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 Microchip capillary electrophoresis (MCE) has evolved from capillary electrophoresis 
through further miniaturization, providing improvements in speed and sample require-
ments as well as the possibility to perform more complex and highly integrated analyses. 
MCE may be well investigated in the scientifi c literature, yet it is a rapidly maturing tech-
nique, and detailed validated protocols are not widely described yet. This book is intended 
to be a working guide to the operation of microchip capillary electrophoresis. 

 It explains step by step how to fabricate and operate microchips in electrophoresis as 
well as electrochromatography mode. It addresses some small molecule as well as biomol-
ecule applications. Furthermore, various detection modes as well as sample preparation 
approaches are described. In analogy with capillary electrophoresis, MCE also knows a 
large variety of application fi elds such as drug development, environmental analysis, bio-
medical and clinical analysis, and food analysis. 

 The notes incorporated in each chapter represent valuable remarks from the authors on 
the described protocol. These allow the readership gain more insight into the explained 
procedures and may prevent time loss encountered by troubleshooting when performing a 
poorly explained experimental procedure. 

 All biological scientists applying bioanalytical separation techniques will benefi t from 
the protocols described in this book.  

  Leuven, Belgium     Ann     Van     Schepdael    

  Pref ace   
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    Chapter 1   

 An Overview of the Use of Microchips in Electrophoretic 
Separation Techniques: Fabrication, Separation Modes, 
Sample Preparation Opportunities, and On-Chip Detection 

           Stijn     Hendrickx    ,     Wim     de     Malsche    , and     Deirdre     Cabooter    

    Abstract 

   This chapter is intended as a basic introduction to microchip-based capillary electrophoresis to set the 
scene for newcomers and give pointers to reference material. 

 An outline of some commonly used setups and key concepts is given, many of which are explored in 
greater depth in later chapters.  

  Key words     Microchip capillary electrophoresis  ,   Fabrication  ,   Separation modes  ,   Sample preparation  , 
  On-chip detection  

1      Introduction 

  Capillary electrophoresis (CE) is a well-established analytical tech-
nique that allows rapid and highly effi cient separations of charged 
analytes in minute sample volumes [ 1 ,  2 ]. CE is a separation tech-
nique which is driven by an electric potential difference applied 
across a narrow-bore capillary or microchip channel (usually smaller 
than 100 μm I.D.) fi lled with a (typically aqueous) electrolyte solu-
tion. A sample mixture of different compounds in solution is intro-
duced into the capillary as a relatively narrow zone. When a 
potential difference is applied across the capillary, bulk fl ow of the 
solution is generated by a process referred to as electroosmotic fl ow 
(EOF). Analytes, introduced at one end of the capillary, are driven 
toward the detector with a velocity that is proportional to the EOF 
and their charge/mass ratio. Separation is then based on differ-
ences in electrophoretic mobility of the analyte ions [ 1 ]. The EOF 
leads to a fl at velocity profi le, in contrast with the parabolic fl ow 
arising from mechanical pumping as encountered in liquid chroma-
tography. The fl at velocity profi le or “plug fl ow” results in a 
decrease in band broadening and hence higher plate numbers [ 1 ]. 

1.1  What Is Capillary 
Electrophoresis?
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 After the introduction of CE by Hjertén in 1967 [ 3 ], Jorgensen 
and Lukacs developed it into the modern technique which is used 
nowadays. They demonstrated that high separation effi ciencies 
(more than 400,000 plates) could be obtained by applying fi eld 
strengths of up to 30 kV in narrow capillaries [ 4 – 6 ]. The small I.D. 
of the capillaries (20–100 μm) ensured an effi cient dissipation of 
the heat generated by the high voltages. 

 Since then, CE has been applied for the separation of a wide 
range of different analytes: from inorganic to organic ions, achiral 
to chiral compounds, neutral molecules, biopolymers such as pep-
tides, proteins, DNA and RNA molecules or their fragments, and 
even viruses and bacterial cells [ 7 – 13 ]. 

 Capillary electrophoresis has since long been regarded as an 
alternative to more traditional separation techniques such as gel 
electrophoresis (GE) and liquid chromatography (LC). CE has a 
number of advantages over both of them, such as speed, fl exibility, 
ease of automation, portability, sample and reagent requirements, 
and cost, but also a number of disadvantages such as lack of repro-
ducibility and lower sensitivity.  

