Due to the similar
properties of the co-extractives, they usually interfere in the analyses of the
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interested molecules. Therefore, a clean-up procedure is required only for
those samples that are not clear. Blood, serum, food, plant extract, and indus-
trial and municipal effluents require a clean-up procedure. If clean up is
required, the recovery of each constituent is very important and it should be
at about 85% [41]. Clean up of the extracted species may be carried out by
column chromatography, gel permeation chromatography, sweep co-distillation,
liquid-liquid partition, cartridges and disks. The columns used for this purpose
are nuchar carbon, silica, XAD-2, alumina, flurosil, while the cartridges and
disks used are Cg, Cig, etc. The use of membrane disks for clean up has
increased significantly in the past few years. SPE membrane disks may also
be used in conjunction with supercritical fluid extraction in the preconcentra-
tion of different molecules. Online SPE may be coupled to membrane disk for
the clean up of species in biological and water samples. Good recovery of the
extracted species can be achieved using a SFC/SPE methodology. Some
clean-up methods for various species are given in Table 5.1.

TABLE 5.1 Some Clean-Up Methods for Different Molecules
Method Co-Extractive Nature

1. Partitioning
a: Liquid-liquid partitioning Fats, waxes, lipids, pigments, &  General
some polar compounds
b: Partitioning adsorption column Fats, phospholipids, waxes and General
other polar substances

2. Gel permeation chromatography Fats & lipids General
3. Liquid-liquid adsorption Fats, phospholipids, pigments, General
chromatography (adsorption polar impurities
column)
a: Flurosil
b: Alumina

c: Silica gel
d: Nuchar carbon

4. Chemical clean up Fats & neutral specific —
molecules
a: Acidic
b: Alkaline
c: Acid-base
5. Sweep co-distillation Comparatively nonvolatile —

impurities
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5.9. PRECONCENTRATION

NLC and NCE deal with low amounts of sample, which requires preconcentra-
tion procedures, especially in the case of off-line sample preparation methods.
The volume of the extracted solvent containing species is reduced to 1 to 10 p.L.
The classical approach of evaporation of the solvents is used to concentrate the
extracted species. Some devices, such as the purge and tap device and cryogeni-
cally cooled capillary taps, have been used for preconcentration [42]. Solvents
with low boiling points are the best suited for preconcentration. Open evapor-
ation of extracts on a water bath may cause severe loss of the molecules, and,
therefore, evaporation should be carried out at low temperature under reduced
pressure. Normally, a rotary flash evaporator or Kuderna-Danish assembly is
used for this purpose. Sometimes, pure nitrogen is also allowed to pass through
the evaporator assembly so that oxidation of the species may be avoided.
Sometimes, loss of the molecules occurs during evaporation and to check
this some keeper solvents (toluene or iso-octane, which have high boiling
points) are added to the extract before starting the evaporation. Besides this con-
ventional method, other techniques such as chromatography and SPE have also
been used for preconcentration. In addition to this, amalgam formation, cold
trap, high temperature trap, etc., have been used for preconcentration.

During extraction, clean up, and preconcentration (especially in LLE meth-
odology) some invisible moisture may remain in the sample along with
organic solvents which may create problems in detection of the analytes.
Therefore, moisture should be removed from the sample prior to its loading
onto the analytical machine, especially on GC. Normally, moisture from
organic solvent is removed by addition of anhydrous sodium sulfate of high
purity. Sometimes, the extracted and concentrated solvent is passed through
a glass column containing anhydrous sodium sulfate.

5.10. OFF-LINE NANOSAMPLE PREPARATION METHODS

The various sample preparation methods mentioned in Section 5.6 have been
tried in microfluidic devices off-line for biological and environmental matrices
followed by analysis of the extracted samples by NLC and NCE. The available
papers in the literature on this subject are discussed in the following sections.

5.10.1. Nano Solid Phase Extractions

Nowadays, solid phase extraction (SPE) is the technique of choice because it is
inexpensive, fast, reproducible, and has a wide range of applications [43,44].
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Therefore, more than 50% of the analytical scientists are using this method of
sample preparation. During extraction of biological and environmental
samples, both biogenic and anthropogenic compounds are extracted into
organic and inorganic solvents. The complex matrix may interfere seriously
with the determination of the respective analytes. Various columns, disks,
and cartridges have been used for extraction but cartridges are the most popular
extraction devices [45]. The manufacturers have developed new formats for
traditional cartridges. Most SPE cartridges have medical grade polypropylene
syringe barrels with porous PTFE or metal frit that contain 40 wm d, packings.
The cartridges provide certain advantages over disks as liquid flows faster in
cartridges in comparison to disks. Most cartridges and disks are silica-based
polymeric packing. Nano-SPE microfluidic devices contain adsorbent
inside, that is, reversed phase silica and other polymers. Few papers have
been found in the literature on nano-SPE; they are discussed here.

Jemere et al. [46] described a 2000-fold concentration of peptides using
nano-SPE on octadecylsilane-packed columns, which allowed sub-picomolar
detection in NCE. Ekstrom et al. [47] developed a silicon microextraction
chip (SMEC) for sample clean up and trace enrichment of peptides. The
authors validated this device successfully carrying out analysis on a 10 nM
peptide mixture containing 2 M urea in 0.1 M phosphate buffer. Furthermore,
the authors used this to trap beads immobilized with trypsin, effectively
making it a microreactor for enzymatic digestion of proteins. This microreac-
tor was used to generate a peptide map from a 100 nM bovine serum albumin
sample. Jandik et al. [48] described a microfluidic device using a laminar
fluid diffusion interface for blood sample preparation. The authors reported
this method was useful in HPLC by eliminating the need for centrifugation
and reducing sample preparation time from 30 to 60 min to 5 min. Kuban
et al. [49] presented a miniaturized continuous ion exchanger for sample
preparation. Xu et al. [50] used a photoactivated polycarbonate solid phase
reversible immobilization device for purification of DNA, especially for the
removal of dye terminator and other soluble components in medium. Bread-
more et al. [51] reported the purification of DNA from blood in less than 15
min on a microchip with immobilized silica beads. Broyles et al. [52]
described a microdevice having C;g as a stationary phase and on-chip
filtration by an array of thin channels to exclude particulates and sample con-
centration. Polynuclear aromatic compounds were analyzed by electrochro-
matography. Gustafsson et al. [53] described high throughput microfluidic
concentration of protein digests integrated with matrix-assisted laser deso-
rption/ionization (MALDI) mass spectrometry on a chip. According to the
authors, centrifugal forces move liquid through multiple microstructures,
each containing a 10 nL. C;g column. The samples are concentrated, desalted,
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and subsequently eluted from the columns directly into MALDI target areas
(200 x 400 pm).

Hofmann et al. [54] described a method for preconcentration of spores on a
polydimethylsiloxane (PDMS) target plate. Bozalongo and coworkers [55]
optimized solid phase microextraction for analysis of volatile compounds in
ground wood samples. The authors studied this method in terms of repeatabil-
ity and extraction efficiency in samples of American and French oak with
different degrees of toasting. Chiesl et al. [56] purified protein from DNA
using water-soluble block copolymers of acrylamide and N-alkylacrylamides.
Bhattacharyya et al. [57] reported a polymeric SPE for isolation of DNA using
plastic chip as a disposable sample preparation system. The extraction was
achieved due to binding of nucleic acids to the silica particles. The solid
phase was formed within the channels of the device with in situ photoinitiated
polymerization of a mixture of methacrylate and dimethacrylate monomers.
Huynh et al. [58] integrated sample derivatization steps on a chip using
naphthalene 2,3-dicarboxaldehyde and 2-mercaptoethanol involving micro-
dialysis and NCE. The chip was made of a glass layer etched with microfluidic
channels and sealed with a layer of PDMS via plasma oxidation. The unit was
used for analysis of a mixture of amino acids and peptide derivatives. Shiddiky
and Shim [59] developed a sensitive on-chip preconcentration, separation, and
detection of DNA in NCE. The chip contains three parallel channels, the first
two for field-amplified sample stacking and subsequent field-amplified sample
injection steps and the third for NCE. Buratti et al. [60] described solid phase
extraction coupled with HPLC on polyurethane foam (PUF) chips for analysis
of PAHs at nanogram per liter levels in urine samples. The authors described
different parameters affecting analyte extraction on the PUF chip. The most
important factors studied are urine salting-out, organic additives, clean up
and desorption. Magnesium sulfate and tetrahydrofuran were added to
40 mL acidified urine sample and extracted by shaking at 30 rpm for 1 h at
ambient temperature. The desorption was carried out after a clean up with
diluted sodium hydroxide, using a small amount of diethyl ether. The authors
reported percentage recoveries of >90% in the 2 to 100 ng/L range, with
0.1 to 0.5 ng/L as the detection limit.

5.10.2. Nano Membrane Extractions

The membrane technology has been tested in microfluidic devices. Normally a
membrane is mounted between two chips, which make a microchannel, and
fluid is allowed to pass through the membrane channel. Some papers are avail-
able on this method, which are discussed here. Hisamoto et al. [61] reviewed
the application of capillary assembled microchips on PDMS as an online
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deproteinization device in NCE. These devices employed square section chan-
nels, for diffusion-based separation of small molecules from a sample having
proteins. Lion et al. [62] presented a membrane desalting unit permitting the
controlled elution of analytes from the membrane. The authors used this
device for the detection of drugs, peptides, and proteins by electrospray
ionization-MS. Similarly, Timmer et al. [63] described a sample preparation
unit based on semipermeable membrane. Song et al. [64] presented a protein
preconcentration unit using a 50 wm thick nanoporous polymer membrane
on achip. Foote et al. [65] described porous silica membrane-based (membrane
between adjacent microchannels) sample preparation and preconcentration for
proteins. Wang et al. [66] reported liquid membrane extraction and sample
enrichment of haloacetic acids.

5.10.3. Nano Miscellaneous Extractions

Apart from SPE and membrane methods some other techniques were tested in
microfluidic devices, which are also covered in this section. Nyholm [67]
reviewed the application of chip-based electrochemical techniques for
sample clean up, preconcentration, and derivatization. The authors also
described electrochemical on-chip pumping, sample preparation, immuno-
assays, and detection in NCE. Zhang and Timperman [68] reported preconcen-
tration of fluorescein by exploiting an application of an electric field across the
channel in NCE. Wong et al. [69] described an electrokinetic unit combined
with electrophoretic and dielectrophoretic forces and the electrohydrodynamic
flow for concentrating bioparticles from micrometer to nanometer in size.
Wang et al. [70] described an electrokinetic trapping-based preconcentration
device, which was capable of concentrating samples up to 108 times.
Dhopeshwarkar et al. [71] reported an electrokinetic concentration of DNA
using microchannels containing a hydrogel microplug, showing enrichment
factors of 500 within 150 seconds. Leinweber et al. [72] discussed induced
charge electrokinetics in structured electrode arrays. Li et al. [73] achieved a
10 to 100-fold enhancement of sample loading using electrokinetic injection
of proteins/peptides from solution reservoirs.

Grass et al. [74] reported an isotachophoretic preconcentration prior to capil-
lary electrophoretic separation and detected seleno amino acids. Xu et al. [75]
used free-flow isoelectric focusing (IEF) for concentrating rhodamine 110 and
fluorescein molecules at nanoliter sample volumes. Ross and Locascio [76]
described a temperature gradient focusing for concentrating and separating
ionic species in NCE. Authors reported an increase in concentrations up to
10,000 fold by balancing electrophoretic velocity of analyte against the bulk
flow of solution in the presence of a temperature gradient. The method has
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been tested for fluorescent dyes, amino acids, DNA, proteins, and particles and
was found capable of greater than 10,000-fold concentrations of the analytes.
Holden et al. [77] reported a laminar microfluidic diffusion diluter to obtain
concentration gradients. Liu et al. [78] reported sample stacking in isoconduc-
tive buffer systems due to ion transport mismatches, which caused changes
in buffer conductivity in NCE. Chen et al. [79] developed a microchip
liquid-liquid extraction for extraction and analysis of butyl rhodamine B.
Organic solvent droplets were trapped in recesses fabricated in the channel
walls, which get enriched with analyte. A schematic representation of this
unit is shown in Fig. 5.4 indicating different channels on the chip.

5.11. ONLINE NANOSAMPLE PREPARATION METHODS

As discussed above, NLC and NCE are new development for the analysis of
samples having low volume or poor analytes and, therefore, online sample
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preparation techniques are the best choice for accurate results. During the lit-
erature survey we found few papers dealing with online chip-based sample
preparation methods in NLC and NCE. Attempts have been made to discuss
these in the following paragraphs.

Huynh et al. [80] described the first hyphenation of a microdialysis NCE
system for monitoring hydrolysis of fluorescein mono-f3-p-galactopyranoside
(FMG) by B-p-galactosidase. The layout of the microdialysis/microchip CE
device is shown in Fig. 5.5 indicating channel lengths, voltage scheme, perfu-
sate (20 mM sodium phosphate buffer, pH 7.4). Furthermore, the same authors
[81] presented an online microdialysis sampling unit coupled with NCE. The
authors used this set up for analysis of amino acid and peptide. A schematic
representation is shown in Fig. 5.6, which shows the chip and microdialysis
unit. Yazdi et al. [82] developed a novel method for microextraction of aro-
matic amines, coupled with NLC. The authors used hydrophobic porous poly-
propylene membranes as the interface between donor water sample and
acceptor aqueous solution. The calibration curves for analytes were linear
within the range of 20.0 ng/L to 300 wg/L. Long et al. [83] developed a
microfluidic device integrating membrane-based sample preparation with
NCE. The device consists of 10 nm pore diameter membranes sandwiched
between two layers of PDMS substrates with embedded microchannels
(Fig. 5.7). The microchannels were about 40 mm deep, 100 mm or 50 mm
wide for upper and lower layers, respectively, and the size of the membrane
was about 4 mm x 68 mm. Material exchange between two fluidic layers
could be controlled precisely by applied voltages because of the membrane
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Figure 5.5 Schematic representation of online hyphenation of microdialysis sample
preparation unit with NCE [80].
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Figure 5.7 Layout and dimensions of a membrane-based preconcentration device.
(a) Filter-CE unit, (b) concentrator-CE device, (¢) dimension of microchannel, and
(d) out look of concentrator-CE device [83].
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isolation. Only small molecules passed through the nanopores and, hence,
the integrated membrane served as a filter or a concentrator prior to NCE.
The authors used this hyphenation for analysis of glutathione in human
plasma and red blood cells without any off-chip deproteinization procedure.
Furthermore, the same group [84] reported an integrated microfluidic device
for online coupling of solid phase extraction to NCE. The preconcentration
and separation were carried out simultaneously with a nanoporous membrane
sandwiched between two PDMS substrates on a 2.5 mm long microcolumn,
with two weirs on both sides to retain the C;g-coated silica beads. The authors
claimed this unit might be considered a universal solution to online SPE-NCE
hyphenation. This unit was tested for rhodamine 123 and FITC-labeled ephe-
drine and the authors claimed high separation efficiency and 1000-fold signal
enhancement.

Wilson and Konermann [85] reported an online desalting of macromol-
ecules (betaine-type amphoteric or zwitterionic surfactant solutions) using a
two-layered laminar flow system due to different diffusion of analytes.
Wheeler et al. [86] developed an on-line sample preparation method for
MALDI-MS, which depended on an electrowetting-on-dielectric-based tech-
nique. Ramsey and Collins [87] coupled SPE to micellar electrokinetic chrom-
atography involving completely automated extraction, elution, injection,
separation, and detection steps. The authors reported fast analysis of rhoda-
mine B yielding preconcentration factors more than 200 in less than 5 min
with 60 femtomolar as the detection limit. The schematic representation of
this hyphenation is shown in Fig. 5.8 indicating sample preparation and sep-
aration parts clearly. Legendre et al. [88] described a chip-based online solid
phase extraction for DNA and polymerase chain reaction in NLC. The
amount injected was 600 nL of a blood sample. Xiao et al. [89] presented a
sample preparation method on PDMS /glass chip coupled to gas chromato-
graphy. The authors tested this assembly for analysis of ephedrine from aque-
ous solution and reported good reproducibility of extraction and analysis.

Stachowiak et al. [90] described a fully automated system for the detection
of an aerosolized bacterial biothreat agents, Bacillus subtilis, using a microflui-
dic sample preparation system chip coupled with gel electrophoresis.
Furthermore, the authors investigated reducing response time, multiple micro-
fluidic component modules, including aerosol collection via a commercially
available collector, concentration, thermochemical lysis, size exclusion
chromatography, and fluorescent labeling. Analysis can be completed within
10 min using this method. Soper et al. [91] reported a chip-based nanoreactor
coupled to NCE for analysis of oligonucleotides. The nanoreactor is made of
fused silica capillary tubes (10 to 20 cm X 20 to 50 pm i.d.) with fluid pump-
ing via electroosmotic flow. The chip integration comprises an injector,
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Figure 5.8 Schematic representation of a chip-based solid phase extraction-MEKC
device. (a) Layout of the entire device and (b) expanded view of the extraction region
of the device. The dotted lines represent the direction of fluid flow during extraction;
the solid lines signify flow during elution/injection (Narrow channels are ~55 pm
wide, column chamber is ~210 wm wide, with all channels ~15 wm deep.) [87].

separation channel (length 6 cm, width 30 pwm, depth 50 wm) and a dual fiber
optic, near-infrared fluorescence detector. Xu et al. [92] reported online super-
charging preconcentration of sodium dodecyl sulfate-protein complexes fol-
lowed by their separation by microchip gel electrophoresis.

Dahlin et al. [93] described a PDMS chip-based solid phase extraction-
nanocapillary electrophoresis-electrospray ionization-time-of-flight mass
spectrometry (SPE-NCE-ESI-TOF-MS) assembly for the analysis of a mixture
of six peptides. The chip was fabricated by molding PDMS in steel wires in a
mold. When removed the wires give 50 wm cylindrical channels. The fused
silica capillaries were inserted into the structure in a tight fit connection and
the inner walls of the capillaries and the PDMS microchip channels were
modified with a positively charged polymer (PolyE-323). Tuomikoski et al.
[94] integrated a chip-based SPE coupled to NCE by fabricating multiple
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layers of SU-8 polymer. The nano-SPE-NCE device has a fluid reservoir of
15:1 high aspect ratio pillars with an electrophoresis channel 25 mm long.
The authors simulated the device with Femlab software and fluorescein was
used as the detecting analyte for the operational performance of the chip.
Huang et al. [95] developed online isotachophoretic preconcentration
coupled to gel electrophoresis for separation of sodium dodecyl sulfate-
proteins on a microchip. The schematic representation of this unit is
shown in Fig. 5.9, which shows different parts of this device. Similarly,
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Figure 5.9 Schematic representation of ITP-GE procedure on a microfluidic
device. S: sample, SW: sample waste, B: background electrolyte, L: leading electro-
lyte, T: terminating electrolyte. (1) B and T loading; (2) S and L injection—S at
ground, SW at high voltage; (3) stacking—T at ground, B (well 6) at high voltage;
(4) separation—B (well 5) at ground, B at high voltage [95].
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Mohamadi et al. [96] reported online preconcentration of human serum
albumin (HSA) and its immunocomplex with a monoclonal antibody
on-chip coupled to isotachophoresis. The sample injection, preconcentration,
and separation were carried out continuously and controlled by a sequential
voltage switching program. Preconcentration was carried out with on-chip
nondenaturing gel electrophoresis in methylcellulose solution. Furthermore,
the authors applied this method for immunoassay of HSA. The separation of
HSA and its immunocomplex was achieved in 25 seconds in 1 cm of the
microchannel with induced fluorescence detection at 7.5 pM.

In the last few decades sample stacking was thought to be the best precon-
centration technique in capillary electrophoresis, which has been tested in
NCE [97]. Many modifications have been made in sample stacking, which
include field-amplified sample stacking (FASS) [98-100], large-volume
sample stacking (LVSS) [101,102], pH-mediated stacking [103,104], and
micellar electrokinetic chromatography (MEKC) stacking [105-107]. Some
reviews have been published on sample stacking techniques for a wide variety
of compounds [97,108-117]. Terabe and coworkers [118-120] developed
cation- and anion-selective exhaustive injection-sweeping-micellar electroki-
netic chromatography (CSEI-, ASEI-sweeping-MEKC) methods for increased
sensitivity and detection. Britz-McKibbin and colleagues [121,122] designed
an online focusing method, based on different mobilities of cationic analytes
between background electrolyte (BGE) and sample matrix, which is called a
velocity difference-induced focusing (V-DIF) method.

Gong et al. [123] reported online sample preconcentration using field-
amplified stacking injection in NCE. Pressure-driven flows into or from the
branch channels, due to bulk velocity, can be used for liquid transportation
in the channels. The detection sensitivity was improved by 94-, 108-, and
160-fold for fluorescein-5-isothiocyanate, fluorescein disodium, and 5-
carboxyfluorescein, respectively, relative to a traditional method. Similarly,
Zhang and Yin [124] developed a multi-T microchip integrated field-amplified
sample stacking (FASS) coupled with NCE. The authors reported a volumetri-
cally defined large sample plug was formed in one step within 5 seconds by
negative pressure in the headspace of two sealed sample waste reservoirs.
The authors reported precision in migration time and RSD as 3.3% and
1.3% for rhodamine123 (Rh123) and fluorescein sodium salt, respectively.
Schematic representation of the channel design of a multi-T microfluidic
chip and NCE system with negative-pressure, large-volume sample injection
is shown in Fig. 5.10. Jung et al. [125] designed, fabricated, and characterized
a novel field-amplified sample stacking (FASS)-NCE chip having photo-
initiated porous polymer for the analysis of fluorescein and bodipy.
Furthermore, the authors described 1000-fold signal increase during detection.
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Figure 5.10 Schematic representation of (a) channel design of the multi-T micro-
fluidic chip and (b) NCE with negative-pressure, large-volume sample injection.
SP, syringe pump; V, 3-way valve; HV, high-voltage power supply; T, T-shaped
connector [124].

This polymer material provided a region of high flow resistance, which
allowed electromigration of sample ions resulting in preconcentration.
Lichtenberg et al. [126] developed a microchip device for field amplification
stacking (FAS), which allowed the formation of comparatively long, volume-
trically defined sample plugs with a minimal NCE bias. The authors studied
fluidic effects, which arose from solutions with mismatched ionic strengths,
in chip-based electrokinetically. Furthermore, these authors developed a
new chip layout for full column stacking with subsequent sample matrix
removal by polarity switching.
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Figures 5.11 and 5.12 [97] describe the working principles of online FASS
and LVSS sample stacking methods. In FASS, the sample is prepared in a low
conductivity matrix, which is different from BGE. The analytes move due to a
proportionally greater electric field across the sample zone. Once the analytes
reach the boundaries between the sample zone and BGE, the electric field
strength suddenly drops causing poor migration, and resulting in focusing of
analytes near the boundaries. Finally all analytes move toward detection
window due to greater electroosmotic flow (EOF). In LVSS, experimental con-
ditions are the same except the electrode polarity with reversed EOF. The
sample is dissolved either in a low conductivity buffer or water. Samples
with high conductivity may be stacked by a pH-mediated technique in
which samples are prepared in a high ionic strength medium and electrokine-
tically injected into the capillary followed by the injection of strong acid elec-
trophoretically and high voltage. Sample preconcentration in MEKC can be
achieved in normal and reversed phase modes. The sample is dissolved in a

detector
EOF m—>> v
(a)
«—0O o
inlet (£) —8 S B— BGE © outlet
O—> O
(low-conductivity) (high-conductivity)
detector
EOF —> v

i |
® BGS ' g

)
stacking boundary

EOF m=—=5> detgctor

(c)
® BGE 4-* + - 0O

N— CzE>

Figure 5.11 Schematic diagrams of the FASS model. (a) Capillary conditioned
with a BGE, sample, injection and a high positive voltage, (b) focusing of analytes
near the boundaries between the sample zone and BGE, and (c) stacked analytes
separated [97].