  The implementation of electrophoresis in fl at planar microchips was 
initiated some 20 years ago by Harrison, Manz, and Widmer [ 14 –
 16 ]. Capillary channels were fabricated in planar glass substrates 
using micromachining techniques, and separation in the channels 
was obtained using electrophoresis [ 14 ]. More than 100,000 theo-
retical plates could be obtained under optimized conditions [ 16 , 
 17 ], comparable to results attainable in fused silica capillaries. The 
application of microchips for the separation of analytes by electro-
phoresis has the important advantage that heat dissipation is much 
better in microchips than in capillaries of the same dimensions. This 
allows the application of higher electrical fi elds in much shorter 
separation channels, resulting in much faster separations. 

 Manz et al. moreover demonstrated the possibility to couple 
injectors and detectors onto a miniaturized separation device using 
microlithography techniques and hence introduced the concept of 
a “miniaturized total chemical analysis system” (μTAS), also 
referred to as lab-on-a-chip [ 14 ]. The term “lab-on-a-chip” 
embodies the idea of a small, low-cost, completely self-contained, 
portable device with advanced chemical analysis capability, low 
reagent consumption, and low power requirements. 

 Miniaturization of the electrophoretic process onto microchips 
permits very complex and highly integrated analyses, as microma-
chining techniques allow manufacturing microchannel systems 
with integrated injection and detection capabilities with minimal 
dead volumes. Additionally, due to the simplicity of the required 
instrumentation for CE, which requires no moving parts, minia-
turization is rather straightforward. Consequently, microchip elec-
trophoresis (MCE) has the potential to combine most of the 

1.2  Microchip 
Electrophoresis

Stijn Hendrickx et al.
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advantages of CE (sample handling capabilities, fast analysis time, 
custom design, and small sample requirements) with the advantage 
of portability, while maintaining similar analytical performance as 
standard benchtop instrumentation. Additional advantages of 
MCE devices include the possibility to use a wide variety of well- 
established separation techniques and control the entire system 
electronically [ 18 ]. 

 Today, MCE devices have become well-accepted, multidimen-
sional, analytical platforms in biomedical, pharmaceutical, environ-
mental, and forensic sciences [ 19 – 22 ]. In the last decade, there has 
been a steep rise in the number of applications of MCE which has 
resulted in the development of a number of commercial products 
by Agilent, Hitachi, and Shimadzu [ 23 – 25 ]. To achieve advanced 
performance and allow for specifi c applications, surface modifi ca-
tion methods for the microchannels have been developed [ 26 – 28 ]. 
In the past years, new microfabrication methods [ 29 ,  30 ], injection 
schemes [ 31 ,  32 ], channel geometries [ 33 – 35 ], separation modes, 
and detection techniques [ 36 – 38 ] have been introduced for MCE. 

 While MCE is seen as a viable (and often superior) alternative 
to CE, it can be considered as a complementary analytical tech-
nique to LC for the analysis of nonvolatile compounds [ 39 ].  

  The rising interest in MCE research in the past decade has been a 
direct consequence of recent developments in micromachining 
techniques, such as those based on common semiconductor pro-
cessing techniques. These improved techniques have made it pos-
sible to integrate multiple functions such as sampling, sample 
processing, and separation in a single microchip device using com-
plex fl uidic circuits, enabling high-throughput bioanalyses without 
additional connectors [ 40 ]. Although considerable progress has 
been made toward this goal, nearly all chips reported to date still 
require some external ancillary equipment such as pumps, valves, 
detectors, and power supplies. This introduction gives a short 
overview of the materials and techniques most commonly used for 
MCE production. 

  In the early stage of CE microchip development, glass and quartz 
substrates were mainly used as chip material because of their optical 
transparency, excellent electroosmotic fl ow characteristics, and sim-
ilar chemistry as the fused silica capillaries used in traditional CE 
[ 14 ]. However, the time-consuming and labor-intensive fabrica-
tion process and necessity for costly equipment and clean rooms 
have shifted the focus to polymer-based chips [ 41 ]. These are 
cheaper and require only relatively simple fabrication infrastructure 
and technologies. Various polymers, each with their own specifi c 
advantages and drawbacks, such as poly(dimethylsiloxane) (PDMS), 
poly(methyl methacrylate) (PMMA), polycarbonate (PC), poly-
ethylene terephthalate (PET), polyester, cyclo-olefi n polymer 

1.3  Fabrication 
of Microchips

1.3.1  Microchip 
Materials

Overview of Microchip Electrophoretic Separation Techniques
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(COP), and SU-8 have been used in MCE applications. PDMS is 
the most commonly used material due to its high fl exibility and 
optical transparency. The biggest disadvantage, however, is the low 
separation effi ciency it yields [ 42 ]. To overcome this, hybrid 
PDMS/glass microchips are usually employed. In recent years, 
paper- and polyester-toner (PT) substrates have emerged as simple, 
versatile, lightweight, and low-cost promising platforms for the 
production of disposable devices for MCE [ 43 ,  44 ]. Channels are 
usually used as such, but can be coated to prevent surface adsorp-
tion of peptides and proteins and avoid irreproducible results.  

  For the production of glass microfl uidic chips, standard photolitho-
graphic technologies are mostly used, in combination with wet 
chemical etching and a bonding step. After the application of a pho-
toresist layer, a photomask with the intended channel layout is 
placed between the chip and the light source. Next, the photomask 
is exposed to UV light to either dissolve or cross-link the photore-
sist layer. Subsequently, the glass can be etched according to the 
produced pattern by a solution containing hydrofl uoric acid. After 
removal of the layers, fl uidic access holes for microfl uidic connec-
tions can be drilled or powder-blasted into the chip. After an exten-
sive cleaning step, the chip can be bonded at high temperature [ 45 ]. 
An example of a basic lithography procedure is given in Fig.  1 .  

1.3.2  Micromachining 
Techniques

Coating

Exposure

Develop

Etch

StripPhotoresist removed
with H2SO4 

SiO2 etched with
NH4F + HF

Unexposed photoresist
removed

Si substrate

SiO2 (~ 1 µm)

Photoresist

Mask

Photolithographic process

NegativePositive

hV

UV exposure

Coating with
photoresist

Oxidation

  Fig. 1    Schematic representation of the different steps in the lithographic process. Process steps include coating, 
exposure, development, oxide etching, and resist stripping       
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 In the last decade, chips based on polymer materials have 
gained much more interest because of some inherent advantages. 
The cost is lower, fabrication often requires less stringent condi-
tions and subsequently less expensive facilities such as a clean room 
and other specialized equipment, and the design of complex and 
highly diverse microchannel structures is much easier on these 
polymeric substrates [ 40 ,  46 ]. It should, however, be stressed that 
when the defi nition of micron-sized structures is targeted before 
applying a bonding step (which is the case for most techniques), 
the time spent in the clean room is the price-determining factor 
and the substrate price becomes negligible. 

 Polymer chips can be produced using various microfabrication 
techniques such as injection molding [ 47 ], laser ablation [ 48 ], hot 
embossing [ 49 ], casting [ 50 ], and imprinting [ 51 ]. Recently, some 
new exciting techniques have emerged, such as in situ polymeriza-
tion of methyl methacrylate (MMA) for the fabrication of fi ber elec-
trophoresis microchips [ 52 ]; optofl uidic maskless lithography 
(OFML), an in situ photopolymerization technique used to  fabricate 
microstructures (such as microparticles) within a fl uidic channel 
using computer-controlled two-dimensional spatial light modula-
tors [ 53 ]; and substrate modifi cation and replication by thermo-
forming (SMART), wherein heated and hence softened thermoplastic 
polymer fi lms or plates are shaped by three- dimensional stretching 
[ 54 ]. In the past few years, the fabrication of hybrid glass/quartz–
polymer microchips has also become fairly established. Leakage and 
blockage have proven to be the major challenges when fabricating 
microfl uidic chips combining different materials [ 55 ]. It requires 
fabrication techniques for perfect bonding between different mate-
rials, such as oxygen plasma bonding [ 55 ,  56 ], as well as a clean 
room environment (which is often not available).   

  Different modes of capillary electrophoretic separations can be 
performed using standard CE instrumentation. The most impor-
tant capillary electroseparation modes include capillary zone elec-
trophoresis (CZE), capillary gel electrophoresis (CGE), micellar 
electrokinetic capillary chromatography (MEKC), capillary elec-
trochromatography (CEC), capillary isoelectric focusing (CIEF), 
and capillary isotachophoresis (CITP) [ 1 ,  57 ]. Depending on the 
type of analytes, the same separation modes can be used on a 
microfl uidic chip. Small molecules are usually analyzed with CZE, 
CEC, or MEKC in glass/silica microchips. Larger molecules such 
as DNA are separated using CGE, while for larger proteins CGE, 
CIEF, and CZE are preferred [ 19 ]. 