BGE O
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Figure 5.12 Schematic diagrams of an LVSS model. (a) Capillary conditioned with
a BGE, sample injection, and a high positive voltage, (b) anionic analytes move
toward the detection end and stack at one side of the boundary, (c) electrophoretic
current carefully monitored reaching up to 95% to 99% of its original value, and
(d) separation of analytes [97].

low conductivity buffer or water and BGE contains SDS to form the micelles.
Sweeping sample stacking is an online sample concentration method for both
charged and neutral analytes. The sample concentration effect depends on the
pseudo-stationary phase, which sweeps the analytes. BGE contains a surfac-
tant (SDS) to form a micellar buffer and the samples are dissolved in a non-
micelle buffer. Normally, pH of the solution should be low to suppress EOF
as the method is independent of EOF. At completion of injection of the
sample solution, a negative polarity is applied to power NCE separation



(panunuo))
[ep1] 79-8'1 Tw/3u (0T uIABgoqry
[2p1] 0OvST—0L w/3u L T-1°0 SOPIOIqIOH
[191] 1 Tw/3u L] eNIO [JRUSP[IS
[op1] (A ui/3ugg—¢¢ SuIZeL],
l6€T] 009-0T1 w/3u ¢ sauowIoy Jue[d
OHN-Suroelg
[8¢T] 0T1-L6 w/3u(y—60 pIoe dnedeo[eq
parerpow-Hd
[LeT] — Tw/3u (S| uor dpruwrorg
loc1's¢T] 00€< s[ea9[ qdd suoruy
[ve1] S1-01 Wdz—¢0 sopndag
leeT] 08 Tw/3u9z-¢ SJUBIO[0D POO]
[zeT] or Tw/3ugz—¢ saroads orouayq
SSA'T
[1€1] 00L1 ui/3u 1> xa[dwoo 3§ ‘3H ‘qd
logT] 01~ w/3u O SAJI[OqeIaW UIOIOH
l62T1] 0001 w/3u60—-L0 profey
[sz1] 0001 u/Su Q| sprotdQ
SSVA
EN| Kouaroyyyg aol spunodwo)) onbruyogqy,
EOCNEEOOEOU

SPOYIIIAl SUDIR)S JUIIRJJI(] SuIs) uonenudUoNIJ jdwes 7's HTAVL

135



[9¢T] 09L-0L9 Tw/Su(°96'0-LF0 SVSN
(STl L9—6T Tw/3u (6510 sjouayd[Aye % v [ousydsig
[vS1l 09¢ Tw/Su 6l Jousydoro[yomn-9'4'g
[+ST1] (44! Tw/3u Q4 [ouaydiAIng-123-d
[esT] 69— 1t w/3u [7-6'9 sjouaydiAye % v [oudydsig
[zl — Tw/3u QUOISIS0100 KXOIPAH-L |
[zl — qw/3u (g 3U0IIS001I0)
[1s1-6%11 — Tw/Su (81 oprwedoid{Ayow-pN N proe d1819s4
[1S1-6¥1] — Tu/Suze SpIER[AYISIp PIoR OI31aSAT-0S]
[1s1-6%11 — Tw/Su (91 SPIWEIAYAIP Proe 13108
(811 00€T Tw/3u Q¢ QUOISISO0OIIO0IAXOIPAY-/ |
[81] 0002 Tw/Su Qg aUOISOINIO)
[L¥1] 00S1 Tw/3u (¢ [ONRIOASIY-SUD.
(911 — NU [ uIqnIouNnep 29 UIqnIoXoJ
(1] — INU Q0T —€S suaSonsyg
[ruen3o[o4o
2 ‘opruengiqiAuaydoroyo-1

[¥i1] — T /3u9z—01 ‘uengoiq
(8011 9ST—1¥S1 Tw/Sug6—L'1 SpIoIalS

Surdoomg

EN| Kouanoyyg aol spunodwo)) onbruyoay,

UONENUIOUO))
panunuoy TS A'I4V.L

136



‘Kydei3ojewoIyo
J1JOUDONII[A JB[[AITW ‘DA ‘Sunoess ojdwres awnjoA-931e] ‘SS AT cU01d)9p Jo Nl ‘qO] ‘Sunyorss ojdwes payrdwe-p[ey ‘SSV :SUONRIAIQQY

137

(<911
l611]
l611]
lev1]
(811
(811
[¥91]
[€91]
(8111
(2911
(1911
(0911
(0911
(0911

l6ST]
[8¢ST1]
[LST]
[LST]

000°001
008¢
OSTI

00ST
00¢I
000¢
000°C1
000°0SS

008¢
08¢
0¢

(0[0) B 49
0T1-0¢
009—-06¢
0LE-0LC

1dd 001

1dd 08-09
Tu/3uz1-80
w/3d 8¢
Tw/3u 'y
w/3u (g
Tu/3uQ 1-6L0°0
Wdd 10
Wddog—1v
ui/Su (Il
Tw/3u ('S
ui/Su(g—¢
Tw/3u( gy

Tw/3u('§T—61
Tu/3u(SI-6
Tw/3u 0 1E~0
Tw/3u 0076

S9pI01qIaY JIpIoe AXOudyq

proe orojnsipaudreyiydeN
pIoe ourwe [Asueq
OPIWRAYISIP PIOk JIFIOSA
QUOI2IS0ONI00 AXOIPAH-L |
QUOILISOINI0))

jenbozudyip 29 jenbip ‘yenbereq
SQUIUE ONEWOTY
ourwe[Ayydeu-1 29 sursouepne |
suagonsg

SPIOI)SOO1LI0))

uruing)

ourumnb ‘voreydoueydoy
[ouoydiAyiow-¢

29 [ouayd[Ayie-4 ‘Jouaydoioyo-1

SoulZeLl],

proe orfarfes 2 proe orjoypydeN-g

SpI0I9)S



138 SAMPLE PREPARATION IN NANOCHROMATOGRAPHY

resulting in separation and good sensitivity. Zhong et al. [127] described a
microchip-based online SPE column for analysis of A-DNA. The authors
reported application of this unit by purifying PCR-amplifiable genomic
DNA from human hepatocellular carcinoma (HepG2) cells and human
whole blood samples. Furthermore, the authors presented more than 80%
recovery with 10% as RSD. The applications of these stacking methods for
different analytes are given in Table 5.2.

5.12. CONCLUSION

Sample preparation in NLC and NCE is the most important step in analysis due
to the nano nature of these modalities. The sampling should be carried out in
such a way as to avoid changes in the chemical composition of the sample. The
quantitative values of species depend on the strategy adopted in sample prep-
aration. Extraction recoveries may vary from one species to another and they
should, consequently, be assessed independently for each compound as well as
for the compounds together. Materials with an integral analyte, that is, bound
to the matrix in the same way as the unknown, which is preferably labeled
(radioactive labeling) would be necessary, which is called method validation.
As discussed above few papers described off- and online sample preparation
methods on microfluidic devices. Of course, online methods are superior
due to lower risk of contamination and error of methods. Not much work
been carried out on online nanosample preparation devices, which need
more research. Briefly, to get maximum extraction of analytes, sample prep-
aration should be handled very carefully.
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CHAPTER 6

NANO-HIGH PERFORMANCE LIQUID
CHROMATOGRAPHY

6.1. INTRODUCTION

Basically, high performance liquid chromatography (HPLC) is a modality of
liquid chromatography having high performance in separations. It is often
erroneously called high pressure liquid chromatography as it works at high
pressure of the mobile phase. HPLC has emerged as a technique of choice
in analytical science since 1980. It has been used widely for the analyses of
almost all classes of compounds, including organic and inorganic moieties.
A good reputation of HPLC is due to its high speed, sensitivity, reproduci-
bility, and wide range of applications. The development of a variety of
columns and coupling of various sample preparation units and detectors
make it a superb analytical technique. Moreover, the use of aqueous, nonaque-
ous, and organic mobile phases enhances its application greatly. Various
modifications have been made in HPLC from time to time, based on its work-
ing principles, including such techniques as normal phase, reversed phase, size
exclusion, gel permeation micellar electrokinetic and capillary electrochroma-
tography. Similarly, modifications in HPLC have been reported for the ana-
lyses of low amounts of sample or samples having poor concentration of
ingredients and these are termed conventional, micro-, and nano-HPLC.
Some aspects of analysis, such as instrumentation, sample preparation, and
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detection in nano-HPLC have already been discussed in earlier chapters; this
chapter is focused on the applications of nano-HPLC for different molecules.
Nano-HPLC is a popular technique in proteomics, pharmaceutical, and
environmental analyses due to the inherent characteristic of low sample
volumes or samples with poor ingredients. Some reviews have appeared in
the literature dealing with applications for nano-HPLC [1-8].

6.2. NANO-HPLC

Nowadays, an interest is growing in analyzing nano amounts of samples in the
shortest time and integrating both sample pretreatment and analytical separation,
which has been realized in nano-HPLC. Therefore, nano-HPLC is gaining
importance. Briefly, nano-HPLC is the latest trend in separation science globally.
This chapter discusses the state of the art of nano-HPLC analyses in biological
and environmental matrices. The use of precolumns is an important in nano-
HPLC due to the small size of the separation channel and to avoid blockage of
the channel. Reversed phase silica (C,, Cg, and C,g)-based microchips have
been used in nano-HPLC [9]. Glass, silicon, and plastic chips have been success-
fully applied in nano-HPLC. But there are some problems with this technique,
such as design of the chip, introduction of stationary phase into the narrow chan-
nels, and sealing of the microchannels. Monolithic silica (particle fixed, polymer
based and molecular imprinted) has also been used in nano-HPLC, which results
in good separation of a variety of molecules [10,11]. These were coated in
the inner surface of the channel; in sifu polymerization of continuous beds
[12—15]. Presently, some microfluidic nano-HPLC chips are being commercia-
lized integrating the column, connection, and nanospray emitters.

6.3. APPLICATIONS

Nano-HPLC has been used for the separation and identification of molecules
in different matrices such as proteomic, pharmaceutical, and environmental
sciences. Of course, sample preparation is the most important task prior to
nano-HPLC analysis, which has already been discussed in this book. The
applications of nano-HPLC in different matrices are discussed in the following
sections.

6.3.1. Nano-HPLC of Biological Matrices

Nano-HPLC can be used for the analysis of any compound in any sample of a
biological nature. The selection of the chip coating materials and mobile phase
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depends on the type of molecules to be analyzed. Applications of nano-HPLC
in biological samples are discussed in the following sections.

6.3.1.1. Proteomics Proteomics (peptide mapping, protein sequencing,
determination of post-translational modification of proteins) is one of the
newly emerged areas in which nano-HPLC is a very useful technique because
of the low amounts of proteins present in living systems. nano-HPLC has
emerged as one of the useful tools in proteomics. Some workers have used
this modality of liquid chromatography in proteomics study; some of them
are discussed here. Licklider et al. [16] developed a chip-based liquid chrom-
atography and mass spectrometry electrospray source on a silicon chip and
used it for automated MS/MS analysis of a mixture of tryptic peptides. The
authors advocated an efficient electrospray interface to mass spectrometry
on-chip structures. Ivanov et al. [17] used 20 wm i.d. polymeric polystyrene
divinylbenzene (PS-DVB) monolithic chip columns for analysis of tryptic
digest peptide mixtures with high sensitivity. Mao et al. [18] described
lectin affinity chromatography on a miniaturized microfluidic device with a
lectin affinity monolith column prepared in the microchannel of a microfluidic
chip. Three glycoproteins, turkey ovalbumin, chicken ovalbumin, and ovomu-
coid were separated successfully by lectin affinity chromatography. This inte-
grated system reduces running time from 4 hours to 400 seconds. The detection
limit achieved was in the picogram range.

Song et al. [19] described determination of neurotransmitter histamine in rat
brain tissues by Nano-HPLC-MS. The separation channel was 75 um id
packed with C;g particles of 5 wm size. The mobile phase used was water,
acetonitrile, formic acid with 1-heptanesulfonic acid as ion-pairing reagent.
Bedair and El Rassi [20] used nano-HPLC for the analyses of glycoproteins
and glycans including their isolation and pre-concentration from diluted
samples. Okanda and El Rassi [21] reported separation and identification of
glycoproteins using nano-HPLC microdevices. Yin et al. [22] reported separ-
ation of bovine serum albumin (BSA) proteins by nano-HPLC-MS. Generally,
two-dimensional nano-HPLC was commonly performed using ion exchange
chromatography to create fractions of peptides, followed by reversed phase
chromatographic analysis of each of these fractions. It is important to mention
that special precautions should be taken to keep separated components in the
first column [23,24].

Ghitun et al. [25] used nano-HPLC for the analysis of complex protein
digests by integrating a 30 nL precolumn (trap) and a 10 wm i.d. nano-
electrospray emitter coupled with a TOF-MS. The separation channel was of
45 % 0.075 x 0.050 mm dimension packed with either Zorbax C;g or C; of
2.1, 3.5, or 5 pm particle sizes. The complexity of the samples and dynamic
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range of the peptide abundance was overcome by adopting two-dimensional
nano-HPLC methods. Huang et al. [26] described a label-free nano-HPLC-
MS to investigate the proteomic profile of cerebrospinal fluid (CSF) by addres-
sing quality control, sample replication steps, and the adaptation of pattern
recognition methods for the detection of experimental variation and (most
importantly) putative biomarkers. The authors tested 20 CSF samples
(10 samples from healthy volunteers and 10 from patients with schizophrenia).
Yue et al. [27] described immobilized metal affinity chromatography (IMAC)
on an integrated glass microchannel for the analyses of phosphopeptide frag-
ments from [(3-casein in peptide mixtures.

Wang et al. [28] described protein analyses of serum samples from
99 ovarian cancer patients, 87 healthy volunteers, and 21 patients with other
ovarian diseases by using metal affinity chromatography protein chip
IMAC3 and cation exchange protein chip WCX2. The detection was achieved
by time-of-flight mass spectrometry. Ishida et al. [29] described a microchip
for reversed phase nano-HPLC using porous monolithic silica with a double
T-shaped injector and an approximately 40 cm serpentine separation channel.
Octadecyl modified monolithic silica was coated in the channel using the
sol gel process. The authors also studied the effect of geometry of turn
sections on band dispersion under pressure-driven flow. The separation
efficiencies of 15,000 to 18,000 plates/m for catechins were reported in
this work. This system was used to analyze catechins by using methanol-
water (3:2, v/v) and 0.02 molar phosphate buffer (pH 2.0) at 300 nL/min
flow rate.

Srbek et al. [30] used nano-HPLC-ESI-MS for the separation and identifi-
cation of some biological protein mixtures in rice seed protein sample.
The authors used a 1100 capillary pump of Agilent Technologies with
4 pL/min as flow rate of 0.1% formic acid for sample preconcentration on
chip. Furthermore, a 1100 nano-HPLC pump (Agilent Technologies) with
300 nL/min. flow rate of water-acetonitrile with 0.1% formic acid was
used as mobile phase for separation and identification of protein samples.
Nano-chromatographic separations of mixtures of rice, lentil, and human
nail proteins are shown in Fig. 6.1. Gaspari et al. [31] described protein identi-
fication at the nanogram level using a nano-HPLC-MS system. The
authors used an off-line two-step sample clean up subsequent to a protein
digestion method and the purified samples were loaded onto a nano-HPLC-
MS device. The mobile phase used was water-acetonitrile-trifluoroacetic
acid (97.95:2:0.05, v/v/v). The selected ion chromatogram of BSA ions
is shown in Fig. 6.2 indicating a good resolution of components. Lanckmans
et al. [32] determined extracellular concentration of angiotensin IV (Ang IV)
peptide in rat brain by using nano-HPLC-MS-MS and the detection limit



6.3. APPLICATIONS 149

Intens.

x4 5| (a) BPC 300 — 1800 + All MS
64
44
%] JLﬁr
st A
6
x10 (b) BPC 300 — 1800 + All MS
6
4 4
24
10 0 A Wﬁ*wmll._h L™, .-_N\ a £
61
(©) EIC 756.86 + All MS
2.01
1.5
1.0
051
10o.o6 L e Pl
X
1 (d) EIC 929.59 + All MS
1.0
0.84
0.6
0.4
0.24
0.0 4 ok
X107 1 BPC 300 - 1800 + All MS
(e)
1.5]
1.0
0.03 me
o0 ...........“JJ.““.J\'F&‘:‘".’“. »J\I\AL_./‘\._
5 10 15 20 25 Time (min)

Figure 6.1 The base peak chromatograms of mixtures of rice, lentil, and human nail
proteins containing 4.0 (A), 40 (B), and 320 ng (E) of each sample [30].

obtained was 50 pM. The mobile phase used was water-acetonitrile-formic acid
(98:2:0.1v/v/v) at 300nL/min flow rate. The authors also advocated
nano-HPLC-MS-MS for the determination of met-enkephalin and neurotensin
in dialysates from rat.

Vollmer et al. [33] studied human nucleolus proteome using off-line strong
cation exchange chromatography and microfraction collection combined with
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Figure 6.2 The chromatogram of ions at m/z 449.8 (BSA), 653.4 (BSA,), 820.5

(BSAj3), 710.4 (BSA,), 751.9 Myo,), 692.9 (Cas;) belonging to bovine serum albu-

min, myoglobin, and a-casein digests (5 ng each) [31].

nano-HPLC-MS. The authors reported 206 unique proteins were identified in
the International Protein Index human database corresponding to 2,024
unique tryptic peptides. Staes et al. [34] described a special type of nano-
HPLC holding larger enrichment columns for gel-free proteome studies. A
tryptic digest of a human T-cell proteome was fractionated by strong cation
exchange chromatography and selected fractions were analyzed by MS/MS
on an IT mass spectrometer using nano-HPLC-MS-MS. The authors reported
their nano-HPLC-MS-MS system capable of separating very complex peptide
mixtures. Hardouin et al. [35] described nano-HPLC-MS for analyses of pro-
teins obtained from two-dimensional gel electrophoresis or chromatography.
The retention times and m/z were found to be reproducible for identifying
peptide sequences without ambiguity. It has been advocated by the authors
that the device is a valuable tool in biomarker discovery programs, particu-
larly for identifying low-abundance proteins. Furthermore, the same group
[36] described a nano-HPLC device interfaced to an MS-MS detector for
identification of autoantigens. The authors described this system as highly
reproducible and efficient. Li et al. [37] reported an integrated and modular
microsystem for rapid analyses of trace-level tryptic digests for proteomics
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applications. This microsystem included an autosampler, a large channel (2.4
L total volume) and separation channels, together with a low dead volume
enabling the interface to nanoelectrospray mass spectrometry. The separation
channel contained C;g reversed phase silica packing. The authors reported
the separation of peptides and tryptic digests with a throughput of up to 12
samples per hour with a detection limit of 5 nM.

6.3.1.2. Drugs Development and Design Nano-HPLC has been used
for both drug discovery and development programs by studying drug degra-
dation, metabolism, and quality control [38]. Wistuba and Schurig [39] and
Lanckmans et al. [40] used nano-HPLC for quantitative analysis of oxcarba-
zepine and its active metabolite 10,11-dihydro-10-hydroxycarbamazepine
with internal standard of 2-methyl-5H-dibenz(b,f)azepine-5-carboxamide in
rat brain microdialysates. Chmela et al. [41] developed a miniaturized hydro-
dynamic chromatography chip (1 pm deep and 1000 wm wide, integrated with
a 300 pL injector on a silicon substrate) and tested for the separation of fluor-
escent nanospheres, macromolecules, synthetic polymers, biopolymers, and
particles. The authors reported this system as fast, efficient, and low solvent
consumption. The silicon microtechnology provided precisely defined geome-
try, high rigidity, and compatibility with organic solvents or high temperature.
The separations obtained in 3.0 minutes showed high performance of the
device. Furthermore, the same group [42] designed a planar chip with a
1 pm high, 0.5 mm wide, and 69 mm long channel having an integrated 150
pL injection structure and a 30 pwm deep and 30 pm wide detection cell, suit-
able for UV absorption detection. The authors reported a hydrodynamic sep-
aration within 70 seconds of several synthetic polymers, biopolymers, and
particles. Song et al. [19] reported the analysis of neurotransmitter histamine
in alcoholic beverages by nano-HPLC-MS.

Shih et al. [43] described integrated microelectromechanical system
(MEMS)-HPLC consisting of a parylene HPLC column, an electrochemical
sensor, a resistive heater, and a thermal-isolation structure for separation of
a mixture of derivatized amino acids. The separation column was 8 mm
long, 100 pm wide, 25 wm high, packed with 5 wm C;g coated beads. The
authors used a temperature gradient scanning from 25°C to 65°C with a rise
rate of 3.6°C per minute. Fanali et al. [44] used nano-LC-MS for the analysis
of nadolol, oxprenolol, alprenolol, and propranolol using terbutaline as the
internal standard. The authors used C,g as stationary phase of 5 wm particle
size packed in a 75 pwm i.d. capillary connected to a MS via a sheath-liquid
interface or a sheathless nanospray interface. The mobile phase used was
500 mM ammonium acetate (pH 4.5)-water-methanol (1:8:91, v/v) and
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analysis was completed in less than 10 minutes with 0.1 ng/mL limit of
detection. The method was used for analysis of oxprenolol in pharmaceutical
preparations. Fuentes and Woolley [45] described electrolysis-based micro-
pumps integrated microfluidic channels in micromachined glass substrates.
The authors developed a stationary phase by coating the microchannel with
10% (w/w) chlorodimethyloctadecylsilane in toluene. The authors also
reported a chip electrochemical pumping enabled the loading of picoliter
samples with no dead volume between injection and separation. The mobile
phase used was acetonitrile-50 mM acetate buffer (pH 5.45) (70:30, v/v)
for the separation of three fluorescently labeled amino acids in 40 seconds
with an efficiency of 3000 theoretical plates in a 2.5 cm long channel.
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Figure 6.3 The chromatograms of a mixture of 0.5 wm MFITC-derivatized amino
acids in a 2.5cm x 100 pm x 5 wm LC microchip column. (A) Aspartic acid, (B)
glycine, and (C) phenylalanine; mobile phase: acetonitrile-50 mM acetate (pH 5.45)
(70:30, v/v) [45].
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Figure 6.4 ESI-MS-MS spectrum of metformin [46].

The chromatographic separation of a mixture of 0.5 wm fluorescein-5-isothio-
cyanate (FITC)-derivatized amino acids on a 2.5 cm X100 pm X5 pm LC
microchip column is shown in Fig. 6.3, indicating a sharp resolution within
40 seconds.