  Capillary zone electrophoresis is the simplest, most universal, and 
most frequently used CE mode. Many compounds can be sepa-
rated rapidly and easily. The separation in CZE is based on differ-
ences in the electrophoretic mobility, which result in different 
velocities of migration of ionic species in the electrophoretic buffer 

1.4  Microchip 
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contained in the capillary or microchannel. The separation mecha-
nism is mainly based on differences in solute size and charge 
(charge/mass ratio) at a specifi c pH. The charge/mass ratio of 
many ions can be changed by adjusting the pH of the buffer 
medium to affect their ionization and hence their migration time. 
There are many examples of CZE applied in microchips [ 58 – 61 ]. 
The technique is often also combined with MS [ 62 – 65 ].  

  In CEC, the separation column is packed with a chromatographic 
packing which can retain analytes, similar to LC techniques. The 
mobile phase, consisting of aqueous buffer and organic modifi er, is 
in contact with both the silica wall and the particle surfaces. The 
separation mechanism can hence be seen as a combination of two 
techniques: liquid chromatography and capillary electrophoresis. 
Due to the presence of the packed bed in the microchannel, the 
fl ow is less plug like than for other electrophoretic techniques. This 
effect becomes more pronounced at increasing ratios of double 
layer thickness and average particle spacing. To provide suffi cient 
interaction surface, the use of support structures is, however, vital. 
In recent chip-based work, ordered pillar arrays in fused silica [ 66 ] 
were used to provide more surface area, while providing higher 
effi ciency than a disordered (packed) column. The use of a foil- 
shaped pillar allowed for minimization of dispersion and imped-
ance simultaneously, an optimization which is not possible in 
pressure-driven chromatography. 

 The nature of the mobile phase makes coupling to MS easier 
than for other CE techniques. Separation in CEC has been obtained 
with different separation modes, using reversed-phase, cationic, or 
anionic ion-exchange stationary phases [ 67 ]. CEC is regularly used 
in MCE for the analysis of small, neutral molecules or enantiomers 
which are diffi cult to analyze by other electrophoretic methods 
[ 19 ,  68 ,  69 ].  

  In MEKC, the analytes are separated by differential partitioning 
between micelles (which form a pseudo-stationary phase) and a 
surrounding aqueous buffer solution (mobile phase). Micelles 
form in solution when a surfactant is added to the mobile phase in 
a concentration which surpasses its critical micelle concentration 
(CMC). This technique provides a way to resolve neutral mole-
cules as well as charged molecules using CE. The most commonly 
used surfactant in MEKC is sodium dodecyl sulfate (SDS). Chip 
MEKC has been used for the separation of amino acids [ 70 ,  71 ], 
fl avonoids [ 72 ], alkaloids [ 73 ], narcotic drugs [ 74 ], explosives 
[ 75 ], pesticides [ 76 ], and many more.  

  The main separation mechanism in capillary gel electrophoresis is 
based on differences in solute size as analytes migrate through the 
pores of a gel-fi lled column. Separation takes place based on 

1.4.2  CEC
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“molecular sieving.” The gel, which is formed by polymers such as 
polyacrylamide and SDS, must be thermally stable and have an 
appropriate range of pore sizes to be a suitable electrophoretic 
medium. The technique is not very suitable for neutral molecules, 
since EOF is suppressed in this mode of separation, preventing 
migration of neutral molecules. Microchips for CGE can be 
obtained by introducing the gel into the microchannel via capillary 
action [ 77 ] and have been used for rapid DNA and DNA fragment 
separations [ 78 ,  79 ], but also for allergens [ 80 ] and proteins [ 81 ].  

  Microchip isoelectric focusing is a strong tool for protein analysis 
[ 19 ]. In IEF analytes are separated based on their isoelectric point. 
Protein samples are introduced in the separation channel together 
with a solution which forms a pH gradient along the channel. 
Under the infl uence of an applied electrical fi eld, charged proteins 
will migrate through the medium until they reside in a pH region 
were they become electrically neutral and therefore stop migrating. 
Eventually, a steady state is reached. After focusing, the zones can 
be mobilized from the separation channel by pressurized fl ow [ 1 ]. 
Recent developments of this technique and various applications in 
protein and peptide analysis in microchips are described in a 
detailed review [ 82 ].   