Lu and Feng [46] described a nano-HPLC method with tandem mass spec-
trometry (nano-HPLC-MS-MS) for the determination of basic compounds
(biguanides, metformin, and phenformin) in plasma. The authors reported
plasma handling by deproteination and acidification with heptafluorobutyric
acid (HFBA). The resulting supernatant was injected onto a nano-HPLC-
MS-MS system. The chromatographic conditions were C;g column with
methanol-40 mM aqueous HFBA (75:25, v/v) as mobile phase at a flow
rate of 800 nL/min. The nano-HPLC-MS-MS chromatograms of metformin
and phenformin are shown in Fig. 6.4 and Fig. 6.5, respectively, indicating
good separation in short analysis times. Furthermore, the authors studied the
influence of methanol concentrations (varied from 40% to 80%) in mobile
phase on the retention time of these molecules (Fig. 6.6). The authors demon-
strated the separation efficiency of 1.0cm columns with different inner
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Figure 6.5 ESI-MS-MS spectrum of phenformin [46].
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diameters (75, 100, and 150 wm) by taking metformin and phenformin
(1 mg/mL) as model compounds. It was found that the retention times of met-
formin were almost the same for columns with 75 and 100 wm inner diameters
(Fig. 6.6a). But for 150 wm inner diameter the retention time of metformin was
increased, as the aqueous content of the mobile phase was up to 50%
(Fig. 6.6b). Furthermore, the authors observed that the retention time of phen-
formin increased as the aqueous content of the mobile phase was up to 50%
(Fig. 6.6a) for 75 and 100 wm inner diameter columns. But for a column of
150 wm inner diameter, the maximum retention observed was below 30%

(a)
10 1
. —@— Met-100
=
£ 87 —m- Phe-100
[0]
E —&— Met-75
'_
c | N —+— Phe-75
S
£ 4 b
2 ’:&h
[0]
o
0 T ) kd
30 50 70 90
X % Methanol
(b) 10
—e— Met-150
= A —a— Phe-150
E - \
(0]
£ \
< X
5
T 49 \\
@
o .
[ o T EE——-
0 . r v
30 50 70 90

X % Methanol

Figure 6.6 Effect of methanol concentration in the mobile phase on the retention
time of metformin and phenformin using varied concentrations of methanol with
40 mM HFBA [46].
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methanol for phenformin (Fig. 6.6b). The authors have explained this behavior
as due to more abundant stationary phase in the 150 pm inner diameter column
in comparison to 75 and 100 wm inner diameter columns and, hence, the
former retained these molecules for longer. In addition, the authors also
gave the explanation for this sort of chromatographic retention based on the
more hydrophilic nature of metformin than phenformin with poor retaining
of the former molecule in hydrophobic columns.

6.3.1.3. Environmental Analysis During the last few years interest in
nano-HPLC for use in environmental samples has grown due to the presence
of low amounts of pollutants in these samples. Nano-HPLC is an important
tool in environmental monitoring in industrial areas where many assays
must be performed to ensure health and public safety. There is very little in
the literature in the application of nano-HPLC in environmental analysis
[47]. Cappiello et al. [48] used nano-HPLC coupled to MS for the analyses
of pesticides, nitro-polynuclear aromatic hydrocarbons (PAHs), and hormones
(19-nortestosterone, testosterone, 17-methyltestosterone, diethylstilbestrol,
and medroxyprogesterone acetate). The authors used a double split generator
and achieved low limits of detections. Song et al. [19] developed a nano-
HPLC-MS method for the analysis of neurotransmitter histamine in water
with 0.1 ng/mL as the limit of detection. The same group [49] reported the
analyses of about 29 endocrine disrupting compounds, including PAHs,
phenols, and pesticides, by nano-HPLC-MS on a C;g column of 75 pm i.d.
in marine water. The limit of detection reported by these workers was between
0.4 and 118.7 ng/L. The authors analyzed 20 marine samples and only in two
of them two were of the 29 compounds (bisphenol A and 4-n-nonylphenol)
identified and quantified.

Clicq et al. [50] developed a silicon etched, flat-rectangular nano-
channel for the acceleration of coumarin dyes (coumarin C440, CAS No.
26093-31-2, and coumarin C450, CAS No. 26078-21-1) in less than 50
milliseconds. The authors reported 106 plates/meter as theoretical plate
of the chip. The mobile phase used was a 40% (v/v) mixture of methanol
in purified water. The authors reported that the retention factor was nearly
independent of the flow velocity as shown in Fig. 6.7, indicating a variation
in retention factor (k) for coumarin 440 (first peak) and 450 (second peak)
with the mobile phase velocity. He [51] used isocratic anion-exchange ion
chromatography on-chip (8§ mm long, 100 pm wide, and 25 wm high)
having PS-DVB resins for separation of fluoride, chloride, nitride, bromide,
nitrate, phosphate, and sulfate. The mobile phase used was 1.7 mM sodium
bicarbonate-1.8 mM sodium carbonate solution with 0.2 L /min flow rate.
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Figure 6.7 Relationship between retention factor (k) and mobile phase velocity (u)
for coumarin C440, CAS No. 26093-31-2, and coumarin C450 [50].

All the ions studied were successfully separated and the chromatogram was
obtained with the on-chip conductivity detector (Fig. 6.8). The peaks were
sharp due to the small column dimensions and minimized dead volume of
the integrated system and separation occurred within 90 seconds. Other
important applications of nano-HPLC are summarized in Table 6.1.
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Figure 6.8 Chromatogram of seven anions using on-chip ion chromatography,
mobile phase: 1.7 mM sodium bicarbonate and 1.8 mM sodium carbonate with con-

ductivity detection [51].
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6.6. CONCLUSION 161
6.4. OPTIMIZATION OF SEPARATIONS IN NANO-HPLC

The optimization of any chromatography modality is the most important
aspect in separation science. First of all the selection of the chip-based col-
umns is important followed by its coating materials. Few materials have
been used, including reversed phase silicas and glasses but the best separation
was achieved on former adsorbent. The composition of the mobile phase, its
pH, temperature, amount injected, and detection are the most important factors
in getting the best separations. There is no need for special attention in optim-
ization of experimental conditions in nano-HPLC but the methods are similar
to those adopted in conventional HPLC. Interested readers should consult our
earlier books on this issue [52-54].

6.5. TROUBLESHOOTING IN NANO-HPLC

Nano-HPLC is a very sensitive instrument and needs careful operation
especially in sample and mobile phase preparation. The presence of even sub-
microscopic solids in a sample may clog the chip column. The flow rate and
high pressure on the column often lead to the destruction of the column.
Sometimes, overloading may create a problem in separation and require a
long time to overcome. A precolumn is always useful to improve the perform-
ance of a nano-HPLC system. Not much is known about troubleshooting of
chip-based nano-HPLC as the technique is recently developed and more
research still underway. These problems may be overcome by proper handling
of sample and mobile phase preparation. Besides, a long blank run may get rid
of the column saturation. Briefly, nano-HPLC needs a patient scientist for
getting effective, efficient, and reproducible results.

6.6. CONCLUSION

Nano-HPLC is a new development in liquid chromatography and is useful in
proteomic and genomic research. Besides, it has a good scope in drugs devel-
opment and design especially in determining in vivo pharmacodynamics and
kinetics of drugs. The operation of this system is quite difficult as a minute
error may change the results due to nanoscale analyses. All the analytical
data of nano-HPLC should be integrated by calculating errors, standard devi-
ation, correlation coefficients, and confidence levels. Briefly, nano-HPLC has
a bright future as it will emerge as an efficient analytical method of choice in
the present century.
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CHAPTER 7

NANOCAPILLARY
ELECTROCHROMATOGRAPHY AND
NANOMICELLAR ELECTROKINETIC
CHROMATOGRAPHY

7.1. INTRODUCTION

In addition to HPLC, microchips have also been used in other modalities of
liquid chromatography, including capillary electrochromatography and micel-
lar electrokinetic chromatography. Many workers have attempted to achieve
nano separations at high speed of different molecules with high efficiency,
reproducibility, and low detection limits. The state of the art of separation in
these modalities is discussed in this chapter, with special emphasis on their
applications, optimization, and mechanisms of separation.

7.2. NANOCAPILLARY ELECTROCHROMATOGRAPHY

Basically, capillary electrochromatography (CEC) is a hybrid technique of
HPLC and CE [1-3], which was developed in 1974 by Pretorius et al. [4].
CEC is expected to combine high peak efficiency, which is a characteristic
of electrically driven separations, with high separation selectivity. As is
the case for electrophoresis, a voltage is applied across the separation
plateform and sample moves via electroosmotic flow (EOF). However, in
analogy to liquid chromatography, the separation device contains a solid

Nanochromatography and Nanocapillary Electrophoresis. By Ali, Aboul-Enein, and Gupta
Copyright © 2009 John Wiley & Sons, Inc.
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stationary phase providing the medium for solute interactions. Therefore,
electrochromatographic separations are achieved as a result of differences in
both electrophoretic mobility and specific interactions. Normal CEC exper-
iments are carried out on wall coated open tubular capillaries or capillaries
packed with particulate or monolithic silica or other inorganic materials as
well as organic polymers. CEC uses a long capillary as the separation platform,
which, recently, has been replaced by a small capillary on a microchip. This
works with all experimental conditions at nanolevels, that is, amount injected,
flow rate, detection, etc. Therefore, in this book we term CEC, with a capillary
on a microchip, nanocapillary electrochromatography (NCEC).

NCEC is emerging as an attractive alternative to nanocapillary electrophor-
esis (NCE) and nanoliquid chromatography (NLC) due to the relative ease
with which it can be miniaturized into a microfluidic chip format. In NCE, sep-
aration is achieved by applying an electric field and, since fluid flow is driven
by EOF, the separation device does not need pumps or valves. Besides, the flat
flow profile generated by EOF minimizes dispersion of analyte bands during
their passage through the stationary phase, allowing very high plate counts to
be achieved. Since EOF is largely independent of channel or particle size, both
small size beads or monolithic stationary phases with very small pores can be
used, facilitating solute mass transfer without generating large pressure drops
as is the case for NLC. In 1994 Jacobson et al. [5] published the first paper on
NCEC and since then it has gained much importance in the nano world of
analytical science. As discussed above, NCEC has been used for the separation
of a variety of compounds and some reviews [6—19] have also been published
in this area. In these reviews, NCEC has been discussed in terms of fabrication
of the channel, coating of stationary phases, advantages and disadvantages,
optimization, detector hyphenation, and applications. The state of the art of
NCEC separations is discussed in the following sections.

7.2.1 Biological Samples

NCEC is supposed to be the best analytical technique in proteomic, genomic,
and drug development programs due to its inherent character of nano nature.
Normally, amounts of samples in these disciplines are in nanoliters, which
need this sort of device. Therefore, this modality of liquid chromatography
has been used for the separation and identification of various molecules in
different biological matrices.

Ceriotti and Verpoorte [20] integrated a fritless column for NCEC with con-
ventional stationary phases, which was used for the separation of fluorescein
isothiocyanate (FITC)-labeled amino acids. The chips were fabricated in
poly(dimethylsiloxane) using deep-reactive-ion-etched silicon masters. The
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Figure 7.1 Chip layout for fritless NCEC in PDMS consisting of two side channels
entering into the main channel to form slanted T intersections [20].

microchannel was coated with 3 pm octadecylsilanized silica microspheres,
which were stabilized by a thermal treatment. The stability and quality were
evaluated using in-column indirect fluorescence detection. The effects of vol-
tage on EOF and on efficiency were investigated. The layout of the structures
used by these authors is shown in Fig. 7.1, which represents an injection
element consisting of two 16 pm wide channels entering into the main straight
channel to form two offset, slanted T junctions. The separation channel
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Figure 7.2 Electropherogram of a mixture of FITC-labeled amino acids, achieved in
an oxidized PDMS/glass device [20].
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included a gradual tapering at the top of the separation column just below the
intersection. The authors used the CleWin (Delta Mask, Enschede, The
Netherlands) program for the design of the layout. An electropherogram of
a mixture of 10 pwm FITC-labeled amino acids, achieved on an oxidized
PDMS /glass device, is shown in Fig. 7.2, with a 100 mM Tris-20 mM boric
acid buffer (pH 9). Furthermore, the authors attempted to optimize the separ-
ation. Figure 7.3 indicates a linear relationship between field strength and
linear velocity.

Park et al. [21] developed nanocapillary electrochromatographic separations
of FITC derivatized amino acids. Because of a large surface area to volume ratio
of the silica packing, reproducible control of EOF was observed without leveling
of the solutions in the reservoirs. The chromatogram of the FITC-derivatized
amino acid mixture is shown in Fig. 7.4 on 2.5 mm channel cross with 20
mM Na,B40O, running buffer (pH 9.2), and 200 V/cm as applied voltage.
Furthermore, these authors studied the effect of channel length sampling and
the results obtained are shown in Fig. 7.5. It may be seen from this figure that
the separation was poor at 2 mm and severe band broadening occurred at 3
mm. As a result 2 mm from the channel cross was the best sampling condition.

Faure et al. [22] described nanoelectrochromatography on poly(dimethyl)-
siloxane microchips using organic monolithic stationary phases for analysis of
derivatized catecholamines. Surface modification of the PDMS material was
carried out by UV-mediated graft polymerization. The efficiency of the unit
was ascertained by measuring theoretical plates, which were 200,000 per
meter. Furthermore, the authors optimized the separation by using pinched
and electrokinetic modes at different applied potential of 1.0kV/cm
(Fig. 7.6) and 30kV/cm (Fig. 7.7) for the pinched and electrokinetic

Linear Velocity (mm/s)

L] |
200 400 600
E (V/cm)

Figure 7.3 Plot of mobile phase linear velocity versus applied electric field
strength [20].
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Figure 7.4 Chromatogram of FITC-derivatized amino acid mixture. A, arginine; F,
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Figure 7.5 Effect of detection position (A) 1, (B) 2, and (C) 3 mm from the channel
cross [21].
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Figure 7.6 Electrochromatogram of noradrenaline and dopamine, respectively.
Pinched injection for 50 seconds (S 1 kV; SW ground; B and BW 0.6 kV) [22].

modes, respectively. The buffer used was 40% sodium phosphate (5 mM, pH
2.0) and 60% acetonitrile. A perusal of these figures indicates the best separ-
ation in Fig. 7.7.

Slentz et al. [23] described nanocapillary electrochromatography on collo-
cated monolithic support structures (COMOSS) molded in PDMS. The
authors fabricated a chromatographic channel by molding COMOSS directly.
In addition, the ability to separate biological samples such as peptides from a
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Figure 7.7 Electrochromatograms of noradrenaline and dopamine, respectively.
Electrokinetic injection at 20kV/cm for 2 seconds followed by separation at
30kV/cm, L = 54 cm (total length of capillary), 1 = 40 cm (length of capillary up
to detector) [22].
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tryptic digest of FITC-labeled bovine serum albumin (FITC-BSA) was evalu-
ated. The separation efficiency was measured in terms of theoretical plates,
which were 4.0 x 10° plates /meter. Furthermore, the same group [24]
described the separation of FITC-labeled peptides (FITC—Gly—Phe—Glu—
Lys(FITC)-OH, FITC-Gly—Phe—Glu-Lys—OH, FITC and FITC-Gly—
Tyr—OH) on a C;g-AMPS modified PDMS COMOSS microchip.
Electrokinetic injection at 1000 V/cm for 0.25s were applied with mobile
phase 1.0 mM carbonate buffer (pH 9.0). The applied voltage was 3.0kV /cm
with fluorescence detection. The separation of these peptides was carried out
on various microchips grafted with various stationary phases: poly(vinylsulfonic
acid) (VSA), polyacrylic acid (PAA), and poly(styrenesulfonic acid (PS-SA) and
the best separation was achieved on a PS-SA coated chip (Fig. 7.8). The same
group [25] optimized the separations in NCEC by optimizing voltage for the
separation of rhodamine B on COMOSS chip using 1.0 mM sodium hydrogen
carbonate-potassium carbonate buffer (pH 9.0) as mobile phase.

Gottschlich et al. [26] described the separation of tetramethyl rhodamine
isothiocyanate (TRITC)-labeled tryptic peptides of 3-casein. The field strength
was 220 V/cm in the NCEC channel with 10 mM sodium borate with 30%
(v/v) acetonitrile as mobile phase. Throckmorton et al. [27] described the
separation of papain inhibitor, proctolin, opioid peptide (a-casein fragment
90-95), Ile-angiotensin III and angiotensin III on a porous polymer monolith

101
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Intensity

0 40 80 120
Time (s)

Figure 7.8 Effect of various stationary phases on the separation of FITC-labeled
peptides. VSA, poly(vinylsulfonic acid); PAA, polyacrylic acid; and PS-SA,
poly(styrenesulfonic acid) [24].
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filled microchip. The polymer was negatively charged lauryl acrylate mono-
lith, peptides were labeled with DNA, and fluorescence detection was used.
The background electrolyte (BGE) applied was acetonitrile-25 mM borate
(pH 8.2) containing 10 mM octanesulfonate (30:70) with 5.0kV/cm as
applied voltage. The chromatogram is shown in Fig. 7.9 indicating good
resolution of these molecules.

Lazar et al. [8] developed a microfabricated device for exploiting capillary
electrochromatography-mass spectrometry for testing analysis of protein
digests and the detection limit achieved was at fmol level. The injector oper-
ation was optimized for performing nonuniform EOF within the microfluidic
channels. The dimensions of one processing line were sufficiently small to
enable the integration of four- to eight-channel multiplexed structures on a
single substrate. Jindal and Cramer [28] described nanoelectrochromatography
using a sol gel immobilized stationary phase with UV absorbance detection for
separation of three peptides (Trp-Ala, Leu-Trp, and Trp-Trp) under isocratic
chromatographic conditions. Localization of the stationary phase was achieved
by immobilizing the stationary phase in the separation channel prior to bond-
ing of the cover plate. An optical fiber set up was developed for carrying out
on-chip UV absorbance detection. The effect of applied voltage on velocity
was evaluated using thiourea as an unretained marker. Furthermore, the
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Figure 7.9 Chromatogram of (1) papain inhibitor, (2) proctolin, (3) opioid
peptide (a-casein fragment 90-95), (4) Ile-angiotensin III, (5) angiotensin III, and
(6) GGG [27].
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Figure 7.10 Electrochromatogram of a mixture of thiourea and the peptides
Trp-Ala, Leu-Trp, and Trp-Trp using C, modified silica particles (5 wm, 300 A
pore size) immobilized in the sol gel [28].

effect of immobilization was also observed on the separation of these mol-
ecules. This is shown in Fig. 7.10 and Fig. 7.11 on C4 modified silica particles
(5 pm, 300 A pore size) immobilized in the sol-gel. These figures clearly indi-
cate that the best separation was achieved without any stationary in channel.
Besides, efforts were also made by these workers to optimize separations by
using 275 and 240 nm as wavelengths (Fig. 7.10 and Fig. 7.11) indicating a
low level of detection at 275 nm.
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Figure 7.11 Electrochromatogram of a mixture of thiourea and the peptides
Trp-Ala, Leu-Trp, and Trp-Trp without stationary phase [28].
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Galloway and Soper [29] used a poly-(methyl methacrylate) (PMMA) chip
in NCEC for carrying out the separation of two DNA fragments produced via
the polymerase chain reaction (PCR) of A-DNA. The DNA sizing ladder,
which contained six DNA fragments ranging in size from 100 to 2000 base
pairs, was separated nearly at the baseline, with an efficiency of the order of
10* plates for a 3 cm long column. Galloway et al. [30] used open channel
NCEC for the separation of a double stranded DNA ladder in plain and
PMMA-modified chips (C;g silica gel). The mobile phase used was 25%
acetonitrile and 75% aqueous phase containing 50 mM TEAA (ion pairing
agent, pH 7.4). The applied voltage was 100 V/cm with conductivity detec-
tion. Kutter et al. [31] described NCEC for the separation of coumarin 440,
coumarin 450, coumarin 460, and coumarin 480 using 10 mM borate buffer
(pH 8.4) with a linear gradient of acetonitrile from 29% to 50% within 5 s,
starting 1 s after injection. The NCEC separation of these coumarin derivatives
is shown in Fig. 7.12, indicating a baseline resolution of all species.
Furthermore, the authors studied the effect of amount of acetonitrile on the
separation of coumarin (Fig. 7.13) and it was observed that the best resolution
was with 29% acetonitrile.
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Figure 7.12 Chromatogram of the separation of coumarin derivatives [31].
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Figure 7.13 Effect of amount of acetonitrile on coumarin derivatives, (1) coumarin
440, (2) coumarin 450, (3) coumarin 460, and (4) coumarin 480 on 5.2 m; stationary
phase, octadecylsilane with mobile phase, 10 mM borate buffer (pH 8.4) with differ-
ent amounts of acetonitrile, (a) 15%, (b) 29%, and (c) 50% [31].

7.2.2 Environmental Samples

As in the case of biological samples, most pollutants are present at trace levels
in our environment. The analyses of such pollutants require nanoseparation
techniques and NCEC is a good choice in this area. Some workers have
attempted to analyze a few pollutants using this modality of liquid chromato-
graphy, which are summarized in the following paragraphs.
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Fintschenko et al. [32] described nanoelectrochromatography of polycyclic
aromatic hydrocarbons on an acrylate-based UV-initiated porous polymer
monolith. The authors discussed the photodefinability of the monolith cast
in the channels during the polymerization process. Furthermore, the chroma-
tographic performance of this device was compared with the chips completely
filled with monolith. Thirteen polycyclic aromatic hydrocarbons (PAHs) were
separated and detected by laser-induced fluorescence detection at 257 nm. It
has also been reported that minimum plate height was 5 um for early-,
middle-, and late-eluting compounds, with 200,000 as the average number
of theoretical plates per meter. A within-chip variability in the retention
time of 2% to 10% relative standard deviation (RSD) was reported and the
results demonstrated the feasibility and reliability of the device. Ericson
etal. [33] described fast NCE on C; porous polymer monolith chip for the sep-
aration of uracil, phenol, and benzyl alcohol. The BGE used was 5 mM sodium
phosphate (pH 7.4) containing 15% (v/v) acetonitrile with 2.4kV/cm as
applied voltage. The injection mode was electrokinetic at 100 V for 2 seconds.
The chromatograms of these compounds are shown in Fig. 7.14 indicating
good resolution.

Pumera et al. [34] used gold nanoparticle enhanced open channel NCEC
for the separation of p-aminophenol, o-aminophenol, and m-aminophenol
in a bare glass channel and polydiallyl dimethyl ammonium chloride
(PDADMAC) gold coated channel. The mobile phase used was acetate
buffer (20 mM, pH 5.0) with electrokinetic sample injection at 1.5kV/cm
for 3 seconds and 2.0kV/cm as separation voltage (Fig. 7.15). Broyles

0.0005 AU

0 10 20
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Figure 7.14 Chromatogram of (1) uracil, (2) phenol, and (3) benzyl alcohol on C;
porous polymer monolith coated chip [33].
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Figure 7.15 Chromatogram of the separation of (1) p-aminophenol, (2)
o-aminophenol, and (3) m-aminophenol, (A) without treatment and (B) after
PDADMAC gold coating chips [34].
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Figure 7.16 Chromatograms of the separation of (1) anthracene, (2) pyrene,
(3) 1,2-benzofluorene, and (4) benzo[a]pyrene in NCEC coated with octadecylsilane [35].
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et al. [35] reported the separation of anthracene, pyrene, 1,2-benzofluorene,
and benzo[a]pyrene in NCEC coated with octadecylsilane. The running
buffer was 10 mM Tris at 52% (v/v) acetonitrile, holding for 10 seconds
and then switching to 56% (v/v) acetonitrile (Fig. 7.16). The applied voltage
on channel was 500 V /cm. Furthermore, the authors optimized separation by
using a mobile phase program, that is, isocratic step gradient and linear gradi-
ent (Fig. 7.17). The best separation achieved was in step gradient mode. Wang
et al. [36] developed reversed phase NCEC by using octadecylsilane
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Figure 7.17 Effect of mobile phase program (a) isocratic, (b) step gradient, and
(c) linear gradient on the separation of (1) anthracene, (2) pyrene, (3) 1,2-benzofluor-
ene, and (4) benzo[a]pyrene [35].
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bonded silica particles for the separation of a mixture of thiourea, toluene,
naphthalene, fluorene, and anthracene. NCEC conditions were 50 cm x 250
pm id. (5 cm section packed with 3.0 wum ODS magnetic particles), with
mobile phase of 5 mM phosphate buffer (pH 8.0) containing 70% methanol.
The authors advocated that the magnetic attraction approach to fritless column
packing may be used for construction of advanced chip-based NCEC in com-
plex architectures comprising curved and intersecting channels.

7.2.3 Mechanism of Separation

NCEC works on the separation principle of conventional CEC. The chromato-
graphic and electrophoretic mechanisms work simultaneously in NCEC and
several combinations are possible. The separation occurs on the mobile
phase/stationary phase interface and the exchange kinetics between the
mobile and stationary phases are important. Basically, NCEC uses an electro-
endosmotically driven flow instead of a pressure-driven flow, to propel the
mobile phase through the column. Electroendosmotic flow is generated in
the electrical double layer at charged solid liquid interfaces. The separation
mechanism in NCEC is based primarily on differential interactions such as par-
tition between two phases, adsorption, van der Waal forces, steric hindrance,
etc. The charged analytes are also influenced by the electric field, resulting in
their differential migration. NCEC offers the same stationary phases with
different chromatographic properties and broad application range of retention
mechanisms and selectivities. The chromatographic band broadening mechan-
isms are quite different in individual mode. Sometimes low conductivity
buffers can also be employed to suppress zone broadening [37].

7.3. NANOMICELLAR ELECTROKINETIC
CHROMATOGRAPHY

Micellar electrokinetic chromatography (MEKC) is a modality of liquid
chromatography having a surfactant molecule in the form of a micelle,
which was introduced by Terabe et al. in 1984 [38]. The formation and separ-
ation occur in the capillary and, hence, it is also called micellar electrokinetic
capillary chromatography (MECC). This modality is useful for some specific
molecules having solubilities in micelles and, therefore, utilized for the separ-
ation and identification of such compounds with great efficiency, reproducibil-
ity, and low levels of detections. The most commonly used compounds for
micelle formation are sodium dodecyl sulfate (SDS), sodium tetradecyl
sulfate, sodium decanesulfonate, sodium N-lauryl-N-methyllaurate, sodium
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polyoxyethylene dodecyl ether sulfate, sodium N-dodecanoyl-L-valinate,
sodium cholate, sodium deoxycholate, sodium taurocholate, sodium tauro-
deoxycholate, potassium perfluoroheptanoate, dodecyltrimethylammonium
chloride, dodecyltrimethylammonium bromide, tetradecyltrimethylammo-
nium bromide, and cetyltrimethylammonium bromide. As in the case of
CEC, MEKC is also carried out in long capillaries, which has been replaced
by short capillaries on microchips. Again we call this sort of assembly nano-
micellar electrokinetic chromatography (NMEKC). Few reviews [39—41] have
been cited in the literature highlighting various aspects of NMEKC. Some
workers developed NMEKC methods for the separation and identification of
different compounds, which are discussed in the following sections along
with strategies for optimization.

7.3.1 Biological Samples

NMEKC has been used for analyses of some compounds in biological
samples, the most common of which are drugs and proteins. Some examples
are given below.

von Heeren et al. [42] described nanomicellar electrokinetic chromato-
graphy on a planar glass microchip with laser-induced fluorescence detection
for analysis of six FITC-labeled amino acids (Fig. 7.18). The mobile phase
used was 10mM Na,HPO,, and 6 mM Na,B,O; (pH 9.2) containing
75 mM SDS, with 3.3 nM as the detection limit. This method was also applied
in human urine and serum samples on an uncoated channel system for analysis
of theophylline. Furthermore, the authors studied the effect of applied voltage
(0.09, 1.07, 1.05, 1.03, and 1.01 kV/cm) on the separation of FITC-arginine
amino acid, which is shown in Fig. 7.19, indicating low limit of detection at
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Figure 7.18 Chromatograms of FITC-labeled amino acids [42].
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Figure 7.19 Effect of voltage on the height (limit of detection) of FITC-arg. amino
acid [42].

1.01 kV/cm. Culbertson et al. [43] optimized the separation of 19 TRITC-
labeled amino acids in a 10 mM sodium tetraborate-50 mM SDS buffer with
20% (v/v) methanol and 10% 2-propanol separately. The field strength was
770 V/cm, and the detection point was 11.87 cm from the injection cross.
The best separation was achieved with 20% methanol as the modifier with
quite good values of separation factors. Roman et al. [44] reported the separ-
ation of 6-carboxytetramethylrhodamine, succinimidyl ester-labeled amino
acids and BODIPY FL CASE (N-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-
diaza-s-indacene-3-propionyl) cysteic acid, succinimidyl ester)-labeled amino
acids. The mobile phase used was 10 mM sodium tetraborate and 20% aceto-
nitrile with 25 mM SDS and 650 V/cm as applied voltage. Suljak et al. [45]
described nanomicellar electrokinetic chromatography with electrochemical
detection for the separation of many cationic catecholamines, such as dopa-
mine, norepinephrine, and epinephrine. Furthermore, resolution was enhanced
by coupling small internal diameter (5 wm) sampling capillaries with sub-
micrometer internal height separation channels.
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Ceriotti et al. [46] described nanomicellar electrokinetic chromatography on
a microchip for the separation of low and high density lipoproteins (LDL and
HDL). The LDL peak showed a focusing effect and exhibited an apparent effi-
ciency of 2.2 x 107 plates /meter theoretical plates by using SDS as micelle
formation agent. Furthermore, it was reported that low concentration of SDS
did not significantly alter lipoprotein particle size; distribution within the
time course. Peak sharpening effect was observed only when SDS was
added slowly to the sample, probably due to a mobility gradient created
between sample and running buffer. Shadpour and Soper [47] reported two-
dimensional separation of a protein mixture on a PMMA microchip with 12
mM Tris-HC1 (0.4% w/v, 14 mM) containing 0.05% w/v SDS (pH 8.5),
with methylhydroxyethylcelullose (MHEC) as the dynamic EOF suppressor.
Roman et al. [44] described separation of AlexaFluor 488-labeled
Escherichia coli bacterial homogenates on PDMS chips. The mobile phase
used was 10 mM sodium tetraborate and 20% acetonitrile with 25 mM SDS.

7.3.2 Environmental Samples

Normally, NMEKC requires only small amounts of sample and mobile phase
and, hence, is capable of analyzing low amounts of samples with low limits of
detection. Therefore, it may be used to identify various pollutants, which are
present at trace levels. Some examples of NMEKC in environmental analyses
are discussed here.

Moore et al. [48] used NMEKC for the separation of three coumarin dyes
(coumarin 440, coumarin 450, and coumarin 460) on glass microchips.
The separation capillary was 16.5 cm long for a serpentine channel chip and
1.3 cm long for a straight channel chip. The mobile phase used was buffer
composed of 10 mM sodium borate (pH 9.1), 50 mM SDS, and 10% (v/v)
methanol with >400 V /cm as applied voltage. Detection of analyte zones
was accomplished by laser induced fluorescence detection (Fig. 7.20).
Ramsey and Collins [49] discussed design, fabrication, and autonomous oper-
ation of an integrated microfluidic device for solid phase extraction coupled to
NMEKC separation of rhodamine B at 60 fM detection limit. The authors used
porous plugs of polymethacrylate polymer for fabricating the microchannels.
A sample of dye was concentrated by SPE, eluted in a nonaqueous solvent
from a separate on-chip reservoir, and injected by a gated valve onto a separate
column for NMEKC analysis. The authors reported a completely automated
sequence of extraction, elution, injection, separation, and detection in less
than 5 min (Fig. 7.21). Roman et al. [44] reported a simple method for the
effective and rapid separation of hydrophobic molecules (rhodamine B) by
using NMEKC on PDMS. SDS served two critical roles, that is, it provided a
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Figure 7.20 Chromatogram of the separation of coumarin dyes (C440, C450, and
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Figure 7.21 Chromatograms of trace analysis of 100 pM rhodamine B [49].
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dynamic coating on the channel wall surfaces and formed a pseudo-stationary
chromatographic phase. The SDS coating generated an EOF of 7.1 x 10™*
em? Vo lgT! (1.6% RSD, n =5), and eliminated the absorption of thodamine
B into the bulk PDMS with experimental conditions as mentioned above.
Hilmi et al. [50] reported the electrochemical reduction of trinitrotoluene
(TNT), octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX), hexahydro-
1,3,5-trinitro-1,3,5-triazine (RDX), and 10 other explosives by NMEKC. The
mobile phase used was borate buffer (15 mM, pH 8.7) containing 25 mM
SDS with 20kV /cm as applied voltage. The detection mode was ampero-
metric and the reported method was also used to determine the explosive con-
tents of soil extracts and groundwater. Wallenborg and Bailey [51] described
separation and detection of explosives using NMEKC and indirect laser-
induced fluorescence. The detection set up used was in an epifluorescence
configuration with excitation provided by a near-IR diode laser operating at
750 nm. The explosives studied were trinitrobenzene (TNB), trinitrotoluene
TNT, dinitrobenzene (DNB), tetryl- and 2,4-dinitrotoluene (2,4-DNT).
Analysis was completed within 60 seconds and 60,000 theoretical plates per
meter were observed. The mobile phase used was borate buffer (50 mM, pH
8.5) having 50 mM SDS, with 4.0 kV /cm as separation voltage. The authors

4.0 3
fb
s ¢
8
2 3.84 10
TN
i) 3
k=
3 T
c
3
g 3.6+
o
>
i
4
3.4 2 5
1 6
1 1 ] L) 1 I
30 35 40 45 50 55
Time (s)

Figure 7.22 Chromatograms of (1) TNB, (2) DNB, (3) NB, (4) TNT, (5) tetryl, (6)
2,4-DNT, (7) 2,6-DNT, (8) 2-,3,4-NT, (9) 2-Am-4,6-DNT, and (10) 4-Am-2,6-DNT
after extraction from (a) unspiked soil, (b) 1.0 ppm, and (c) 5.0 ppm spiked soils [51].
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also reported the separation of two nitramines (HMX and RDX). Furthermore,
on-chip injection schemes were evaluated by the authors for increasing sensi-
tivity. A 250 wm double-T injector resulted in 35% increase in peak signal
compared to a straight-cross injector. Figure 7.22 represents NMEKC-indirect
laser-induced fluorescence (NMEKC-IDLIF) analysis of TNB, DNB, NB,
TNT, tetryl, 2,4-DNT, 2,6-DNT, 2-,3,4-NT, 2-Am-4,6-DNT and 4-Am-2,6-
DNT from extracts of blank soil and spiked with 1.0 and 5.0 ppm concen-
trations of each analyte. Wakida et al. [52] reported NMEKC separation of
4-nonylphenol, 4-(1,1,3,3-tetramethylbutyl)phenol, and bisphenol A in
water. The authors combined this with a UV detector and achieved analysis
within 15 seconds. The RSD values for peak height in 50 mg/L phenolic
chemicals were less than 8% except for bisphenol A (11.0%). The method
was used to analyze these pollutants in rivers, lakes, sea and ground waters.

7.3.3 Mechanisms of Separation

Basically, a surfactant is a molecule possessing two zones of different polarities,
which shows special characteristics in solution. A surfactant in nanomicellar
chromatography has a long chain hydrocarbon tail and charged head. The for-
mation of micelles occurs in aqueous mobile phase when the concentration of
the counterions exceeds a critical micelle concentration. Approximately 40 to
100 ions aggregate to form roughly spherical particles, with the hydrophobic
tail oriented towards the center and the polar head pointed towards the outside
of the micellar particle. Surfactants are divided into three categories, ionic (cat-
ionic and anionic), nonionic, and zwitterionic. The most important properties
of surfactants are their critical micellar concentration (CMC), aggregation
number, and Kraft point. CMC depends on temperature, salt concentration,
and buffer additives. The aggregation number indicates the number of surfactant
molecules taking part in micelle formation. The Kraft point is the temperature
above which the solubility of the surfactant increases steeply due to the formation
of micelles. The best surfactant for NMEKC possesses a good solubility in a
buffer solution, forming a homogeneous micellar solution that is compatible
with the detector and has a low viscosity.

Surfactant molecules containing long alkyl chain (hydrophobic group) and
charged or neutral head (polar group) aggregate in aqueous solutions above
their critical micellar concentration (CMC) and form micelles. These types
of aggregates are spherical in shape with polar and hydrophobic groups at
the outer and core regions, respectively. This micelle works as a pseudo-
stationary phase that possesses a self-mobility different to that of the surround-
ing aqueous phase. Accordingly, the micellar phase acts as the stationary phase
while the aqueous phase acts as the mobile phase in NMEKC. The distribution
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of species occurs between the micellar and aqueous phases. The solute and
micellar interactions are of three types: (1) the solute is adsorbed on the surface
of the micelle by electrostatic or dipole interactions, (2) the solute behaves as a
co-surfactant by participating in the formation of the micelle, and (3) the solute
is incorporated into the core of the micelle [53]. The extent of these inter-
actions depends on the analytes and the micelle. Highly polar species are
mainly adsorbed on the surface of the micelle and low polar solutes interact
at the core of the micelle. Basically, the micelle and buffer tend to move
towards the positive and negative ends, respectively. The movement of the
buffer is stronger than the micelle movement and as a result the micelle and
the buffers move toward the negative end. During separation of analytes, a
second phase is formed and analytes are solubilized into the micelle. The
species with different polarities are partitioned between the aqueous phase,
stationary phase, micellar hydrophobic phase, and micellar hydrophilic
phase and, hence, analytes are separated easily.

7.4. CONCLUSION

In spite of the wide range applications of NLC and NCE, NCEC and NMEKC are
being developed due to their special inherent characteristic features as
mentioned above, and required for specific purposes. The increase in number
of publications during the last decade supports these facts. These modalities of
liquid chromatography are still in development stages. Hopefully, these tech-
niques will be highly useful in the coming years in many areas of nanoscience.
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CHAPTER 8

NANOCAPILLARY ELECTROPHORESIS

8.1. INTRODUCTION

The idea of modern electrophoresis originated from the experiments of
Kohlrausch [1] on the migration of ions in an electrolyte solution. Later on
Arne Tiselius [2] separated protein mixtures by electrophoresis, which won
him the Nobel prize in 1948. The first capillary electrophoresis apparatus
was designed by Hjerten in 1967 [3] and the modern era of CE is considered
to have begun with the publications of Jorgenson and Lukacs [4—-6] describing
CE instrumentation. Although CE had been a topic of discussion among scien-
tists it gained recognition in 1989 during the First International Symposium on
High Performance Capillary Electrophoresis, held in Boston [7]. This meeting
attracted over 400 scientists to attend 100 presentations on the theory and prac-
tice of CE.

Initially, electrophoresis was performed in gel or other media in the form of
a bed, slab, rod, etc., but due to laborious multistage handling of supporting
media and nonreproducibility of the results the supporting medium was
replaced by a capillary and the technique was called capillary electrophoresis
(CE). More recently, the silica capillary was replaced by a microchip and the
technique is called microchip electrophoresis; we define it as nanocapillary
electrophoresis (NCE) as it deals with all aspects at nano or low levels of

Nanochromatography and Nanocapillary Electrophoresis. By Ali, Aboul-Enein, and Gupta
Copyright © 2009 John Wiley & Sons, Inc.
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quantitation. It has been realized that NCE is a versatile technique of high
speed, high sensitivity, and inexpensive running cost, which is an innovation
in separation science. During the last few years, NCE has been used for quali-
tative and quantitative separations in proteomics, genomics, drug develop-
ment, and design and environmental analyses at nano or low levels of
detection. Reviews have been published in the literature on NCE [8-22].
This chapter describes the state of the art of NCE for the separation and identi-
fication of different compounds. The topic includes optimization, applications,
and mechanism of separation.

8.2. OPTIMIZATION

As in the case of conventional CE, optimization is also the most important
aspect in NCE. Optimization is the first step in the development of a
method for any NCE analysis. The most important parameter to be controlled
is choice of buffer, including concentration and pH. Applied voltage and
amount of injection are also important for optimization. For the best separation
a moderate voltage is maintained in NCE using buffers as the background
electrolyte (BGE). The conductivity of the BGE should be higher than the con-
ductivity of the sample, which can be obtained by using buffers as the BGE.
Besides, buffers are useful to control pH of the BGE throughout the exper-
iments. Therefore, buffers are used as BGEs in most NCE applications. The
most commonly used buffers are phosphate, acetate, borate, ammonium
citrate, Tris, among others that are used with different concentrations and
pHs. The electrolyte identity and concentration must be chosen carefully for
optimum analysis.

The selection of the BGEs depends on their conductivity and the type of
species to be studied. The relative conductivities of different electrolytes
can be estimated from their condosities (defined as the concentration of
sodium chloride, which has the same electrical conductance as the substance
under study). Low UV absorbing components are required for the preparation
of the buffers, if the detection is carried out by UV detector. Most of the
applications of NCE are performed using techniques with MS hyphenation
and, hence, volatile components are required for high sensitivity and long
life of the machine. These conditions substantially limit the choice to a
moderate number of electrolytes. pH of the BGE is also another factor
that determines the choice of the buffers. For low pH buffers, phosphate and
citrate have commonly been used although the later absorb strongly at wave-
lengths <260 nm. Basic buffers such as borate, Tris, CAPS, etc., are used
as suitable BGEs.
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Fang et al. [23] described analyses of fluorescein isothiocyanate (FITC)
labeled amino acids, that is, arginine, phenylalanine, and glycine, in sodium
tetraborate buffer (pH 9.2) within 8 to 80 seconds (Fig. 8.1). The authors
optimized separations by varying sequential injection, buffer flow rate, and
voltage, as shown in Figs. 8.2, 8.3, and 8.4. A perusal of these figures indi-
cates a good separation at 80 pL injected volume, 1.0 mL/min flow rate, and
6.0kV/cm as applied potential. Wang and coworkers [24] described NCE
optimization of paraoxon, methyl parathion, fenitrothion, and ethyl para-
thion. The optimiziation was carried out using a MES buffer as BGE, a
72 mm long separation channel, and an applied voltage. The effects of sep-
aration voltage, running buffer, pH, and SDS concentrations are shown in
Figs. 8.5, 8.6, 8.7, and 8.8 respectively. These figures indicate the best
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Figure 8.1 Electropherograms of a mixture of three FITC-labeled amino acids at
(a) 25 and (b) 35 mm separation lengths [23].
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Figure 8.2 Effects of sequential injection sample volume on peak height and plate
height of FITC-labeled amino acids [23].

separations at 155 to 2500 V, MES buffer (20 mM, pH 5.0) with 10 mM SDS
concentration. The method was applied to spiked river water samples and the
implications for on-site environmental monitoring and rapid security screen-
ing/warning were discussed. Wang and Chatrathi [25] optimized a novel
NCE for the analyses of renal markers, that is, creatine, creatinine, p-amino-
hippuric acid, and uric acid, in urine samples. The analysis was completed
within 5 minutes by optimizing separation voltage and detection potential.
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Figure 8.3 Effects of BGE flow rate on peak height and plate height of FITC-
labeled amino acids [23].
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Figure 8.4 Effects of voltage on migration time and plate height of FITC-labeled
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Figure 8.5 Effect of separation voltage on the response for a mixture containing
(@ 3.0x10°M paraoxon, (b) 3.0 x 10°M methyl parathion, and (c) 6.0 x
107> M fenitrothion. Separation performed using (A) + 1500, (B) + 2000, (C) +
2500, (D) + 3000, (E) + 3500 and (F) + 4000 V, respectively. Inset: graph indicates
the plate number (N) versus separation voltage [24].
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Figure 8.6 Effect of buffers. (a) MES and (b) acetate (20 mM, pH 5.0), containing
10 mM SDS on the separation of 7.1 x 10~> M paraoxon, 7.5 x 10~ > M methy] para-
thion, and 1.4 x 10> M fenitrothion [24].

Jackson et al. [26] set miniaturized, battery-powered, high-voltage power
supply conditions in NCE for the separation of dopamine and catechol-
amines with electrochemical detection. The authors varied platinum working
electrode voltage from 25 to 200 V /cm for achieving low limits of detection.
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Figure 8.7 Effect of pH on MES buffers (20 mM), containing 10 mM SDS, of (a)
pH 5.0, (b) 6.0, and (c) 7.0 on the separation of 7.1 x 107°M paraoxon, 7.5 X
107°M methyl parathion, and 1.4 X 107> M fenitrothion [24].
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Figure 8.8 Effect of SDS concentrations (a) 0.0, (b) 2.5, (¢) 5.0, (d) 7.5, and
() 10 mM in MES buffers (20 mM, pH 5.0) on the separation of 7.1 x 107°M

paraoxon, 7.5 x 107°M methyl parathion, and 1.4 X 107> M fenitrothion [24].

The optimized separation is shown in Fig. 8.9 indicating the best peak shape
and low detection limits at 100 V /cm.

Smith et al. [27] described DNA separations in NCE with automated capil-
lary sample introduction and laser-induced fluorescence (LIF) detection within

I10nA

dopamine

catechol

_/'\iV/cm

A

500 V/cm
T
‘\ ‘ \ 100 V/icm
200 V/icm
Ly
0 40 80 120 160
Time (s)

Figure 8.9 Separations of 2.2 mM dopamine and 4.6 mM catechol in 20 mM phos-

phate buffer, pH 6 [26].



198 NANOCAPILLARY ELECTROPHORESIS

60 seconds. Furthermore, about 550 separations of oligonucleotides could be
performed in one hour by increasing the number of lanes to 37 and optimizing
the rate of the manipulator movement. NCE sample introduction into
chips allowed parallel separations to be continuously performed in serial,
yielding high throughput and minimal need for operator intervention.
Kikura-Hanajiri et al. [28] reported indirect measurement of nitric oxide pro-
duction by monitoring nitrate and nitrite using NCE with electrochemical
detection (ECD). The optimization of the separation, injection, detection,
and reduction reaction conditions was described by the authors. Furthermore,
the authors reported that the reduction reaction was successfully integrated
on chip and carried out in approximately 60 seconds followed by activation
of cadmium granules. The usefulness of this device was demonstrated
by monitoring the amount of nitrate and nitrite produced from 3-morpho-
linosydnonimine, a NO-releasing compound. Guihen and Glennon [29]
discussed rapid separation of antimicrobial metabolites by NCE with UV
linear imaging detection, that is, monoacetylphloroglucinol (MAPG) and
2,4-diacetylphloroglucinol (2,4-DAPG) from Pseudomonas fluorescens
F113. The separation was achieved on a separation channel length of 25 mm
within 20 seconds. The authors optimized separation by sample introduction/
injection parameters.

Ping et al. [30] developed a fast method for analysis of lipoproteins by
microchip electrophoresis with light-emitting diode confocal fluorescence
detection. Sodium dodecyl sulfate and cetyltrimethylammonium bromide
were utilized to alter lipoproteins and channel surface for optimization. The
peak shape of lipoproteins was greatly improved, demonstrating lipoprotein
adsorption on a poly-(methyl methacrylate) (PMMA) chip; reducing electro-
static repulsion. The different separation parameters including surfactant
concentration, buffer pH, and polymer concentration, as well as online concen-
tration were investigated. Under optimal conditions, two baseline separations
of standard lipoproteins, including high density lipoprotein, low density
lipoprotein, and very low density lipoprotein were achieved with different
selectivities. According to the authors, the method afforded high separation
speed within 100 seconds and high reproducibility with intraassay and inter-
assay relative standard deviations (RSDs) of lipoprotein migration times in
the range of 0.90% to 1.9%, indicating the reliability of the method.
Sikanen et al. [31] fabricated a NCE-ESI-MS device and used it for testing ver-
apamil as a test compound. According to the authors the sheath flow interface
enabled comprehensive optimization of both NCE and ESI conditions.
Various radial NCEs for DNA sequencing consisting of 16, 96, and 384 chan-
nels were fabricated on 6 inch glass wafers [32-37]. One of them is shown
in Fig. 8.10. Turn geometry has been studied both theoretically and
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Figure 8.10 Diagram of a microfabricated DNA sequencing device with 96 chan-
nels fabricated on a single substrate of 6 inch in diameter [32].

experimentally to reduce turn dispersion and minimize the turn-induced
resolution loss. Several parameters, including the radius of curvature of the
turn, the tapering length, and the degree of tapering were optimized. High res-
olution DNA separation can be achieved in channels with a small radius of cur-
vature (~250 wm), a short tapering length (~55 wm), and a large tapering
ratio (4:1 separation channel width to turn channel width) [38]. Omasu
et al. [39] coated NCE chips with three reagents, namely bovine serum albu-
min (BSA), gelatin, and 2-methacryloyloxyethylphosphorylcholine (MPC)
polymer, and experiments were carried out in phosphate buffer (pH 4 to 9)
using erythrocytes extracted from sheep whole blood. The electroosmotic
flow (EOF) mobility was measured using noncharged particles and the
effect of pH on electromigration in sheep erythrocyte was studied as shown
in Fig. 8.11, which indicates high electrophoretic migration at low pH.
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Figure 8.11 Electrophoretic mobility and zeta potentials of sheep erythrocyte.
(Left) Relationship between true electrophoretic mobility in sheep erythrocyte and
pH using NCE chips coated with BSA, gelatin, and MPC polymer. (Right)
Relationship between sheep erythrocyte zeta potentials and pH using NCE chips
coated with BSA, gelatin, and MPC polymer [39].