  One of the goals of microfl uidics research is to incorporate sample 
preprocessing and analysis platforms onto the same device. The 
concept of a “lab-on-a-chip” is an attractive idea, but considerable 
effort is still required to make it feasible for most analyses. With 
this concept in mind, many scientists have tried to miniaturize and 
implement sample preparation onto microfl uidic devices. In this 
way, sample preparation steps such as extraction, desalting, pre- 
concentration, and modifi cation of analytes have been incorpo-
rated in microchips. 

  Low detection limits for small molecules are a major problem in 
MCE due to the small channel dimensions. Therefore, online con-
centration before MCE is an important step of sample preparation. 
Various methods have been described in literature for sample 
cleanup and pre-concentration of analytes on a microfl uidic chip. 
On-chip pre-concentration techniques can generally be classifi ed 
into two major categories: static and dynamic methods [ 83 ]. Static 
techniques entail (1) solvent extraction techniques that concen-
trate analytes in aqueous solution in an organic solvent via phase 
transfer and dissolution [ 84 ,  85 ], (2) surface-binding techniques 
that trap analytes via adsorption or binding [ 86 – 89 ], and (3) 
porous membrane or nanochannel techniques which stack analytes 
through fi ltering or exclusion enrichment [ 90 ,  91 ]. 

 Dynamic techniques do not require physical barriers or struc-
tures to retain analytes and can be subdivided into techniques that 
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concentrate analytes (1) through velocity differences across the 
boundary between sample and running buffer and (2) based on 
the focusing effect. Field-amplifi ed sample stacking (FASS) [ 92 ], 
fi eld-amplifi ed sample injection (FASI) [ 92 ,  93 ], isotachophoresis 
(ITP) [ 61 ], transient ITP (tITP) [ 94 ], sweeping [ 95 ], and dynamic 
pH junction [ 96 ] are all examples of dynamic pre-concentration 
based on velocity differences. 

 Dynamic pre-concentration methods based on focusing entail 
that the net velocity of the analytes approaches zero somewhere in 
the channel. Focusing can, for example, be obtained via (1) iso-
electric focusing (IEF) [ 97 ], (2) temperature gradient focusing 
(TGF) [ 98 ], and (3) electric fi eld gradient focusing (EFGF) [ 99 ].  

  Other sample preprocessing techniques such as mixing, sample 
labeling, and metabolite generation have been used on microfl u-
idic devices as well. An example is reported by Ma et al. [ 100 ] 
describing an integrated solgel-based bioreactor in a microfl uidic 
device for the generation of drug metabolites. The group of Wu 
et al. [ 101 ] reported on the implementation of a microfl uidic plat-
form for sampling and mixing small volumes of blood to aid in 
quantitative positron emission tomography (PET) studies of mice. 

 Laser-induced fl uorescence (LIF) is the primary detection tool 
for MCE. Therefore, on-chip labeling before the electrophoretic 
separation is often required as most analytes are nonfl uorescent. A 
high number of on-chip labeling strategies have been presented, 
both pre-column and post-column. Pre-column labeling is pre-
ferred because reaction time and other conditions do not affect 
band broadening during separation. The two most common label-
ing methods are fl uorescent covalent labeling and affi nity labeling 
[ 102 ,  103 ]. 

 The use of selective analytical techniques, such as immunoas-
says and other analyte immobilization techniques, diminishes the 
need for extensive sample cleanup and preprocessing because they 
allow for direct determination of biofl uids. These selective tech-
niques are therefore very interesting to be incorporated in micro-
chips [ 104 – 106 ].   

   Laser-induced fl uorescence (LIF) detection is the most widely used 
optical detection mode for microchip analysis [ 107 – 109 ]. LIF can 
easily be adapted to the dimensions of microchips and has superior 
selectivity and sensitivity compared to other common detectors. 
The main disadvantage of LIF is the requirement of pre- or post-
column derivatization with a fl uorophore. At the moment, most 
lasers are also signifi cantly larger in scale than microchips and not 
portable and disposable [ 41 ]. Microchip LIF detection has been 
widely employed for DNA analysis, because of its high throughput 
and sensitivity [ 110 ], and for immunoassays and enzymatic reac-
tions [ 111 ]. Although MCE-LIF systems have proven very useful 
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for the analysis of large compounds such as DNA and proteins, 
they are not the fi rst choice for detection of small molecules. 

 UV absorption and deep UV-induced fl uorescence can be suit-
able for aromatic compounds [ 112 ]. UV detection has a wide 
application range, but is usually limited because of its poor sensitiv-
ity due to the short optical path length across the separation chan-
nel. As a result, several means to increase the path length on a CE 
microchip have been investigated, such as the fabrication of U-cells 
and optical waveguides to increase the channel depth [ 113 ]. The 
use of a capillary expansion (bubble cell) at the detection zone has 
also been employed to enhance detection sensitivity, without sig-
nifi cantly compromising separation effi ciency [ 114 ].  

  Due to the high cost of classical UV instrumentation and the need 
for analyte derivatization in the case of LIF detection, signifi cant 
effort has been dedicated to the development of alternative detec-
tion modes for MCE. Electrochemical detection (EC) has raised a 
lot of interest as possible online detection mode for MCE. Advantages 
of EC include good sensitivity, ease of miniaturization, low cost, 
and low power requirements. EC detection has been widely used 
for detection of small molecules in MCE [ 21 ,  72 ,  115 ]. 

 The most frequently used EC detector for MCE is the ampero-
metric detector (AD). It is mainly employed to monitor electroac-
tive analytes. The AD has a high sensitivity and performance, but 
generally suffers from interferences caused by the CE separation 
voltage. Examples include the development of a miniaturized MCE 
device for the simultaneous measurement of lactate and glucose 
[ 116 ] and an MCE-AD system for the analysis of uric acid in urine 
[ 117 ]. A second electrochemical detection method is conductivity 
detection, which can be seen as the most universal quantifi cation 
method in CE and MCE. There are two modes of conductivity 
detection, one where the electrodes are in direct contact with the 
buffer solution and the so-called contactless conductivity detection 
[ 118 ]. Capacitively coupled contactless conductivity detection 
(C 4 D) is used today for the analysis of small ions [ 119 ] as well as 
for complex biochemical analytes [ 120 ]. C 4 D is composed of two 
radial electrodes placed around the capillary or two planar elec-
trodes placed in the end of the microchip channel. The main 
advantages of the contactless mode over the contact mode are the 
greatly decreased background noise and the avoidance of bubble 
creation [ 18 ]. Potentiometric detection is a third electrochemical 
detection method which is, however, seldom used for MCE.  

  The combination of mass spectrometry (MS) with MCE combines 
high separation effi ciency with a highly sensitive detection method. 
MCE-MS has been successfully used for the analysis of biogenic 
compounds such as peptides, proteins, amino acids, sugars, metab-
olites, and pharmaceutical compounds [ 121 – 123 ]. ESI is the 
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    Chapter 2   

 Microchip Electrophoresis for Fast and Interference-
Free Determination of Trace Amounts of Glyphosate 
and Glufosinate Residues in Agricultural Products 

           Xuan     Wei     and     Qiaosheng     Pu    

    Abstract 

   Fast screening of herbicide residues is becoming important to ensure food safety, but traditional chromato-
graphic methods may not be suitable for rapid on-site analysis of samples with complicated matrices. Here, 
we describe a method for rapid and sensitive determination of glyphosate (GLYP) and glufosinate (GLUF) 
residues in agricultural products by electrophoresis on disposable microchips with laser-induced fl uores-
cence detection. With this method, quantitative analysis of trace amounts of GLYP and GLUF can be 
achieved with relatively simple sample preparation.  

  Key words     Microchip electrophoresis  ,   Glyphosate  ,   Glufosinate  ,   Laser-induced fl uorescence  , 
  Agricultural products  

1      Introduction 

 Glyphosate (GLYP) and glufosinate (GLUF) are widely used her-
bicides due to their excellent performance and low toxicity. 
However, excessive use of these compounds may cause high levels 
of residue in agricultural products and increase the possibility to be 
transferred into foods. Although they are considered as low toxic, 
there is some research indicating the potential threat [ 1 ]. Actually, 
regulations on the residual levels of these compounds have been 
established: the Environment Protection Agency (EPA) of USA 
sets the maximum residue level (MRL) of GLYP at 0.7 μg/mL in 
drinking water [ 2 ], while the Food and Agriculture Organization 
(FAO) regulates the upper limits of GLYP and GLUF as 0.1–
5.0 mg/kg and 0.05 mg/kg in many crops [ 3 ]. Therefore, rapid, 
simple, and effi cient analysis methods for these two compounds are 
highly necessary. 
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 Due to their unique structure, both GLYP and GLUF are 
devoid of chromophores and have poor volatility and good 
 solubility in water. Analysis with the traditional techniques such as 
gas chromatography (GC), high-performance liquid chromatogra-
phy (HPLC), and capillary electrophoresis (CE) frequently involves 
tedious sample preparation and derivatization [ 4 – 6 ]. 