8.3. APPLICATIONS

After optimization, application is the next step in NCE to perform in real
samples. Within a decade NCE has gained momentum in separation science.
It has been used for analyzing all types of samples of biological and environ-
mental importance. Attempts have been made to describe the applications of
NCE in the areas of proteomics, genomics, amino acids, drug development
and design, enzymes, hormones, biological fluids, foods and beverages,
viruses, bacteria, explosives, environmental samples, and other applications.
These are described in the following sections.

8.3.1. Proteomics

In living organisms, each cell produces thousands of proteins and one set of
these proteins is called a proteome. Their analysis is a tedious job.
Moreover, the low amounts of proteins in a proteome makes this task challen-
ging. Fortunately, the development of microfluidic devices including NCE is
the best innovation of the last decade to solve such types of riddles. Many
papers have been published on proteomics analysis using NCE; some
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examples are discussed here. For proteomic analysis, protein digestion plays
an important role in the sample pretreatment process. Normally, proteins are
digested and converted into small peptides and analyzed.

Colyer et al. [40] reported separation of human serum proteins IgG for
mimicking vy zone, transferrin 3 zone, a-1-antitrypsin and albumin by using
an NCE-LIF device. Buffer conditions were 100 mM borate with 2 mM lactate
(pH 10.5). Chiem and Harrison [41] described NCE for analysis of mono-
clonal antibodies and theophylline in serum samples within 40 seconds. The
detection limit of theophylline was 1.25 ng/mL. Buffer used was 0.05 M tri-
cine adjusted to pH 8.0, which allowed for adequate separation (40,000 plates
for theophylline; 1000 plates for theophylline-antibody complex and for
human IgG) and gave reproducibility of migration times of 1% to 1.5% over
4-day periods, indicating minimal problems from adsorption in the uncoated
chips. Rodriguez et al. [42] reported the analysis of FITC-anti-human IgG.
Analysis was obtained within 60 minute on 6 cm long capillary from injection
end to detector with electric field strength of 0.268 kV /cm. Linder et al. [43]
described using poly(dimethylsiloxane)-glass chips for a heterogeneous com-
petitive human serum immunoglobulin G immunoassay employing Cy5-
human IgG as tracer and Cy3-mouse IgG as internal standard. Forrer et al.
[44] described a chip-based gel electrophoresis method for the quantification
of half-antibody species in IgG4 and their by- and degradation products.

Chiem and Harrison [45] reported analysis of bovine serum albumin (BSA)
in diluted mouse ascites fluid by using NCE. Separations were performed in
less than 60 seconds on chip. Furthermore, the potential applications of this
device in affinity measurements were discussed. Hsiung et al. [46] described
NCE for the separation and identification of various proteins, including
BSA and [3-casein with detection by coupling two light sources of different
wavelengths to the two excitation optic fibers. Chen et al. [47] described
protein analysis of Cy5-labeled bovine serum albumin (Cy5-BSA) and anti-
BSA by NCE with flow-through sampling technique. The device used hydro-
dynamic pressure for driving sample flow and a gating voltage was applied to
the electrophoretic channel on the microchip to control the sample loading for
separation and to inhibit sample leakage, with detection at the nanogram level.
Zhuang and coworkers [48] described a low temperature bonding method for
microfabrication of quartz microfluidic chips, which had been used for analy-
sis of serum lipoproteins with LIF. According to this study, low and high
density lipoproteins in the serum were separated completely using tricine
buffer with methylglucamine. Sikanen et al. [49] compared the performance
of SU-8 (epoxy based photoresist) separation microdevices with glass chips
for the separation of biologically active peptides with fluorescent detection.
The authors used a variety of buffers for the separation. Plate heights of
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24 to 59 um were obtained for fluorescent-labeled BSA. The authors
compared the performance of two types of chips and it was observed that
the analytical performance of SU-8 microchips was good and fairly compar-
able to that of commercial glass chips as well as that of traditional capillary
electrophoresis and chromatographic methods. Besides, lithography-based
patterning of SU-8 enabled straightforward integration of multiple functions
on a single chip, which favored NCE.

Liu et al. [50] reported the separation of proteins by NCE with noncovalent
post-column labeling. The limits of detection for model proteins, a-lactalbu-
min, B-lactoglobulin A, and B-lactoglobulin B, were <0.5pg. Yue et al.
[51] described sample preparation and separation in NCE for proteomic appli-
cations, including separation of [3-casein in peptide mixtures. Li et al. [52]
identified peptides from membrane proteins using NCE-TOF-MS. The detec-
tion limit achieved ranged from 3.2 to 43.5 nM for different peptides. The ana-
lyses of protein digests were typically achieved in less than 1.5 minutes. Deyl
et al. [53] compared the separation of protein complexes by using NCE and CE
and reported fast analysis with low detection limit of the former technique. The
CE was carried out on the chip at 100 V/cm. Tsai et al. [54] used native and
sodium dodecyl sulfate capillary gel electrophoresis of proteins on a single
microchip within 20 minutes. Musyimi et al. [55] used NCE-MALDI-TOF-
MS for the separation of peptides and peptide fragments produced from a
protein digest. The linear separation channel was 50 pm wide and 100 pm
deep, and possessed an 8.0 cm effective length separation channel with a
double-T injector (Vinj = 10nL). The exit of the separation channel was
machined for allowing direct contact deposition of effluent onto a specially
constructed rotating ball inlet to MS. Matrix addition was accomplished
in-line on the surface of the ball. The coupling utilized the ball as the cathode
transfer electrode to transport sample into the vacuum for desorption.

Nagata et al. [56] described high-speed separation of proteins by NCE on a
polyethylene glycol-coated plastic chip with a sodium dodecyl sulfate-linear
polyacrylamide solution. According to the authors the electrophoretic separ-
ation of proteins (21.5 to 116.0 kDa) was completed with separation lengths
of 3 mm, achieved within 8 seconds. Fruetel and coworkers [57] described a
separation of fluorescamine-labeled protein biotoxins on a single fused-
silica wafer containing two separation channels. The detection was achieved
using a miniaturized LIF detector employing two diode lasers and one per
separation channel. The authors tested the portability of this instrument in a
laboratory field test at the Defense Science and Technology Laboratory with
a series of biotoxin variants. Dahlin et al. [58] prepared hybrid capillary
PDMS microchips integrated with ESI tips by casting PDMS in a mold.
The separation of peptides was carried out within 2 minutes using the unit.
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Sun et al. [59] used NCE-LIF to evaluate a derivatization method mediated
by liposome for single cell analysis. According to these workers single cell
analysis revealed that liposome-membrane fusion occurred after entrance of
liposomes into the cells, with release of encapsulated fluorescence dyes and
labeling of intracellular species.

Mohanty et al. [60] developed NCE for analysis of proteins. An electrical
field of 40 V /cm was used to separate and collect the proteins. These workers
reported this device was simple to fabricate, benefited from microscale
analysis, and included an on-chip collection scheme that interfaced
the macro world with the micro world. Chow [61] described the use of two
types of commercialized microfluidic chips for protein separation, suitable
for personal-scale and high throughput purposes. Silvertand et al. [62]
described an on-line sample pretreatment and analysis of proteins and peptides
on a poly(methylmethacrylate) (PMMA) microfluidic device (IonChip).
The chip consisted two hyphenated electrophoresis channels with integrated
conductivity detectors. The first channel was used for sample pre-
concentration and sample clean-up, while the second channel was used
for separation. Phillips and Wellner [63] developed two chip-based capillary
electrophoresis systems for analyzing inflammatory neuropeptides in tissue
fluids of patients with neuropeptide-associated muscle pain. The first and
second chips were used to perform electrokinetic flow immunoassays and
an immunoaffinity port containing an array of immobilized antibodies was
used to capture to capture the analytes of interest. The authors reported that
both chip-based systems provided a relatively fast, accurate procedure
for studying inflammatory biomarkers in complex biological fluids.
Furthermore, these workers analyzed 12 different inflammation-associated
mediators in about 2 minutes.

Zhang et al. [64] used NCE-MS on glass wafers with standard photolitho-
graphic/wet chemical etching methods. The design integrated with sample
inlet ports, the separation channel, a liquid junction, and a guiding channel
for the insertion of the electrospray chamber of an ion trap MS. This device
was used for analyses of peptides, proteins, and protein tryptic digests. High
efficiency was obtained on a longer channel of 11 cm in the on-chip micro-
device, with fast separations within 50 seconds. The samples were injected
via both electrokinetic and pressure-driven forces. A typical electropherogram
of the angiotensin peptides mixture is shown in Fig. 8.12. Furthermore, the
authors reported separation and identification of 12 angiotensin peptide mix-
tures obtained from different animals on the microdevice with a 4.5 cm
separation channel, with 20 pg/L as sample concentration of each peptide.
The BGE used was 20 mM 6-aminocaproic acid/acetic acid with pH 4.4.
The applied voltage was 650 V/cm. The expanded electropherograms of



204 NANOCAPILLARY ELECTROPHORESIS

100 - 3.09 355
3.29
L/
1.91 1
Base peak

9 2.29 3.90

c

©

©

c

a

< 50 1

()

=

©

()

o

0 Ll
0.0 3.0 6.0

Time (min)

Figure 8.12 Electropherogram of angiotensin peptides mixture [64].

these 12 angiotensin peptides are given in Fig. 8.13. Vasilyeva et al. [65] used
microfluidic technology for quantification of a half-antibody in immunoglobulin
G4 samples. The authors referred to this method as a chip-based capillary gel
electrophoresis (GelChip-CE method) in their work. Renzi et al. [66] designed,
fabricated, and demonstrated a hand-held microchip-based analytical instru-
ment for detection and identification of proteins and other biomolecules. The
unit was called a p.-ChemLab, which had a modular design providing reliability
and flexibility. The components included two independent separation modules,
incorporating interchangeable fluid cartridges (2 cm?” fused silica microfluidic
chip) and a miniatured laser-induced fluorescence detection module.
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Figure 8.13 The expanded electropherograms of 12-angiotensin peptides on NCE
with a 4.5 cm separation channel [64].

8.3.2. Genomics

NCE is a very useful technique for DNA analysis and has opened up new
realms in genomics due to far reaching benefits with a decrease in the cost
per analysis. The development of miniaturized genotyping platforms has sup-
ported breakthroughs in biomedical science. During the last few decades much
work has been carried out in genomic research to map and sequence complete
genomes of various animals and plants, including human beings. The amount
of DNA is very small and, hence, microfluidic devices played a crucial role in
purification and separation of DNA from the cell. NCE is of great importance
in this concern and some workers have used this technique for genomic
research. Kan et al. [67] and Lin et al. [68] reviewed NCE for DNA purification
and sequencing. A radial microfabricated DNA sequencing device consisting
of 96 channels fabricated on a 6 inch glass wafer was described by Shi et al.
[32] and Paegel et al. [33] and is shown in Fig. 8.10. This sort of fabrication
with other auxiliary tools such as a high-speed, rotary LIF scanner and a
specialized, high-pressure sieving matrix loader are keys in enabling
high throughput genetic analyses of DNA in a single electrophoresis device
[69-73]. Other NCE devices comprised of 16 and 384 channels have been
fabricated on 6 inch glass wafers [34-37,72]. In these devices, all the
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channels were fabricated on a single planar substrate providing the necessary
separation length.

Meagher et al. [74] reported a bioconjugate approach for performing highly
multiplexed single-base extension assays demonstrated by genotyping a large
panel of point mutants in axons 5 to 9 of the p53 gene. The authors created a
series of monodisperse polyamide drag-tags by using both chemical and bio-
logical synthesis. Furthermore, the authors achieved high resolution separation
of genotyping reaction products by microchannel electrophoresis without a
polymeric sieving matrix, with 70 seconds as separation time. Chowdhury
et al. [75] described an NCE method to genotype for common single nucleo-
tide polymorphisms in the thiopurine S-methyltransferase gene, which lead to
serious adverse drug reactions for patients undergoing thiopurine therapy. The
authors reported 100% concordance between NCE and conventional methods
in a total of 80 patients.

Liuetal. [76] described an automated parallel DNA sequencing on multiple
16-channel microchips. Under computer control, high voltage was applied for
sequencing the DNA samples. An integrated four-color confocal fluorescent
detector was able to scan more than 450 bases in 15 minutes in all 16 channels.
The advantages of DNA sequencing by the reported NCE were uniform signal
intensity and tolerance of high DNA template concentration. Hong et al. [77]
reported a microfabricated polymer chip of PDMS for NCE used for separation
of different sizes of DNAs. Furthermore the same group [78] studied gene
amplification in NCE (PDMS and glass). The method has been reported as
an inexpensive single use apparatus. Tang et al. [79] described an isothermal
signal amplification technique for specific DNA sequences, known as cycling
probe technology (CPT) in an integrated NCE. An off-chip CPT reaction, with
on-chip separation gave a detection limit of 2 fM target DNA and an amplifi-
cation factor of 85,000. Xu et al. [80] described NCE analysis of DNA
fragments using electrokinetic injection with transient isotachophoretic pre-
concentration. The channel of the microchip was 40.5 mm long, and 110 pm
wide, and 50 wm deep. Liu et al. [81] described isotachophoresis nanochip
electrophoresis (ITP-ZE) for hepatitis B virus (HBV) genotyping test in
clinical diagnosis.

Kataoka et al. [82] described the usefulness of NCE (Hitachi model SV
1100 microchip) for analyzing nonstandard DNA samples. The analysis was
completed within 4 minutes, with a detection limit of 1.83 ng/p.L. Lin et al.
[83] described a novel NCE system on a glass chip for separation and identi-
fication of DNA in a sample. Furthermore, the authors reported that this system
was capable of highly efficient separations of other biomolecules. Obeid et al.
[84] differentiated genetically modified organisms (GMOs) using NCE-LIF.
The chip was composed of two glass plates, each 25 x 76 wm, thermally
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bonded together to form a closed structure. Posedi et al. [85] used NCE for the
differentiation of the closely related cyathostomin species Cylicocyclus elon-
gatus and Cylicocyclus insigne from the horse, based on genetic comparison.
Furthermore, the authors indicated that the procedure described has provided
an additional powerful tool, which might be employed for species delineation
of closely related strains or species, such as the two taxa of Cylicocyclus.
Similarly, Dooley et al. [86] used NCE and determined the mitochondrial
cytochrome b genes of fish in the United Kingdom by which a differentiation
of fish species was carried out. This method was used by U.K. Food Control
Laboratories for product identification. Spaniolas et al. [87] described a mol-
ecular genetics approach to differentiate Arabica and Robusta coffee beans
by using NCE. The plastid copy number was relatively constant across a
wide range of bean samples, suggesting the methodology was useful for the
quantification of any adulteration of Arabica with Robusta beans.

Fu and Lin [88] described high-resolution DNA separation via NCE by uti-
lizing double-L injection techniques. The experimental and simulation results
indicated that the unique injection system employed in the current microfluidic
chip had the ability to replicate the functions of both the conventional cross-
channel and the shift-channel injection systems. The authors advocated this
system as highly useful in high resolution, high throughput biochemical ana-
lyses in many other areas. Xu et al. [89] reported chip gel electrophoresis for
high sensitivity detection of DNA by combining electrokinetic injection with
transient isotachophoresis preconcentration. Chen and Burns [90] described
the effect of buffer flow on DNA separation in a microfabricated electrophor-
esis system. The authors also investigated the effect of buffer concentration on
resolution and no improvement could be obtained by increasing the buffer con-
centration without flow. Sieben and Backhouse [91] described labeling of
DNA along with high separations of DNA by using NCE. Furthermore, the
authors reported a method of controllably labeling DNA fragments at the
end of the electrophoretic separation channel in a glass microfluidic chip.
Hawtin et al. [92] described the analyses of nucleic acid by NCE. The authors
also reported an improvement in workflow processes, speed of analysis, data
accuracy and reproducibility, and automated data analysis. Kawabata et al.
[93] described liquid-phase binding assay of a-fetoprotein using DNA-
coupled antibody and NCE. The immunoassay method, utilizing a liquid-
phase binding assay format, was simple and convenient for antigen measure-
ments on microchips.

Kim and Kang [94] described on-channel base stacking in NCE for high
sensitivity DNA fragment analysis. Chiesl et al. [95] used NCE for purification
of DNA. The octylacrylamide and dihexylacrylamide copolymers were used
as adsorbents for proteins from DNA solution. Chuang et al. [96] described
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the binding of estrogen receptor (ER) to estrogen response element (ERE) in
genomic pathways of estrogens by analyzing gel-based electrophoretic
mobility shift assay (EMSA) on microchip electrophoresis using PEG-
modified glass microchannels, which bear neutral surfaces against the adsorp-
tion of acidic DNA molecules and basic ER proteins. Furthermore, the authors
demonstrated the feasibility of their method by measuring binding constants
of recombinant ERalpha and ERbeta with a consensus ERE sequence
(cERE, 5'-GGTCAGAGTGACC-3’) as well as with an ERE-like sequence
(ERE 1576, 5'-GACCGGTCAGCGGACTCAC-3').

Blazej et al. [97] described an efficient, nanoliter-scale microfabricated
bioprocessor integrating all three Sanger sequencing steps, thermal cycling,
sample purification, and capillary electrophoresis on a hybrid glass PDMS
chip. NCE integration enabled complete Sanger sequencing from only 1 fmol
of DNA template. The authors have sequenced up to 556 continuous bases
with 99% accuracy, demonstrating read lengths required for de novo sequencing
of human and other complex genomes. The authors reported the performance of
this miniaturized DNA sequencer has provided a benchmark for predicting the
ultimate cost and efficiency limits of Sanger sequencing.

Huang et al. [98] developed PMMA and polycarbonate-based chips for
electrophoresis and tested their functionality by separating phiX174 DNA/
Haelll markers. According to the authors the experimental data showed that
S/N chips using PE/TPE film was 5.34, when utilizing DNA markers with
a concentration of 2 ng /L with buffer of 2% hydroxypropyl-methylcellulose
(HPMC) in Tris-borate-EDTA (TBE) with 1% YO-PRO-1 fluorescent dye.
Furthermore, a mixture of an amplified antibiotic gene of Streptococcus
pneumoniae and phiX174 DNA /Haelll markers was successfully separated
and detected by using the developed chips. It has also been reported that
DNA samples were separated within 2 minutes.

Among many miniaturized analytical devices, the polymerase chain
reaction (PCR) microchip and microdevices have been studied extensively
in various fields, with special emphasis on DNA purification and sequencing.
The PCR reaction vessels can increase resolution while reducing the overall
size of the PCR device with the miniaturization of PCR amplification
needed to match NCE. Dolnik and Liu [99] and Zhang et al. [100] presented
reviews on fabrication (bonding and sealing) of PCR microfluidic devices and
their applications in NCE. Legendre et al. [101] described online SPE-NCE for
DNA isolation from an anthrax spore-spiked nasal swab through PCR. Nojima
et al. [102] described NCE for the isolation of target DNA species from a
DNA mixture generated by PCR, whose starting material was a ligation mix-
ture of an insert and an expression vector. The authors reported that the total
operation in standard genetic engineering could be performed in a cell-free
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condition with the help of NCE. Lutz-Bonengel et al. [103] described NCE for
low volume amplification for analyses of nuclear DNA. Qin et al. [104]
described NCE coupled with PCR restriction fragment length polymorphism
(RFLP) assay for genotyping A (—6) G single nucleotide polymorphism (of
the angiotensinogen [AGT] gene, the candidate gene for essential hypertension)
in 123 patients. The separation and detection of the digested PCR amplicons were
completed in just 280 seconds. The genotyping of the A (—6) G polymorphism of
the AGT gene in the core promoter region is shown in Fig. 8.14.

The main focus of functional genomic studies in the post-genomic era is the
analysis of gene variants in human beings for disease diagnosis, prognosis,
and management. NCE has also been used to recognize mutation in the
tumor susceptibility genes BRCA1 and BRCA2 [105]. The separation in a
3 cm long channel took less than 120 seconds. Buch et al. [106] described a
polymer microfluidic system for the detection of DNA point mutations via
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Figure 8.14 Electropherogram of genotyping of A (—6) G polymorphism of
AGT gene, (a) A/G heterozygote (55 bp, 107 bp, 129 bp, 184 bp), (b) G/G homozy-
gote (55 bp, 107 bp, 184 bp), and (c) A/A homozygote (55 bp, 107 bp, 129 bp) [104].
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temperature gradient gel electrophoresis (TGGE). The authors used the
principle of single-strand conformational polymorphism (SSCP) for DNA
mutation detection. A temporal thermal gradient was induced in the micro-
fluidic network by controlling a heating block. The sequence variants in a het-
eroduplex sample of a 100 bp DNA fragment were distinguished. Schmalzing
et al. [107] described a microfluidic device combined with EMD for clinical
mutation studies. The authors reported the method was accurate without
sample clean up. Russom et al. [108] reported allele specific extension of fluor-
escently labeled nucleotides for scoring of single nuleotide polymorphism
(SNP) on a microchip. The authors also described the detection of single
nucleotide incorporation by using a DNA pyrosequencing technique, based
on the detection of pyrophosphate released during DNA synthesis. Liu et al.
[109] reported the separation of the homoduplex and heteroduplex PCR pro-
ducts using chip-based temperature gradient electrophoresis. A 2-DE chip
incorporated with the temperature gradient feature was used to analyze
SNP in a single run. Zhang et al. [110] described temperature gradient nano-
capillary electrophoresis (TG-NCE) for DNA mutation/single nucleotide poly-
morphism (SNP) analysis. According to the authors TG-NCE analyses of four
mutant DNA samples, amplified from plasmid templates, showed that
mutations were successfully detected under a wide temperature gradient of
10°C. The authors advocated the effectiveness of their system by demonstrating
the successful detection of K-ras gene mutations in six colon cancer cell lines.