 Microchip electrophoresis (MCE) has the advantages of 
increased speed and reduced sample consumption [ 7 – 9 ]. With dis-
posable plastic microchips, MCE can be a very effi cient and eco-
nomical technique for rapid analysis. Meanwhile, due to its 
excellent optical transparency and low autofl uorescence [ 10 ], cyclic 
olefi n copolymer (COC) has been widely used as a substrate of 
microchips for the analysis of both small molecules [ 11 ,  12 ] and 
macromolecules including proteins [ 13 ,  14 ] and nucleic acids 
[ 15 ]. Although surface treatment is frequently necessary for MCE 
with plastic microchips, we have proven that with the presence of 
water-soluble polymers acting as multifunctional additives, highly 
effi cient separation could be achieved for samples with complicated 
matrices [ 16 ,  17 ]. 

 Here, a fast, interference-free detection of GLYP and GLUF 
with MCE is described. After derivatization of these two herbicides 
with fl uorescein isothiocyanate (FITC) at an elevated temperature 
in a short period of time, trace amounts of GLYP and GLUF could 
be separated quickly in borate buffer containing hydroxypropyl 
cellulose (HPC). Because of the negative charge on the fl uorescein 
moiety of FITC and the suppressed electroosmotic fl ow (EOF) 
caused by HPC [ 18 ,  19 ], these analytes migrate anodically, ahead 
of the components of the sample matrices that may interfere with 
the analysis in other techniques, such as amino acids, small amino 
sugars, and proteins. Therefore, sample pretreatment can be sim-
plifi ed; it involves only water extraction and protein precipitation 
with acetonitrile. With the advantages of simple sample prepara-
tion, accelerated derivatization, rapid separation, and high sensitiv-
ity provided by the laser-induced fl uorescence (LIF) detection, the 
proposed method can be a competent candidate for the rapid on- 
site screening of residues of GLYP and GLUF in agricultural prod-
ucts or foods. The detailed investigation and validation of the 
method have been reported elsewhere [ 20 ].  

2    Materials 

      1.    Borax stock solution (100 mmol/L): weigh 9.572 g sodium 
tetraborate decahydrate and dissolve it in approximately 
100 mL of distilled water in a glass beaker ( see   Note 1 ). 
Quantitatively transfer the solution to a 250 mL volumetric 
fl ask and adjust the liquid level to the mark with distilled water. 
Borax solutions of lower concentrations can be prepared by 
proper dilution of the stock solution with distilled water.   

2.1  Solutions
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   2.    GLYP standard stock solution (1.69 mg/mL): accurately 
weigh 16.9 mg GLYP ( see   Note 2 ) and dissolve it in about 
3 mL of distilled water. Quantitatively transfer the solution 
into a 10 mL volumetric fl ask and adjust the liquid level to the 
mark with distilled water.   

   3.    GLUF standard stock solution (1.81 mg/mL): weigh 18.1 mg 
GLUF and prepare the solution following the same procedure 
as for GLYP. 

 Both GLYP and GLUF stock solutions should be stored 
at 4 °C and re-prepared every 30 days.   

   4.    Separation buffer: 10 mmol/L borax solution, 2 % HPC at 
pH 9.0. Add 10 g HPC to 500 mL 10 mmol/L borax solution 
in a glass beaker ( see   Note 3 ), stirring until all solids dissolve. 
Adjust the pH to 9.0 with 1.0 mol/L HCl. Filter the solution 
through a 0.45 μm membrane before use ( see   Note 4 ).   

   5.    FITC solution: 20 mM fl uorescein isothiocyanate, 1 % (v/v) 
pyridine, acetone.   Dissolve 1.5 mg of FITC in 200 μL acetone 
containing 1 % (v/v) pyridine ( see   Note 5 ).   

   6.    Sodium tetraborate buffer: 15 mmol/L sodium tetraborate, 
pH 9.2.       

3    Methods 

      1.    River water: fi lter the water sample through a 0.45 μm mem-
brane and directly use the fi ltrate for the derivatization.   