8.3.3. Amino Acids

Amino acids are the building blocks of proteins, the major constituent of our
body. Almost all analytical methods have been tested for application to analy-
sis of amino acids. Pumera [111] presented a review article on the analyses of
amino acids using microfluidic devices. The author discussed the progress that
has been made on the development of all steps needed for fully integrated
microfluidic amino acids analyzer, sample introduction, preconcentration,
self-calibration, derivatizations, and reactions. Harrison and coworkers [112]
used 1 to 10 cm long capillaries etched on glass (10 x 30 um) for separation
of amino acids, with up to 75,000 theoretical plates in about 15 seconds. Zhang
and Manz [113] described an NCE system and used it for analysis of FITC-
labeled amino acids in both aqueous and binary media. The authors advocated
this unit as an online monitoring unit due to its short residence time and small
sample flow rate. The chip was made of glass with 1.5 wm thickness and a
PDMS layer of 0.3 pum thickness. Furthermore, Zhang and Yin [114] reported
NCE separation of FITC-labeled valine and alanine amino acids by using
20 mM sodium phosphate buffer.
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Wau et al. [115] developed an integrated microfluidic device for analyzing
the chemical contents of a single cell. The device comprised four different
functions, that is, cell handling, metering and delivery of chemical reagents,
cell lysis and chemical derivatization, and derivatized amino acid detection
by LIF. Mourzina et al. [116] described NCE for the analysis of amino
acids on a hybrid PDMS-glass chip. The separation was optimized by cur-
rent-voltage linearity, contact angle, electroosmotic velocity, electroosmotic
mobility, and electrokinetic potential. Abad-Villar et al. [117] described ana-
lyses of biochemical species on electrophoresis chips with an external contact-
less conductivity detector. The molecules studied were various amino acids.
The detection was carried out on bare electrophoresis chips made from
PMMA by probing the conductivity in the channel with a pair of external elec-
trodes. Furthermore, the authors reported separation efficiencies up to 15,000
plates. Fu et al. [118] described analyses of sodium fluorescein and fluorescein
isothiocyanate-labeled amino acids by using NCE-LIF with 1.1 pM as detec-
tion limit. Shen et al. [119] described a microfluidic array system with NCE for
analyses of series biomolecules, including amino acids, proteins, and nucleic
acids, with good reproducibility.

Sun et al. [120] developed PMMA chips and used them in electrophoresis
for baseline separation of fluorescently labeled amino acid within 15 seconds.
According to the authors theoretical plate numbers were 5000 for an approxi-
mately 3 cm separation distance. The authors claimed it as a new solvent
imprinting and bonding approach, significantly simplifiying the process for
fabricating microfluidic structures in hard polymers such as PMMA.
Shadpour et al. [121] described a 16-channel microfluidic chip with an inte-
grated contact conductivity sensor array for analysis of amino acid. The elec-
tric field applied was 90 V /cm. Shackman et al. [122] fabricated a low cost,
polymeric, eight-channel multiplexed microfluidic device to analyse amino
acids and immunoassay products via gradient elution moving boundary elec-
trophoresis (GEMBE). Ceriotti et al. [123] described an integrated fritless
column in NCE with conventional stationary phases of octadecylsilanized
silica gel. The analyses of FITC-labeled amino acids were completed within
15 seconds using this unit.

8.3.4. Drug Development and Design

In situ pharmacokinetics and pharmacodynamics are essential issues in drug
development. After metabolism, the drug and its metabolites are found in
blood and urine at extremely low concentrations. Sometimes the amount of
biological fluids is very low especially in infants and the cerebrospinal fluid.
Therefore, development of microdevices have been a boon for drug discovery
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programs. NCE has also achieved a great reputation in the drug development
arena. Many authors have used this technique to analyze various drugs in vivo
and in vitro. Liu et al. [124] developed a microfluidic NCE method based on
indirect LIF detection to study protein-drug interactions. The authors studied
interactions of heparin and BSA as a model system. These workers used
sodium fluorescein as background and redistilled water as a marker to monitor
EOF. Furthermore, the electrophoretic mobility changes of BSA were
measured by taking various concentrations of heparin added to the running
buffer. Each run was completed within 80 seconds, with binding constant of
1.24 + 0.05 x 10 M. Hop [125] used silicon chip-based nanoelectrospray
devices as more practical than pulled capillaries in NCE for determination of
pharmacokinetics and metabolites.

Ramseier et al. [126] described analysis of FITC-derivatized ampheta-
mine, methamphetamine, 3,4-methylenedioxymethamphetamine, and [3-
phenylethylamine in human urine by NCE. The authors advocated this unit
as fast and highly efficient with no loss of accuracy and precision. Beard
and de Mello [127] reported analyses of biogenic amines (putrescine, hista-
mine, and tryptamine) on a PDMS-glass NCE with fluorescence detection
(Fig. 8.15). The buffer used was phosphate and 2-propanol, and rhodamine
110 as a background fluorophore. According to the authors, this device
provided sample preparation stages, an attractive technique for the analysis
of biogenic amines. Furthermore the same group [128] described integrated
on-chip derivatization and electrophoresis analysis of biogenic amines.
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Figure 8.15 Electrophoretic separation of biogenic amines using a counterionic
Indirect Fluorescence Detection (IFD) system, (a) putrescine, (b) histamine, and
(c) tryptamine [127].
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Figure 8.16 The separation of DTAF-biogenic amines in a Thai fish sauce sample.
Peaks: (1) histamine, (2) putrescine, and (3) dichlorotriazine fluorescein (DTAF) [128].

In this work the authors presented the use of dichlorotriazine fluorescein
(DTATF) as a superior in situ derivatizing agent for biogenic amines in micro-
fluidic devices. The separation was achieved within 60 seconds, with a
detection limit of 1.0 nM. The device was used to identify biogenic amines
in Thai fish sauce sample (Fig. 8.16). Schwarz [129] described enzyme catalyzed
amperometric oxidation of neurotransmitters (biogenic monoamines) in NCE.
The detection limit achieved was 10~ '=10"® M. Varjo et al. [130] reported
the separation of FITC-labeled amines (ephedrine, 2,2-diphenylethylamine,
2-octylamine, and 2-butylamine) by NCE in uncoated and polyvinyl alco-
hol-coated glass chips using water and dimethyl sulfoxide (DMSO) as
solvents of background electrolyte. The best separation of these amines was
achieved on the coated channel. Furthermore, the separation was successful
in nonaqueous DMSO electrolyte solution containing ammonium acetate
and sodium methoxide, on both uncoated and coated glass microchips.
Deng et al. [131] described analysis of carnitine, acetylcarnitine, imi-
pramine, and desipramine in human plasma using NCE-MS. The method
developed may be useful for bioanalytical measurements for these important
compounds in synthetic mixtures. Liu et al. [132] developed an NCE unit
used for analysis of dopamine, with a detection limit of 100 nM. Kim et al.
[133] described NCE based on a PDMS-glass chip for catechol and dopamine
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with electrochemical detection. The separation was achieved within 80
seconds by using a separate electric field of 60 V/cm. Johirul et al. [134]
described NCE coupled with a cellulose-single stranded DNA (cellulose-
ssDNA) modified electrode for the analyses of dopamine, norepinephrine,
3,4-dihydroxy-L-phenylalanine (L.-DOPA), 3.4-dihydroxyphenylacetic acid
(DOPAC), and ascorbic acid. These compounds were separated on a 62 mm
long separation channel at the separation field strength of 200 V/cm within
220 seconds in a 10 mM phosphate buffer (pH 7.4). The most favorable
potential for the amperometric detection was 0.7 V (vs. Ag/AgCl).

Schulze et al. [135] developed fused-silica chips dynamically coated with
hydroxypropylmethyl cellulose and utilized them for the separation of aro-
matic low molecular weight compounds such as serotonin, propranolol, a
diol, and tryptophan. The authors used deep UV laser-induced fluorescence
detection for these compounds. Schuchert-Shi et al. [136] identified ethanol,
glucose, ethyl acetate, and ethyl butyrate, byproducts obtained in enzymatic
conversions using hexokinase, glucose oxidase, alcohol dehydrogenase, and
esterase. The authors reported that the quantification for ethyl acetate was
possible using contactless conductivity detection. Hu et al. [137] described
the separation of reaction products of B-thalassemia in a multiplex primer-
extension reaction using NCE. The method developed was used for patient
samples and the results coincided with those of a detection kit.

8.3.5. Enzymes and Hormones

Enzymes and hormones are found in very low concentrations in the cells and
blood of various animals, and their separation and identification by conven-
tional analytical techniques are quite tedious. NCE has been used to solve
this problem, and some workers have attempted to analyze these identities
using this technique. Murakami et al. [138] described NCE for alkaline
phosphatase enzyme testing. Wang et al. [139] reported analysis of glucose
in connection to the corresponding glucose oxidase (GOx) and glucose dehy-
drogenase (GDH) reactions by using NCE. The authors used peak current ratio
for confirming the peak identity, estimating the peak purity, addressing
co-migrating interferences and deviations from linearity. A voltage of
2000 V/cm resulted in peroxide and NADH migration times of 93 and
260 seconds, respectively. Furthermore, the same group [140] used NCE for
analyses of multienzymatic dehydrogenase/oxidase. The operation of
oxidase/dehydrogenase reaction/separation in NCE was illustrated for the
simultaneous measurement of glucose and ethanol in connection to the corre-
sponding glucose oxidase and alcohol dehydrogenase reactions, respectively.
A voltage of 2000 V/cm resulted in peroxide and NADH migration times of
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74 and 230 seconds, respectively. The optimized parameters were reaction
conditions and separation experimentation.

Starkey et al. [141] reported the determination of endogenous extracellular
signal-regulated protein kinase by NCE. It has been reported that the micro-
chip assay provided a rapid and accurate alternative to conventional methods.
Zhuang et al. [142] described a chip-based electrophoresis and on-column
enzymatic reaction analysis protocol for lactate dehydrogenase (LDH) isoen-
zymes with a homemade xenon lamp-induced fluorescence detection system.
The authors used a four-step operation and temperature control for the deter-
mination of LDH activity on-chip monitoring of incubation product of
NADH during the fixed incubation period and at a fixed temperature. The
authors carried out experiments on the determination of LDH standard
sample and serum LDH isoenzymes from a healthy adult donor. Dishinger
and Kennedy [143] used NCE to monitor the secretion of insulin from islets
of Langerhans. The device was used to complete over 1450 immunoassays of
biological samples in less than 40 min, allowing the parallel monitoring of insulin
release from four islets every 6.25 seconds with 10 nM as detection limit. Roper
et al. [144] also described an NCE system for determination of insulin secreted
from islets of Langerhans. The separation was completed within 5 seconds by
using an electric field of 500 V/cm with 3.0 nM as detection limit. Xu et al.
[145] presented interfacing capillary gel microfluidic chips with infrared laser
desorption mass spectrometry for analysis of bovine insulin and bradykinin.
Henares et al. [146] used NCE for analyses of proteases (trypsin, chymotrypsin,
thrombin, elastase) by applying the drop-and-sip technique.

Licklider et al. [147] described an NCE-MS unit on a silicon chip for analy-
sis of proteins obtained from trypsin digest of cytochrome c (Fig. 8.17). The
authors described their work as an efficient electrospray interface integrated
with mass spectrometry. Similarly, Wu and Chen [148] designed a sheathless
NCE/ESI-MS using an electrodeless nanospray interface, with a pulled bare
capillary tip as an ESI emitter. The tip was fabricated by applying a small
weight on the lower end of a vertical capillary section. The separation and
identification of cytochrome c tryptic digest by online NCE/ESI-MS is shown
in Fig. 8.18 indicating good resolution. The experimental conditions were
acetonitrile-0.5% acetic acid (1 : 1, v/v) buffer with flow rate of 52.5 nL./min
at 10 kV /cmapplied voltage. Ling et al. [149] described a microchip electrophor-
esis method for simultaneous determination of reactive oxygen species (ROS)
and reduced glutathione (GSH) in the individual erythrocyte cell. The authors
used cell sampling, single-cell loading, docking, lysing, and capillary electro-
phoretic separation with LIF detection integrated on a microfluidic chip with
crossed channels. The authors labeled ROS with dihydrorhodamine 123 in the
intact cell and GSH with 2,3-naphthalene-dicarboxaldehyde, which were
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Figure 8.17 Comparison of MS/MS analysis of a peptides mixture obtained from a
trypsin digest of cytochrome c using a pulled, borosilicate, nanospray emitter (lower
spectrum) and a micromachined parylene emitter (upper spectrum) [147].

included in the separation medium. The microfluidic network was optimized to
prevent cell leaking from the sample reservoirs into separation during the sep-
aration phase. The detection limits of 0.5 and 6.9 amol for ROS and GSH,
respectively, were achieved. Qin et al. [150] reported NCE-LIF for simul-
taneous determination of two kinds of intracellular signaling molecules
(ROS and GSH) related to apoptosis and oxidative stress. As the probe dihy-
drorhodamine 123 (DHR-123) was converted intracellularly by ROS to the
fluorescent rthodamine 123 (Rh-123), and the probe naphthalene-2,3-dicar-
boxaldehyde (NDA) reacted quickly with GSH for producing a fluorescent
adduct, rapid determination of Rh-123 and GSH was achieved on a glass
microchip within 27 seconds by using a 20 mM borate buffer (pH 9.2). This
method was tested to measure the intracellular ROS and GSH levels in acute
promyelocytic leukemia (APL)-derived NB4 cells. Typical electropherograms
of standard solutions of GSH (1.061025 M) derivatized with NDA (1.061024
M) and Rh-123 (6.5610211 M) are shown in Fig. 8.19. The authors studied the
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Figure 8.18 ESI mass spectrum of cytochrome c (43.8 fmol) tryptic digest obtained
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Figure 8.19 Electropherogram of standard solutions of GSH (1.061025 M) deriva-
tized with NDA (1.061024 M) and Rh-123 (6.5610211 M) [150].
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Figure 8.20 Effect of buffer concentration on the migration times of Rh-123
and GSH. Separation conditions: injection time 12 seconds, separation voltage
1300 V/cm, and effective separation distance 10 mm [150].

effects of influence of buffer concentration and applied voltage on the
migration times of Rh-123 and GSH; these are shown in Fig. 8.20 and
Fig. 8.21, respectively, indicating high migration times at high buffer concen-
tration and low applied voltage. Furthermore, the effect of pH on the fluor-
escence intensity of Rh-123 and GSH is shown in Fig. 8.22 indicating a low
limit of detection of both species at around 8.0 pH.

8.3.6. Biological Fluids

Microfluidic devices have gained importance and utility for analyses of var-
ious molecules, including drugs and their metabolites. Vrouwe et al. [151]
developed NCE for point-of-care testing of lithium in blood samples. The
device consisted of a glass chip coupled with a conductivity detector.
The authors tested this system for lithium analysis in five patients in the hos-
pital. Furthermore, the authors reported that sodium, lithium, magnesium, and
calcium were separated in <20 seconds. The authors claimed that the NCE
system provided a convenient and rapid method for point-of-care testing of
electrolytes in serum and whole blood.

Zhuang et al. [152] derivatized glycan samples with 8-aminopyrene-1,3,6-
trisulfonic acid to get a charge for electrophoresis and a fluorescent label for
detection. They analyzed glycan derivatives in the blood of cancer patients
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Figure 8.21 Effect of applied voltage on the migration times of Rh-123 and GSH in
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30 mM borate buffer. Separation conditions: injection time 12 seconds, separation
voltage 300 V/cm, and effective separation distance 10 mm [150].
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using NCE. Maeda et al. [153] described microchip electrophoresis on a
plastic chip for analysis of glucose in human blood samples. According to
the authors treatment of plasma with hexokinase or glucokinase for glucose
phosphorylation resulted in a peak shift from 145 to 70 seconds, correspond-
ing to glucose and glucose-6-phosphate, respectively. The reproducibility
of the assay was found to be about 6.3% to 9.1% (RSD). The within-days
and between-days reproducibility were 1.6% to 8.4% and 5.2% to 7.2%,
respectively. Phillips [154] described an NCE system for analyzing the
concentrations of inflammatory cytokines in the cerebrospinal fluid of
patients with head trauma. The separation of cytokines was achieved within
2 minutes with quantification of the resolved peaks being achieved by
online LIF and integration of each peak area. Gao et al. [155] described an
integration of single cell injection, cell lysis, separation, and detection of
intracellular constituents in NCE with an LIF detector. The channel size
was 12 pm deep, 48 wm wide, and 35 mm long. The cell lysis occurred
within 40 ms under an applied voltage of 1.4kV/cm. Vrouwe et al. [156]
described analysis of lithium in blood samples. Du and coworkers
[157] reported glucose in human plasma by using NCE coupled with electro-
chemical detection.

Deng et al. [158] developed NCE-MS for analysis of carnitines in human
urine within 48 seconds. The results demonstrated the feasibility for NCE sep-
aration and electrospray mass spectrometric detection for these important com-
pounds in synthetic mixtures, as well as in human urine extracts. Wang et al.
[159] used NCE for the determination of glucose, uric acid, ascorbic acid, and
acetaminophen. The fluid control was used to mix the sample and glucose oxi-
dase enzyme (GOx) and the enzymatic reaction, a catalyzed aerobic oxidation of
glucose to gluconic acid and hydrogen peroxide, occurred along the separation
channel. Chan and Herold [160] used an automated NCE with fluorescent detec-
tion to quantify total microalbuminuria, an important prognostic marker in dia-
betic nephropathy and cardiovascular disease. The authors reported that NCE
could detect both immunoreactive and nonimmunoreactive forms of albumin.
This system was a simple, robust method to quantify microalbuminuria, with
good sensitivity and precision. Wilke and Buttgenbach [161] described the ana-
lyses of hydrogen peroxide, ascorbic acid, and uric acid using NCE with ampero-
metric detection. All three oxidizable species were detected in less than
70 seconds. The electropherograms are shown in Fig. 8.23 and Fig. 8.24 indi-
cating good separation of these species. Zuborova et al. [162] measured oxalate
in urine using NCE with conductivity detection. The buffer used was 15 mM
propionic acid, e-aminocaproic acid (pH 4.0) with 0.05% methylhydroxyethyl
cellulose. Similarly, Fanguy et al. [163] measured uric acid in human urine
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Figure 8.23 Electropherogram for multiple injections of 10 mM hydrogen peroxide
with phosphate buffer (10 mM, pH 7.4), separation potential 400 V/cm, injection
potential, 400 V /cm and detection potential 700 mV /cm [161].
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Figure 8.24 Electropherogram for sample solution containing 50 mM hydrogen
peroxide. (a) Hydrogen peroxide, (b) ascorbic acid, and (c) uric acid. Experimental
conditions as in Fig. 8.23 [161].

by NCE with amperometric detection. The experiments were performed in
25 mM/L MES (pH 5.5) and completed within 30 seconds.

8.3.7. Foods and Beverages

NCE has played a crucial role in the foods and beverages industries by identi-
fying various compounds at low levels. Suzuki et al. [164] reported analysis
of amino sugars using NCE-LIF (33 mm long separation channel) within
60 seconds, with a detection limit of 0.5 fmol. The separated molecules
were D-glucosamine and D-galactosamine and their reduced forms were
labeled with 4-nitro-2,1,3-benzoxadiazole 7-fluoride (NBD-F). The method
was applied for analysis of amino sugar compositions of O-linked glycans
released from bovine submaxillary mucin with alkali in the presence of
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borohydride. Usui et al. [165] reported a polymeric 2-DE chip system and
demonstrated its applications for commercially available proteins as a standard
specimen and tissue-extracted proteins as the real samples. The authors
advocated this unit as an improved labor-intensive operation with reduced
experimental time.

Zhang et al. [166] used NCE for the separation of monosulfate glycosami-
noglycan disaccharide isomers by addition of 1,4-dioxane (DO) dramatically
in BGE. Furthermore, the authors used methylcellulose to suppress EOF and
analyte adsorption to the chip. To improve analyte resolution, buffer pH,
B-CD, and DO were investigated and fast separation was achieved by increas-
ing electric field strength and field-amplified sample stacking with increasing
buffer concentrations. The authors used this method for separation and
identification of monosulfate and trisulfate unsaturated disaccharides
(DeltaDi-UA2S, DeltaDi-4S, DeltaDi-6S, and DeltaDi-triS) derivatized with
2-aminoacridone hydrochloride. A mixture of monosulfate disaccharide iso-
mers (DeltaDi-UA2S, DeltaDi-4S, and DeltaDi-6S) was baseline separated
within 75 seconds on a PMMA chip by using a mixed buffer (DO /running
buffer 57:43 v:v), 0.5% MC, pH 6.81, with an E(sep) of 558 V/cm. The
theoretical plates were in the range of 5 x 10° to 1 x 10° per meter.

Masar et al. [167] reported quantitation of sulfate on a chip after an
in-sample oxidation of total sulfite in wine. The authors reported 99% to
100% recoveries of sulfite, determined for appropriately spiked wine samples,
indicating a very good accuracy of the method. Masar et al. [168] described
analysis of organic acids in wine by NCE. Approximately 22 organic and inor-
ganic acids in wines were analyzed on a PMMA chip with integrated conduc-
tivity detection. Skelley and Mathies [169] described NCE analyses of - and
B-p-glucosamine and their interconversion in solution. pH-dependent muta-
rotation of a and 3 isomers were also studied. The mutarotation monitored
by this device is shown in Fig. 8.25, indicating no change in glucosamine-1
peak at high pH while the peak of glucosamine-2 moves to longer migration
times. The interconversion rate constants were reported to be 0.72 + 0.09,
1.3 +0.1, and 2.2 + 0.3 x 10~ per second at pH 8.99, 9.51, and 10.01,
respectively, by determining plateau and peak heights relative to the migration
times. The effect of time on mutarotation is also shown in Fig. 8.26 indicating
maximum mutarotation at 2609 seconds initial run time. Furthermore, the separ-
ation of a mixture of glucosamine, amines, diamines, and amino acids at pH 9.78
was reported, as shown in Fig. 8.27, indicating fast separation with sharp peaks.
Methyl and ethylamine were well resolved from glucosamine anomer peaks even
though they migrated between two species. Jayarajah et al. [170] used portable
NCE for analyses of neurologically active biogenic amines (tyramine and hista-
mine) in fermented beverages. According to these workers, the concentrations of
tyramine and histamine were 1.0 to 3.4 and 1.8 to 19 mg/L, respectively.
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Figure 8.25 Electropherograms of glucosamine isomers as a function of pH [169].
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Figure 8.26 Analysis of a-p-glucosamine mutarotation as a function of time at pH
9.51 [169].

8.3.8. Viruses and Bacteria

Viruses and bacteria are the smallest biologically active identities discovered
so far and, naturally, require nanodevices for their profiling. Analysis of
viruses and bacteria on microchip devices are of particular interest for exper-
iments with infectious material because of easy containment and disposal of
samples. Thus, the use of NCE in routine analyses of viruses and bacteria is
exceptionally attractive [171,172]. These pathogens are detected based on
their different migration times without the need for time consuming sample
preparation [173,174].
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Figure 8.27 Electropherogram of glucosamine and a mixture of amines, diamines,
and amino acids at pH 9.78 [169].

Zhou et al. [175] described the determination of severe acute respiratory
syndrome (SARS) coronavirus by a microfluidic chip system. The unit
included an LIF microfluidic chip analyzer, a glass microchip for both PCR
and capillary electrophoresis, a chip thermal cycler based on dual Peltier
thermoelectric elements, a reverse transcription-polymerase chain reaction
(RT-PCR) SARS diagnostic kit, and a DNA electrophoretic sizing Kkit.
According to the authors, the system allowed efficient DNA amplification of
the SARS coronavirus followed by electrophoretic sizing and detection on
the same chip.

Huang et al. [176] described an integrated microfluidic chip (of PDMS and
soda-lime glass) capable of performing DNA /RNA amplification, electroki-
netic sample injection and separation, and online optical detection in an auto-
matic mode. The authors tested its functionality for bacterial DNA of
Streptococcus pneumoniae and RNA of dengue-2 virus. The NCE developed
represented a crucial contribution to the fields of molecular biology, genetic
analysis, infectious disease detection, and other biomedical applications.

Tsai and Sue [177] designed a micro-RT-PCR chip for quantitative detec-
tion of tumor viruses. The authors integrated test sample reservoirs, RT-PCR
meanders, and electrophoresis on an SU-8-based monolithic chip. Kolivoska
et al. [178] reported the analysis of human rhinovirus serotype 2 (HRV2) on a
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commercially available NCE via labeling the proteinaceous capsid of HRV?2
with Cy5 for detection by a red laser (Aex 630 nm). The resolution of the
sample constituents (virions, a contaminant present in all virus preparations,
and excess dye) was improved upon adaptation of the separation conditions,
mainly by adjusting the SDS concentration of the BGE. Furthermore, the
same authors [179] reported NCE coupled with LIF detection. The authors
used fluorescent dye for labeling viral capsids and analyzed HAV?2 and sub-
viral particles, followed by the complexation of the virus with a synthetic
fragment of the VLDL-receptor. Lagally et al. [180] reported the separation
and differentiation between strains of bacteria within 10 min, with detection
limit of two bacterial cells in a 200 nL. reactor on a microchip. Lantz et al.
[181] reported detection limits down to a single cell under controlled
sample conditions. The viability of applying NCE to cells or spores depends
on a number of factors, including the extent of heterogeneity of the sample,
cell viability within the sample matrix, and the extent of the differences in
electrophoretic mobility among the different biological entities.

8.3.9. Explosives

In the few decades the activities of terrorists have increased all over the world
and they are using a variety of weapons comprising different explosives.
Normally, the amounts of explosives in the atmosphere after the blast are
low, which requires microfluidic devices such as NCE in forensic science.
The determination of explosive in the environment due to military activities
is also a challenging area. Some workers have attempted to develop NCE
methods for analyses of various explosives. Pumera [182] presented a
review article on analyses of explosives using NCE. The most important
explosives are (1) nitrated organic compounds, such as 2,4,6-trinitrotoluene
(TNT), hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX), methyl-2,4,6-trinitro-
phenylnitramine (tetryl), and nitroglycerin; (2) inorganic nitrate, chlorate, or
perchlorate salts (NH4NO;, KNO3; or NH4ClO,); and (3) compounds contain-
ing an unstable peroxide group (triacetone triperoxide). Nitrated organic
explosives have been used for more than 100 years but, nowadays, RDX
and HMX (octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine) are very powerful
explosives widely used in various activities.

Wang et al. [183] reported fast analysis of preblast and postblast cations and
anions by using NCE in 60 seconds. Low EOF of PMMA chip material facili-
tated the rapid switching between analyses of cations and anions using the
same microchannel and run buffer, and provided rapid measurement of
seven explosives-related cations and anions. Wang et al. [184] discussed the
future development of an NCE device for the detection of triacetone
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triperoxide. The advantage, from UV degradation of triacetone triperoxide to
hydrogen peroxide and from an already developed microfluidic-amperometry
method for rapid detection of organic peroxides, was presented. Wang and
Pumera [185] described a dual electrochemical microchip detection system
containing two orthogonal detection modes (conductivity and amperometry)
that facilitated the measurements of inorganic explosives and nitroaromatic
explosive components on a single-channel microchip. The total assay of explo-
sive mixture took 2 minutes, as shown in Fig. 8.28. Bromberg and Mathies
[186] described a homogeneous immunoassay for detection of TNT and its
analogues on a microfabricated capillary electrophoresis chip. The assay
was based on the rapid electrophoretic separation of an equilibrated mixture
of an anti-TNT antibody, fluorescein-labeled TNT, and unlabeled TNT or
its analogue, with 1.0ng/mL as the limit of detection. Furthermore,
Bromberg and Mathies [187] described a high throughput homogeneous
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Figure 8.28 Electropherograms of inorganic and nitroaromatic explosives. (a)
Amperometric and (b) conductivity detectors. Analytes: (1) ammonium, (2) methyl-
ammonium, (3) sodium, (4) TNB, (5) TNT, (6) 2,4-DNB, and (7) 2-Am-4,6-DNB
[185].
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immunoassay for the detection of TNT using NCE. The limit of detection
reported was 1.0 ng/mL.

8.3.10. Environmental Analyses

Thousands of pollutants contaminate our environment, including organic,
inorganic, and biological species. It has been reported that, generally, contami-
nants are found in the environment at trace levels [188,189]. Of course, con-
ventional analytical methods have been used for their monitoring but these
methods cannot detect contaminants present at extremely low concentrations.
This challenge was overcome by newly developed microfluidic devices such
as NCE.

Wang and coworkers [24] described NCE with a thick film amperometric
detector for separation and detection of organophosphate nerve agents (para-
oxon, methyl parathion, fenitrothion, and ethyl parathion) within 140 seconds.
The electropherograms are shown in Fig. 8.29 indicating good separation. The
separation conditions were buffer, 20 mM MES (pH 5.0) containing 7.5 mM

h

|
al ﬁq{ |

| d
1\ A

Time/s

Figure 8.29 Separation and detection of organophosphate nerve agent compounds:
(@) 1.0 x 107°M paraoxon, (b) 1.0 x 107°M methyl parathion, (c) 2.0 x 107°M
fenitrothion, and (d) 4.0 x 10> M ethyl parathion [24].
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SDS, separation voltage 2000 V /cm, injection voltage 1500 V /cm, injection
time 3 seconds, and detection potential —0.5 V (vs. Ag/AgCl). Furthermore,
the same group [190] described NCE-based separation of organophosphonate
nerve agent (sarin and soman) degradation products (alkyl methylphosphonic
acids) with contactless conductivity detection. The system has been used for
monitoring these agents in river water sample within 50 seconds.

Lu et al. [191] described determination of cyanide in vapor and liquid
phases in NCE within 40 seconds. LIF detection was used to monitor
the fluorescent isoindole derivative formed by the reaction of cyanide
with 2,3-naphthalenedicarboxaldehyde (NDA) and taurine. Li et al. [192]
described speciation of arsenic species using online NCE hyphenation with
hydride generation atomic fluorescence spectrometry (HG-AFS). A baseline
speciation of arsenite and arsenate within 54 seconds, on a 90 mm long chan-
nel having a chip at 2500 V /cm potential with a mixture of 25 mM H3;BOj3 and
0.4 mM CTAB (pH 8.9) as electrolyte buffer, was achieved. According to the
authors the precision (RSD, n = 5) ranged from 1.9% to 1.4% for migration
time of 2.1% to 2.7% for peak area, and 1.8% to 2.3% for peak height for
the two arsenic species. The electropherograms of arsenic speciation are
shown in Fig. 8.30 indicating a good speciation within 55 seconds.

Li and coworkers [193] reported a hybrid technique for rapid speciation
analysis of Hg(I) and MeHg(II) by directly interfacing an NCE to atomic flu-
orescence spectrometry. Both mercury species were separated as their cysteine
complexes within 64 seconds. The precision (RSD, n = 5) of migration time,

As (Il

As (V)

12 mV

Potential

0 11 22 33 44 55 66
Migration time (s)

Figure 8.30 Electropherogram of arsenite and arsenate species of 3.0 mg/L concen-
trations [192].
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peak area, and peak height for 2 mg/L Hg(Il) and 4 mg/L MeHg(I) (as Hg)
ranged from 0.7% to 0.9%, 2.1% to 2.9%, and 1.5% to 1.8%, respectively.
Henares et al. [146] described an NCE integrated with the plural different
reagent-release capillaries, acting as various biochemical sensors. The authors
reported a novel drop-and-sip technique of fluid handling for analyses of
divalent cations [Ca(Il), Zn(II), and Mg(II)]. Vogt et al. [194] described a
new two-chip concept in terms of stability and reproducibility of separation
and detection of sodium, potassium, and lithium. The RSD of <1% and
3%, respectively, for retention times and peak heights during long-term
measurements could be achieved. Hui et al. [195] described an interface of
NCE-ICP on a PDMS chip. A stainless steel tube was placed orthogonal to
the exit of the NCE separation channel for cross flow nebulization with a sup-
plementary flow of buffer solution at the channel exit. Two capillaries were
inserted into the NCE chip near the inlet of the separation channel for
sample and buffer solution injection. The nebulization and transport efficiency
of the NCE-ICP interface was approximately 10%. Barium and magnesium
ions were eluted from the NCE within 30 seconds, applying 1kV/cm as
applied potential, with good resolution, as shown in Fig. 8.31. Kutter et al.
[196] analyzed magnesium and calcium by NCE after sample stacking and
on-chip complexation with 8-hydroxyquinolin-5-sulfonic acid.

Rohlicek and Deyl [197] described a versatile tool allowing standard oper-
ations (i.e. washing, preconditioning, separation, and inner surface modification
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Figure 8.31 Electropherograms of barium and magnesium ions using NCE [195].
Potential was 1 kV. —O— Mg emission; —l— Ba emission.
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of the chip channel) with capillary electrophoresis chips. Though currently
designed for a chip of maximal dimensions (30 x 60 mm), other formats of
the chip required only a minimum adjustment of the equipment, namely setting
of the chip sliding rails and adequate arrangement of the exchangeable heads.
The applications of the tool are demonstrated by the separation of the standard
set of inorganic cations. Wang et al. [198] described NCE for analysis of phe-
nolic compounds. Furthermore, the effects of the sample flow rate, applied vol-
tages, and other relevant variables were described and it was found that the
peak intensity was independent of the flow rate. Le Saux et al. [199] described
the binding constant of 2-naphthalenesulfonate and neutral phenols (phenol,
4-chlorophenol, and 4-nitrophenol) into (3-cyclodextrin by using NCE. The
authors discussed the issue of competitor choice in relation to its appropriate-
ness for proper monitoring of the interaction.

Fleger et al. [200] described a coupling between multimode polymer
waveguides and microfluidic channels on a PMMA chip with optical detec-
tion for the dye sulfanilazochromotrop (SPADNS). Edel et al. [201] reported
a thin film polymer light emitting diode as integrated excitation source in
NCE for the separation of fluorescent dyes. Feng et al. [202] described a
portable NCE system with potential gradient detection (PGD) for analyses
of alkali metals and alkaloids. The design of the system showed several
advantages, such as simplicity, miniaturization, and wide applicability.
Nikcevic et al. [203] described molded PMMA (IM-PMMA) chips as
potential candidates for electrophoresis. The authors evaluated several
important properties of IM-PMMA chips, such as fabrication quality, scan-
ning electron microscope imaging, surface quality measurements, selected
thermal /electrical properties, and the influence of channel surface treat-
ments. The EOF was also evaluated for untreated and oxygen reactive ion etch-
ing (RIE)-treated surface microchips. The performance of single lane plastic
microchip electrophoresis separations was evaluated by using a mixture of
two fluorescein (FL) and fluorescein isothiocyanate (FITC) dyes. The reprodu-
cibility of average migration time ratios of FL and FITC for all chips is shown
in Fig. 8.32.

Ujiie et al. [204] fabricated quartz chips for NCE and reported the separ-
ation of rhodamine B and sulforhodamine at 14.4 and 66.6 cm separator
lengths. The buffer was 20 mM phosphate buffer at 2kV applied voltage
and the separation was achieved in 70 seconds. Wakida et al. [205] reported
a high throughput characterization for dissolved organic carbon in environ-
mental waters within 2 minutes using NCE. The authors collected water
samples from 10 sampling points at the Hino River that flows into Lake
Biwa. Shin et al. [206] described NCE (PDMS) with fluorescence detection
for analyses of atrazine.
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Figure 8.32 Representation of reproducibility of average migration times ratio of
(fluorescein) FL and fluorescein isothiocyanate (FITC) for all chips [203].

8.3.11. Miscellaneous Applications

NCE has also been used to determine various bioprocesses, generally per-
formed by measuring fundamental physical and chemical parameters, such
as temperature, pressure, pH, and reaction rates. NCE has also been used
to study some chemical reactions on chip followed by the separation of
reaction products.

Brivio et al. [207] devised an NCE-NESI-MS system used for online
monitoring of supramolecular interactions of Zn-porphyrin with pyridine, 4-
ethylpyridine, 4-phenylpyridine, N-methylimidazole, and N-butylimidazole
in acetonitrile, as well as host-guest complexations of (3-cyclodextrin with
N-(1-adamantyl)acetamide or 4-tert-butylacetanilide. Stettler and Schwarz
[208] described a microchip electrophoresis instrument equipped with a
UV-detector and a home built chip station with electrochemical detection
for the calculation of interactions and to binding constants of ligands with
their substrates (3-cyclodextrin substrate with neurotransmitters). Fuchs
et al. [209] described a technology based on a microelectronic chip integrating
an array of over 100,000 independent electrodes and sensors which allowed
individual and parallel single cell manipulation up to 10,000 cells while main-
taining viability and proliferation capabilities.

Henares et al. [210] developed a multiple enzyme linked immunosorbent
assay (ELISA) chip by using capillary-assembled microchip (CAs-CHIP),
which involved simple embedding of a 2 to 3 mm length of square capillaries
possessing valving and immunoreaction functions into the microchannels fab-
ricated on a PDMS substrate. The authors immobilized different anti-IgGs
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(human, goat, chicken) and used as ELISA parts of CAs-CHIP. According to
the authors the valve integrated multi-ELISA chip developed could be applied
for many different diagnostic purposes by using different immunoreaction
capillaries necessary for specific clinical diagnostic applications.

Cheng et al. [211] described an NCE-LIF system for the rapid separation and
quantitative detection of ligase chain reaction (LCR) products amplified from the
lacl gene on a silicon-glass chip. LCR is a useful molecular technique for

TABLE 8.1 The Applications of NCE for Separation and Identification of
Different Molecules

Compounds Detectors Chip Materials LOD Refs.
Mg(I) & Ca(Il) LIF Glass 20-40 nM [197]
Cr(I1I), Co(Il) & LIF PDMS 493 nM [213]

Cu(Il)
Co(Il) & Cu(ID) LIF Fused silica 12.5nM [214]
TNT, TNB & Tetryl UV-Visb. Glass ppb—ppt [215]
Biotin MS Silicon 100 fg [216]
PSA Optical reflection Silicon nitride 0.2 ng [217]
DNA polymerase Diffraction Silicon 4.7ng [218]
Proteins Piezoresistance Silicon nitride 10 ng [219]
GCN, antigenic Optical reflection Silicon 20ng [220]

peptide
DNA Optical reflection Silicon 10-100 nM [221-223]
DNA Piezoresistance Silicon 75 1M [224]
Butyl rhodamine B Chemiluminescence  Glass 107°M [225]
a-Lactalbumin, Fluorescent Glass <0.5 pg [50]

B-lactoglobulin

A&

B-lactoglobulin

B
Peptides TOEF-MS Silica 3.2-43.5nM [52]
DNA LIF Glass 2ftM [79]
DNA - 1.83 ng/pL [82]
DNA - PDMS 1 fmol [97]
Amino acids LIF - 1.1 pM [118]
Dopamine ECD PDMS 100 nM [132]
Insulin Fluorescent Glass 10 nM [143]
Insulin Fluorescent Glass 3.0nM [144]
Amino sugar LIF 0.5 fmol [164]
TNT Fluorescent Glass 1.0 ng/mL [186]
TNT 1.0 ng/mL [187]

Abbreviations: DNA, deoxyribose nucleic acid; ECD, electrochemical detection; LIF, laser
induced fluorescence; LOD, limit of detection; PDMS, poly(dimethylsiloxane); PSA, prostate
specific antigen; TOF-MS, time-of-flight mass spectrometer; TNT, 2,4,6-trinitrotoluene.
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detecting known point mutations. The technology is used in disease diagnosis
and research. Liao et al. [212] described PMMA-based NCE with electrochemi-
cal detection for in-column urea/urease reactions. The authors advocated this
unit as capable of high resolution NCE-electrochemical detection of bioanalyti-
cal reactions. Some other applications of NCE are summarized in Table 8.1.

8.4. MECHANISM OF SEPARATION

As in the case of normal CE, small cations have higher charge /densities (q;/;)
ratio and, hence, larger ionic mobilities. As a principally striking electrophor-
etic property, it should lead to a rapid separation of high efficiency. But in prac-
tice, this seldom occurs unless special precautions are taken. The different
charges on various species may be an advantage of their separation in NCE
as the migration of these is controlled by the charges. In NCE sample injection,
capillary and detection are integrated on a single chip with anode and cathode
electrodes at the inlet (sample loading) and the detector sides, respectively.
Therefore, analytes having positive charge move from anode to cathode
where they are detected by a suitable detector. The movements of ionic species
from anode to cathode are due to the electrophoretic (j.,) and electroosmotic
(o) mobilities. Therefore, the migration of species is controlled by the sum
of the electrophoretic and electroosmotic mobilities. The electrophoretic mobi-
lites of the species depend on their charges and the sizes while there is no relation
among the charges, sizes, and the electroosmotic mobility. The analytes of differ-
ent charge /radii ratios migrates by different electrophoretic velocities under the
influence of applied voltage. The greater the charge /radius ratio the greater is the
mobility and, hence, the lower is the migration time. Therefore, analytes having
greater charge always eluted first followed by species with smaller charge. The
electroosmotic mobility for all analytes remains almost the same but it helps in
their migration towards the cathode. In this way, species elute at different
migration times due to the combined effect of different electrophoretic and elec-
troosmotic mobilities. In addition, the interaction of analytes with the capillary
wall, steric effect, van der Waal forces, dispersion interaction, etc., also play a
crucial role for the different mobilities of the species.

8.5. CONCLUSION

Remarkable developments have been achieved in NCE and its applications for
awide range of analytes. The utility of NCE for exploring the profiles of patho-
gens is of great concern for the welfare of our society. NCE is still not fully
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eloped. Of course, we believe that NCE will be a powerful tool in
oanalyses. Moreover, it will reveal many mysteries of biological and
ironmental sciences due to its inherent character of nano or low level
racterization. NCE is considered a big achievement in separation science

and it will prove itself as a mature reliable analytical technique.
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CHAPTER 9

CHIRAL SEPARATIONS BY
NANOLIQUID CHROMATOGRAPHY AND
NANOCAPILLARY ELECTROPHORESIS

9.1. INTRODUCTION

The history of enantiomeric resolution starts with the discovery of chirality in
1809 by Haiiy [1] and Pasteur’s experiments on different destruction rates of
dextro and levo ammonium tartarate by the mold Penicillium glaucum [2].
Now, it has been established that one of the enantiomers may be toxic or inac-
tive or ballast. About 68% of clinically prescribed drugs are being sold as race-
mates [3,4]. To ensure the desired optimum therapeutic effect, it appears
convenient to administer the eutomer. However, applying a single enantiomer
to humans does not necessarily prevent side effects or tissue/organ damage as,
sometimes, chiral inversion or racemization, can occur in vitro. An example of
achiral inversion without negative side effects is ibuprofen, where the inactive
(R)-(—)-enantiomer is converted into the active (S)-(+)-form by an enzymatic
mechanism [5]. On the other hand, (4 )-thalidomide racemizes into the harm-
ful (—)-antipode in vivo, leading to malformations of embryos in pregnant
women [3,6].

Due to the importance of chiral drugs and pharmaceuticals, Witte et al. [7] and
Rauws and Groen [8] reviewed the status of regulatory aspects of chiral medicinal
products in the pharmaceutical industries of the United States, Japan, and some
European countries. The U.S. Food and Drug Administration (FDA) and other

Nanochromatography and Nanocapillary Electrophoresis. By Ali, Aboul-Enein, and Gupta
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authorities have put forward certain regulations on the marketing of racemic
drugs and pharmaceuticals, which have resulted in an increasing demand for
chiral separation methods.

In environmental science chirality has an important role as degradation of
some achiral pollutants result in chiral toxic metabolites. Therefore, predicting
the exact toxicities of the pollutant concentrations of both enantiomers is
required and essential. For example, two enantiomers of a-hexachlorocyclo-
hexane pesticide have different toxicities. Moreover, the rates of degradation
of the enantiomers of a-hexachlorocyclohexane are also different [9,10].

Different analytical and preparative methods have been developed [11-15].
Among these, chromatography and capillary electrophoresis are the best
choices for this purpose, owing to their wide range of applications, ease of
operation, good efficiencies, sensitivities, selectivities, and reproducibilities
[11-14]. Due to the development of science and technology during the last
few years; the demand for analytical separations at nano or low levels has
been met especially in proteomics, genomics, and drug development. This
chapter describes chiral separations of some compounds by nanoliquid chro-
matographic and nanocapillary electrophoretic techniques.

9.2. NANOLIQUID CHROMATOGRAPHY

Certainly, a chiral environment is essential for enantiomeric resolution in
chromatography. Therefore, different chiral compounds are required. The most
commonly used chiral molecules are polysaccharides, cyclodextrins, macro-
cyclic glycopeptide antibiotics, proteins, crown ethers, ligand exchangers,
Pirkle’s-type molecules, and several others [11,12]. These compounds are
called chiral selectors and are used either in mobile phases or in stationary
phases. The former class is called chiral mobile phase additives (CMPA)
while the latter are termed chiral stationary phases (CSPs). Presently, in conven-
tional HPL.C, CSPs are well developed and about 98 % of enantiomeric resolution
is achieved successfully. On the other hand, chiral compounds are used as mobile
phase additives in conventional CEC and MEKC. As discussed in earlier
chapters, microfluidic devices are not well developed and, hence, no information
was found in the literature on chiral separations using CSPs. However, enantio-
meric resolution in liquid chromatography has been achieved using the mobile
phase additive approach. Pumera [16] reviewed chiral separations using liquid
chromatography on microchips. Not much work has been carried out on chiral
resolution on microchips. The available literature is described here.

Pumera and coworkers [17] used nano-HPLC for enantiomeric resolution of
ephedrine, pseudoephedrine, and ibuprofen by using [3-cyclodextrin as chiral
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selector. Wallenborg et al. [18] reported on-chip chiral separation of amphet-
amine and related compounds labeled with 4-fluoro-7-nitrobenzofurazane.
The chiral separation of norephedrine, ephedrine, cathinone, pseudoephedrine,
methcathinone, amphetamine, and methamphetamine was demonstrated using
nanomicellar electrokinetic capillary chromatography (NMEKC) and laser-
induced fluorescence (LIF) detection. The neutral and negatively charged
cyclodextrins were used as mobile phase additives with and without the addition
of an organic modifier. Sodium dodecyl sulfate (SDS) was used as surfactant.
The best results were obtained using a highly sulfated y-cyclodextrin (HS-y-
CD) in combination with a low concentration of SDS. The racemic mixtures
of norephedrine, ephedrine, cathinone, amphetamine, pseudoephedrine, meth-
cathinone, and methamphetamine were resolved using 50 mM phosphate
buffer (pH 7.35), containing 10 mM HS-y-CD and 1.5mM SDS as the
mobile phase. It is very interesting to observe that the authors attempted to
resolve all seven racemates within a single run, which is very difficult and
exceptional in chiral resolution. Figure 9.1 demonstrates the enantiomeric sep-
aration of these molecules, which clearly indicates complete resolution of all
racemates except norephedrine and cathinone. Furthermore, the authors
attempted to optimize the chiral separations of these drugs by varying the con-
centrations of HS-y-CD as shown in Fig. 9.2, indicating the best resolution at
20mM HS-y-CD. This may be due to the formation of stable inclusion

Fluorescence Intensity

Time (s)

Figure 9.1 Chromatogram of chiral separation of (1) norephedrine, (2) ephedrine,
(3) cathinone, (4) amphetamine, (5) pseudoephedrine, (6) methcathinone, and (7)
methamphetamine on S-folded separation channel (160 mm length) using 50 mM
phosphate buffer (pH 7.35) with 10 mM HS-vy-cyclodextrin and 5mM SDS at
8 kV/cm potential [18].
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Figure 9.2 Effect of HS-y-cyclodextrin concentration on the chiral separation of
(1) norephedrine, (2) amphetamine, and (3) methamphetamine on S-folded separation
channel (160 mm length) using 50 mM phosphate buffer (pH 7.35) with 5 mM
SDS at 8 kV/cm potential. (a) 5 mM, (b) 10 mM, (c) 15 mM, and (d) 20 mM HS-y-
cyclodextrins [18].
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Figure 9.3 Effectof SDS added to the run buffer on the separation of (1) ephedrine, (2)
pseudoephedrine, and (3) methamphetamine on S-folded separation channel (145 mm
length) using 50 mM phosphate buffer (pH 7.35) with 10 mM HS-y-cyclodextrin at
8 kV/cm potential. (a) 10 mM HS-y-CD and (b) 10 mM HS-y-CD [18].



9.3. NANOCAPILLARY ELECTROPHORESIS 249

complexes at this concentration. Besides, the retention time was quite high
due to the charged nature of CD. Therefore, the value of the zeta potential
decreased with consequent effect. Similarly, Fig. 9.3 represents the presence
and absence of SDS on the chiral resolution of these species; the best concen-
tration was achieved when 1 mM SDS was used. This is due to the formation of
micelles, which provide greater chances of inclusion complex formation and
various interactions resulting in better chiral resolution.

Rodriguez et al. [19] described NMEKC for the chiral resolution of fluor-
escein isothiocyanate (FITC)-amino acids. The mobile phase used was
100 mM borate buffer having 10 mM v-cyclodextrin with 30 mM SDS. The
separation was achieved on a 60 pm X 15 wm X 7 cm (effective length 4.8
cm) channel. The applied voltages were 1.5 and 30 kV for electrokinetic injec-
tion and separation, respectively. Similarly, Zeng et al. [20] described chiral
separations of FITC-labeled amino acids with gel NCEC on a polydimethylsi-
loxane (PDMS) microfluidic device. Six pairs of FITC-labeled dansyl amino
acids (Dns-AAs) were separated in a 36 mm effectual separation channel in
less than 120 seconds. Allyl-y-cyclodextrin was used as a chiral selector and
cross-linker was bonded in y-CD bonded polyacrylamide gel, which was the sep-
aration media, and was immobilized in a PDMS microchannel through the stable
linkage of 3-(trimethoxysilyl)-propyl methacrylate. Furthermore, the authors
described the longevity of the PDMS microfluidic device.

9.3. NANOCAPILLARY ELECTROPHORESIS

Contrary to conventional HPLC, almost 98% of chiral resolution in CE is
carried out using the chiral selector as a mobile phase additive. Again all
the common chiral selectors used in NLC can also be used in NCE. But, unfor-
tunately, few chiral molecules have been tested in NCE for enantiomeric
resolution of some racemates. To the best of our knowledge only cyclodextrins
and protein-based chiral mobile phase additives have been used for this
purpose. Manz and coworkers discussed chiral separations by NCE in their
reviews in 2004 [21] and 2006 [22]. Later on, Pumera [16] reviewed the use
of microfluidic devices for enantiomeric resolutions in capillary electro-
phoresis. Not much work has been carried out on chiral resolution in NCE
but the papers that are available are discussed here.

Pumera and coworkers [17] exploited (3-cylodextrin as chiral selector for
the enantiomeric resolution of ephedrine, pseudoephedrine, and ibuprofen in
NCEC. Male and Luong [23] described chiral analysis of three neurotransmit-
ters (norepinephrine, epinephrine, and isoproterenol) by NCE using 25 mM
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Figure 9.4 Effect of heptakis(2,6,di-O-methyl)-B-cyclodextrin concentration in
50 mM Tris-phosphate (pH 2.5) buffer in NCE separation of neurotransmitters.
(a) 0mM, (b) 5mM, (c) 15 mM, and (d) 25 mM [29].

heptakis(2,6,di-O-methyl)-B-cyclodextrin as chiral selector in 50 mM Tris-
phosphate (pH 2.5) buffer. Furthermore, the resolution was optimized by
using various concentrations of cyclodextrin as shown in Fig. 9.4 and it was
observed that the order of separation was a > b > ¢ > d with best resolution
at 25 mM concentration of cyclodextrin. Similarly, Schwarz and Hauser [24]
described the enantiomeric resolution of adrenaline, noradrenaline, ephedrine,
and pseudoephedrine by NCE. The separation of the enantiomers was achieved
by employing carboxymethyl-3-cyclodextrin as chiral selector in the buffer,



9.3. NANOCAPILLARY ELECTROPHORESIS 251

partly with the addition of the crown ether 18-crown-6. The detection was
achieved by an amperometric method.

Ludwig et al. [25] reported chiral separations of basic and acidic compounds by
using NCE with a UV detector. The racemates studied were 1-phenylethylamine,
a-,4-dimethylbenzylamine, N-methyl-1-phenylethylamine, 2-diphenylethylam-
ine, 2-(3-chlorophenoxy)-propionic acid, tropic acid, N,a-dimethylbenzylamine,
pseudoephedrine, and norephedrine. The sulfated cyclodextrins (HS-o-CD,
HS-B-CD, and HS-y-CD) were used as chiral selectors and separation
was achieved within 60 seconds. Furthermore, the authors reported enantio-
meric excess (ee) values for these compounds. Besides, the authors reported
successful separation of racemic mixture of alprenolol, terbutaline, and
tocainide and its derivatives such as N-(2,4-dimethylphenyl)alaninamide,
3-amino-N-(2,6-dimethylphenyl)-2-methylpropanamide, N-phenylalaninamide,
N-(2-methylphenyl)-alaninamide, N-(2,4,6-trimethylphenyl)-alaninamide and
3-amino-N-(2,6-dimethylphenyl)-butanamide under the reported experimental
conditions. Figure 9.5 represents the chiral resolution of three drugs within 11
seconds. The authors claimed the repeatability of this method as shown in
Fig. 9.6, which clearly indicates a quite good reproducibility. Some applications
of this paper are summarized in Table 9.1, indicating chiral selectors used, reten-
tion times, and resolution factors. These workers advocated NCE as a great
potential instrument for fast chiral analysis and high throughput screening.

Balss et al. [26] reported enantiomeric resolution of glutamic acid, dansyl-
pL-glutamic acid, and baclofen with chiral temperature gradient focusing in

0 25
Separation Length (mm)

Figure 9.5 Electropherogram of chiral separation of three basic drugs [25].
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Figure 9.6 Reproducibility of chiral separation of tocainide derivative in NCE [25].

NCE. Enantiomeric separations were accomplished by the addition of a- and
B-cyclodextrins (chiral selectors), which caused the different enantiomers of
an analyte to focus at different positions along a microchannel. According
to the authors, the method showed high performance and facile reversal of
peak order, desirable for analysis of trace enantiomeric impurities.
Furthermore, they claimed this method provided 1000-fold concentration
enhancement in comparison to conventional CE, with improved limits of
detection. The optimized chiral separation of dansyl-pL-glutamic acid is
shown in Fig. 9.7 under varied experimental conditions. This figure indicates
a good resolution due to reducing steepness of the temperature gradient.

Gao et al. [27] described enantiomeric resolution of FITC-labeled basic
drugs (baclofen, norfenefrine, and tocainide) by NCE using several neutral
cyclodextrins as chiral selectors. FITC-baclofen enantiomers were separated
completely by y-CD while resolution of FITC-norfenefrine enantiomers was
achieved by dimethyl-B-cyclodextrins. Furthermore, the authors studied the
feasibility of using one chiral selector to separate multiple racemic samples
on a four-channel chip. Figure 9.8 indicates the role of some chiral selectors
for enantiomeric resolution of FITC-baclofen and FITC-norfenefrine race-
mates. A perusal of this figure indicates that HP-a-CD and HP-3-CD are
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TABLE 9.1 NCE Data for Chiral Resolution of 19 Drugs”
Compound Chiral Selector tr to Rg

®_<NH2 HS-y-CD 39 83 2.1
,Q_{ HS-a-CD 15 28 2.6
NH

®_€NH2 HS-B-CD 13 21 2.1

/NH
O NH2 HS-y-CD 4 18 6.4
W,
o . oH Hj/ HS-a-CD 20 23 1.9
1994
oH HS-y-CD 28 56 2.6

H
" -

o) HS-y-CD 4 25 73

OH
N
H
\Q\ 0 HS-0-CD 31 70 25

o HS-y-CD 23 37 2.3
N NH

(Continued )
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TABLE 9.1 NCE Data for Chiral Resolution of 19 Drugs® (Continued)

Compound Chiral Selector 1 to Rg
@\ 0 HS-y-CD 1 34 3.8
)KFNHZ
N
H
Oi 0 HS-a-CD 7 36 6.3
N)’\rNH2
H
0 HS-y-CD 1 26 4.1
A‘/HNZ
N
H
Qi )OK)\ HS-y-CD 9 40 5.7
H NH
N
C'\O/OTCOOH HS-a-CD 27 43 22
©_<\ OH HS-B-CD 22 50 2.9
COOH
®_< HS-y-CD 58 74 17
W HS-y-CD 31 59 23
COOH
oH HS-B-CD 10 16 3.0
_CH,
OH
- HS-y-CD 25 37 123

SR

“Ref. [25].
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Figure 9.7 Optimizationof chiral TGF separation of dansyl-pL-glutamic acid. (a)
T; =13 to T, =40°C, (b) T; =11 to T, =30°C, (c) T; =15 to T, =30°C, (d)
T, =2.5to T, = 15°C, (e) intensity vs. distance plots for chiral TGF separations of
dansyl-pL-glutamic acid (dotted curve, resolution 2.4, is from (a), complete line
curve, resolution 3.8, is from the optimized separation (d), and (f) chiral NCE electro-
pherogram of the same [26].

the best chiral selectors for enantiomeric resolution of FITC-baclofen and
FITC-norfenefrine, respectively. Furthermore, the authors reported enantio-
meric resolution of FITC-baclofen and FITC-norfenefrine racemates on a
two-channel chip as shown in Fig. 9.9, indicating good resolution of both ana-
lytes. Besides, the authors presented an excellent comparison of chiral separ-
ations of FITC-baclofen, FITC-norfenefrine, and FITC-tocainide along with
NCE behavior of FITC as shown in Fig. 9.10 indicating the best resolution
of baclofen.

Piehl et al. [28] reported chiral separation of DNS-amino acids in NCE with
fluorescence detection. The sulfated cyclodextrins were used as chiral selec-
tors. The separation was achieved within 720 ms by applying 2.01 kV /cm
as applied potential. The chiral chromatograms are shown in Fig. 9.11, indicat-
ing a good resolution. The retention time and resolution factors of some amino
acids are given in Table 9.2. Hutt et al. [29] described enantiomeric resolution
of FITC-amino acids within 5 minutes using NCE. The amino acids studied
were alanine, glutamine, and asparagine, with carbonate buffer (pH 10.0),
containing y-cyclodextrin, at 550 V/cm applied voltage. Furthermore, the
authors optimized chiral separation by adjusting the concentrations of cyclo-
dextrins and temperature. The authors reported 5 mM concentration of
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Figure 9.8 Effect of chiral selectors on enantiomeric resolution of FITC-baclofen
and FITC-norfenefrine in NCE. (a) CD, HP-a-CD, and DM-3-CD, (b) HP-3-CD
and DM-3-CD [27].

v-cyclodextrin was found to be the best one (Fig. 9.12). Zeng et al. [30]
described enantiomeric resolution of FTIC-labeled DNS-amino acids by
using allyl-B-cyclodextrin. Nakajima et al. [31] reported chiral separation of
11 NBD-amino acids by ligand exchange-based NCE. A Cu(Il) complex
with L-prolinamide was used as a chiral selector. The enantiomers of five
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Figure 9.9 Chiral separations of FITC-baclofen and FITC-norfenefrine on a two-
channel chip. (a) Parallel analyses of FITC-baclofen in 2 mM vy-CD and (b) chiral
separations of FITC-baclofen and FITC-norfenefrine in 2mM v-CD and 2 mM

DM-y-CD, respectively [27].

NBD-amino acids (serine, threonine, valanie, phenylalanine, and histidine)
were separated by using a 20 mM ammonium acetate buffer (pH 9.0) contain-
ing 10 mM copper acetate, 20 mM L-prolinamide, and 1 mM SDS. The elution
order was the L-enantiomer followed by the D-form except in NBD-histidine.
Weng et al. [32] described chiral separation of tryptophan on a poly(methyl
methacrylate) microfluidic chip coated with bovine serum albumin (32 mm
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Figure 9.10 A comparison of electropherograms of enantionmeric resolution of (a)
FITC-baclofen, (b) FITC-norfenefrine, and (c) FITC-tocainide, and electrophoresis of
(d) FITC on the four-channel chip using 20 mM phosphate buffer containing 2 mM
v-CD, pH 9.3.
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Figure 9.11 Chiral separation of DNS-amino acids using 7 mm separation length
and 2.0 kV/cm potential with 25 mM triethylammonium phosphate buffer (pH 2.5)
as BGE containing 2% HS-y-CD as chiral selector. Peaks are (1) DNS-tryptophan,
(2) DNS-norleucine, (3) DNS-phenylalanine, (4) DNS-methionine, (5) DNS-aspartic
acid, (6) DNS-aminobutyric acid, (7) DNS-leucine, (8) DNS-norvaline, and (9) DNS-
glutamic acid [28].
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TABLE 9.2 NCE Data for Chiral Separation of
DNS-Amino Acids”

Compounds t; Rs
DNS-tryptophan 0.73 1.80
DNS-norleucine 0.72 1.60
DNS-phenylalanine 0.82 1.90
DNS-methionine 0.84 1.40
DNS-aspartic acid 0.83 1.80
DNS-aminobutyric acid 1.43 1.60
DNS-leucine 1.40 1.50
DNS-nor-valine 2.24 1.50
DNS-glutamic acid 2.71 1.50
“Ref. 25.
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Figure 9.12 Effect of y-cyclodextrin concentrations on the enantioselectivity of
five FITC-labeled amino acids and Gly: (a) 2.0 mM, (b) 5.0 mM, (c) 10.0 mM, and
(d) 15.0mM [29].
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Figure 9.13 Effect of buffer pH on enantiomeric resolution of pL-tryptophan. (a)
5.0, (b) 6.0, (c) 7.0, and (d) 8.0, with 20 mM phosphate buffer as BGE at 0.6 V/cm
potential [32].

channel) coupled with laser-induced fluorescence. The separation was
achieved within 70 seconds. The background electrolyte (BGE) used was 20
mM phosphate buffer with electrical detection at 0.6 V (vs. Ag/AgCl) and
1218 V/cm as the applied voltage (Fig. 9.13). Gong and Hauser [33] reported
enantiomeric separation of (1S,2S)-(1)- and (1R,2R)-(2)-trans-cyclohexane-
1,2-diamine by NCE with an effective separation length of 75 mm.
The BGE used was 0.5 M acetic acid with 5 mM of DM-f3-cyclodextrin and
5 mM of (+4)-18-crown-6-tetracarboxilic acid (pH 2.45) with electrokinetic
injection at 1 kV for 1 second.

9.4. MECHANISMS OF CHIRAL SEPARATION

The chiral recognition mechanisms in NLC and NCE devices are similar to
conventional liquid chromatography and capillary electrophoresis with
chiral mobile phase additives. It is important to note here that, to date, no
chiral stationary phase has been developed in microfluidic devices. As dis-
cussed above polysaccharides, cyclodextrins, macrocyclic glycopeptide anti-
biotics, proteins, crown ethers, ligand exchangers, and Pirkle’s type
molecules are the most commonly used chiral selectors. These compounds
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have chiral cavities, grooves, baskets, and loops. On injection of racemic mix-
tures, the enantiomers form transient diastereoisomeric complexes with the
chiral mobile phase additive. These complexes are stabilized by hydrogen
bondings, van der Waals forces, -7 complexation, dipole interactions, anio-
nic and cationic bindings, and steric forces. The distereoisomeric inclusion
complexes thus formed have different physicochemical properties and, there-
fore, have different adsorption/partition between the mobile and stationary
phases of liquid chromatography, which are the basis of their resolution.
Similarly, these transient diastereoisomeric complexes have different electro-
phoretic properties and elute at different time intervals in NCE. For more
details on chiral recognition mechanisms readers should consult our earlier
book on chiral chromatography [12].

9.5. CONCLUSION

Chiral resolution is an emerging area in drug design and environmental moni-
toring. The analyses of drugs and xenobiotics at nano or low levels are becom-
ing more essential and common. Consequently, NLC and NCE are of great
importance in these areas. Basically, the dose of any racemic can be reduced
if only one enantiomer is administered. Similarly, the exact toxicities of chiral
pollutants can be ascertained by determining their enantiomeric compositions,
which are of low concentrations in the environment. The demand for nano or
low level detection analytical methods is therefore increasing in the present
century. NLC and NCE are very important techniques in chiral drug design
and environmental monitoring. However, the microfluidic separation devices
are still under development and certainly will be the choice of the future in
chiral analyses of biological and environmental samples in the near future.
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CHAPTER 10

PERSPECTIVES ON NANOANALYSES

10.1. INTRODUCTION

The discovery of semiconductor integrated circuits by Bardeen, Brattain,
Shockley, Kilby, and Noyce was a revolution in the micro and nano worlds.
The concept of miniaturization and integration has been exploited in many
areas with remarkable achievements in computers and information technol-
ogy. The utility of microchips was also realized by analytical scientists and
has been used in chromatography and capillary electrophoresis. In 1990,
Manz et al. [1] used microfluidic devices in separation science. Later on,
other scientists also worked with these units for separation and identification
of various compounds. A proliferation of papers has been reported since
1990 and today a good number of publications are available in the literature
on NLC and NCE. We have searched the literature through analytical and
chemical abstracts, Medline, Science Finder, and peer reviewed journals and
found a few thousand papers on chips but we selected only those papers related
to NLC and NCE techniques. Attempts have been made to record the develop-
ment of microfluidic devices in separation science. The number of papers pub-
lished in the last decade (1998—-2007) is shown in Fig. 10.1, which clearly
indicates rapid development in microfluidic devices as analytical tools.
About 30 papers were published in 1998; that number has risen to ~400 in

Nanochromatography and Nanocapillary Electrophoresis. By Ali, Aboul-Enein, and Gupta
Copyright © 2009 John Wiley & Sons, Inc.
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Figure 10.1 Number of research publications on NLC and NCE.

2007. This data indicates that the future of microfluidic devices in separation
science and technology is quite good. The importance of nano separations has
already been discussed at various places in different chapters. The chapter
describes the future of nanoanalyses in separation science.

10.2. FUTURE OF MICROFLUIDIC DEVICES

Basically, microfluidic devices involve the flow of liquid in the nanoliter
range, and, hence they are useful devices in separation science at nano or
low level analyses of various ingredients in biological and environmental
matrices. The most important applications of micro-fluidic devices include
medical, chemical, and separation sciences.

The medical applications of microchips are as infusion pumps, for pain
therapy, treatment of cancer and tinnitus, and in proteomics, genomics, and
determining dosage of medicines. Miniaturization has enabled the develop-
ment of versatile portable equipment for point-of-care monitoring and treat-
ment of patients. In addition, microchip-based equipment has given patients
choices to be more directly involved in monitoring their own health, increasing
the probabilities of improving their lives and reducing health care expenses.

Drug discovery is a long, labor- and cost-intensive process and many poten-
tial drug candidates are being discovered by the use of combinatorial chemistry
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[2]. Microfluidic devices are useful, fast, and inexpensive tools for studying
the interactions of many drugs. Many drug discoveries and disease identifi-
cation are dependent on genetic analyses, which require microfluidic devices
that are capable of increasing the speed and efficiency of genetic information.
The speed of these devices aids in identifying illness and quickly and
efficiently treating the patient.

The chemical applications include reaction mechanisms, kinetics, and
dynamics. Microchips have also gained reputation in separation science and,
as discussed in earlier chapters, NLC and NCE have a wide range of appli-
cations for analyses of various molecules of a biological and environmental
nature. NLC can also be integrated with other on-chip chemical and biological
sensors, eliminating the need for highly specific sensing devices. Moreover,
microchips have the potential of achieving high throughput separations,
which can speed up research in all areas, including complex samples of bio-
logical and environmental interest. According to Robbins-Roth [3], multi-
million compound libraries have been generated with synthesis at the rate of
over one million new compounds per year. Therefore, conventional chromato-
graphic and capillary electrophoretic methods cannot meet the demands and
requirements of analyses of such a huge number of compounds.

Mijatovic et al. [4] reviewed the advantages and disadvantages of microflui-
dic devices along with their future prospects. Dittrich and Manz [5] discussed
the role of microfluidics in drug discovery in terms of molecular reactions,
laws of scale for surface per volume, molecular diffusion, and heat transport.
Furthermore, the authors reviewed current and future applications of microflui-
dics and highlighted their potential in drug discovery. Whitesides [6] reviewed
the origins and the future of microfluidics as potential influence in chemical
synthesis, biological analysis, optics, and information technology. Chin
et al. [7] reviewed past and future aspects of microfluidic devices for global
health. The authors identified diseases and discussed special design criteria
for these devices to be deployed in a variety of applications. The main focus
was on diagnostics, and past and future aspects of these devices. Pennathur
et al. [8] described the exploitation of the features of microfluidic technology
and discussed their future trends. Riviere [9] imagined the role of microfluidics
in veterinary therapeutics in 2030. Recently, Manz [10] wrote an editorial in
Lab-on-a-Chip Journal describing the utility and future of microchips in var-
ious areas, from space to medical research.

10.3. FUTURE CHALLENGES

The last decade has been credited with major developments in microfluidic
devices as many workers have reported on this subject. It is important to
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mention that microfluidic technology is not fully developed but still needs
more research into nanoanalytic techniques. Therefore, some future challenges
in the area are awaiting scientists to tackle them. The most critical challenges
are creation of devices that are capable of performing multiple, complex fluid-
handling steps in series on a fully integrated device. The sample, detection,
chip interfacing, chromatographic and capillary electrophoretic separations
and total integration are the issues that need to be addressed. Among these,
the integration of sample preparation into microfluidic devices is one of the
main hurdles to achieving true nanoanalyses. It is more challenging when ana-
lyses are to be performed on real-world samples, that is, environmental and
biological matrices. Due to inbuilt characteristics, chip-based machines need
nanoliter samples, which is a difficult task in conventional-scale fluidics to
handle such a small amount.

The microfluidic chips are small and thin, which make most conventional
coupling techniques unrealistic. In NLC, reliable coupling with high pressure
ratings is highly desired, which is underdeveloped, due to the complexity of indi-
vidual devices involved and the difficulty of integration for a complete on-chip
system. The selectivity is usually accomplished through chromatography-
based separation prior to detection and it is another problem in NLC. On the
other hand, in NCE it is highly desirable and useful to know the operating con-
ditions of the chip in real time. Besides, surface modification of NCE
capillaries is the most crucial and challenging issue to achieve acceptable
EOF for fast and successful separations. So far, most of the developments in
nanoanalyses have been focused on discrete devices, such as microchannels,
microvalves, micropumps, flow sensors, pressure sensors, and electrochemical
sensors. However, total integration is an urgent and important requirement in
this area. The integration of sample preparation, injection, separation channel,
and detection is very much required. This is the most challenging job for scien-
tists in the coming years. The dimensions of all the channels on microchips
being used in NLC and NCE are in micro ranges, which have very good sep-
aration capabilities but we can assume the analytical potentials of chips having
the dimension of channels in nano ranges. Therefore, it may be possible to fab-
ricate nanofluidic devices for NLC and NCE. No doubt, this sort of fabrication
is difficult and a challenge.

10.4. CONCLUSION

Microfluidic devices are a miracle since they have greatly reduced cost and
time, making our lives easier. Even today, the chips are small and inexpen-
sive, providing better sensitivity, selectivity, and reproducibility. However,
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microfluidic devices are not yet fully developed and still under development,
which need a truly versatile and powerful technology. The development of
nanofluidic devices is also required for more fine and low concentration ana-
lyses. In the near future, chip-based instruments will be available and useful in
field tests, networked sensing, real-time environmental monitoring, and medi-
cal choices for patient treatment within minutes or seconds. Furthermore, con-
tinuous research and development of NLC and NCE instruments will solve
many mysteries in genomics and proteomics. In conclusion, chip-based
devices will be available, in the near future, which will have an impact on
the advancement of separation science.
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