   2.    Soybean:
    (a)    Grind the soybean into powder. Accurately weigh 2 g of 

grinded soybean powder and put it in a 10 mL polypropyl-
ene centrifuge tube containing 6.00 mL of distilled water, 
making sure all powder is soaked in water ( see   Note 6 ).   

   (b)    Sonicate the mixture for 5 min and then centrifuge at 
390 ×  g  for 3 min ( see   Note 7 ).      

   (c)    Take 1.00 mL of the supernatant to a 5 mL plastic micro-
centrifuge tube with an airtight lid, add 1.00 mL of aceto-
nitrile, and vortex the tube for 1 min to precipitate 
proteins ( see   Note 8 ).   

   (d)    Close the lid and centrifuge the solution at 290 ×  g  for 
5 min. Use the supernatant for the derivatization.       

   3.    Broccoli:
    (a)    Accurately weigh 10 g of broccoli, homogenize it with 

100 mL distilled water, and transfer the mixture to a 
250 mL beaker.   

   (b)    Sonicate the mixture for 10 min, and vacuum fi lter 
through a Büchner funnel.   

3.1  Sample 
Preparation

Fast and Interference-Free Herbicide Determination
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   (c)    Wash the precipitate twice with 30 mL distilled water each.   
   (d)    Quantitatively transfer the fi ltrate into a 250 mL volumet-

ric fl ask and adjust the liquid level to the mark with dis-
tilled water. Use this solution for the derivatization.          

      1.    Mix 20.0 μL of FITC solution, 30.0 μL of sample solution 
(supernatant in the centrifuge tube for the soybean sample or 
the solution in the volumetric fl ask for the broccoli sample), 
and 100 μL of sodium tetraborate buffer in a 0.5 mL micro-
centrifuge tube wrapped with aluminum foil ( see   Note 9 ).   

   2.    Vortex the mixture for 30 s.   
   3.    Put the tube in a water bath at 55 °C for 20 min.   
   4.    Filter the solution through a 0.45 μm membrane with a dry 

syringe fi lter head ( see   Note 10 ).      

      1.    Check the microchip ( see   Note 11 ) under a microscope to 
make sure there are no visible particles in any of the channels 
( see   Note 12 ).   

   2.    Rinse the microchip channel with ethanol (fi ltered with a 
0.45 μm membrane) for 1 min with the aid of a syringe con-
nected to a reservoir of the microchip.   

   3.    Mount the microchip onto the stage of the LIF detector 
( see   Note 13 ); ensure all channels are fi lled with ethanol.   

   4.    Remove the ethanol from the  Buffer  reservoir ( see  Fig.  1  for 
the reservoir defi nition) and quickly fi ll this reservoir with 
100 μL of separation buffer.    

   5.    Fill the reservoirs  Sample  and  Sample Waste  exactly as described 
in  step 4 .   

   6.    Apply a vacuum using a syringe or an air pump at the  Buffer 
Waste  reservoir to fi ll all channels with the separation buffer 
( see   Note 14 ).   

   7.    Replace all reservoirs with 100 μL separation buffer.   
   8.    Insert platinum electrodes to each reservoir and set the volt-

age for the  Buffer Waste  to 0 V and the other three reservoirs 
to 500 V ( see   Note 15 ). Sequentially switch on the voltage 

3.2  Derivatization 
Procedure

3.3  Microchip 
Electrophoresis

Buffer Buffer waste

Sample

Sample waste

LS

LB LSW
LBW

  Fig. 1    Schematic diagram of microchannels on a disposable microchip       
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between the three reservoirs and the  Buffer Waste  reservoir, 
check the currents, and make sure the currents are stable. If no 
current or unstable currents are observed, repeat steps 1–7 
( see   Note 16 ).   

   9.    Replace the  Sample  reservoir with standard or sample solu-
tions (100 μL).   

   10.    Perform the pinched injection and separation following the 
voltage program listed in Table  1  ( see   Note 17 ). A typical 
 electropherogram is shown in Fig.  2 . Normally 3–5 cycles of 
injection–separation should be performed for each standard or 
sample ( see   Note 18 ).

    Table 1  
  Voltage program for microchip-based electrophoresis   

 Phase  Voltage at each reservoir (V) a  

 Sample  Sample waste  Buffer  Buffer waste 

 Injection  0  250 L   S   + 290 L   SW    250 L   S   − 20 L   B    250 L   S   − 20 L   BW   
 (−250) b   (290)  (−20)  (−20) 

 Separation  550 L   B   + 125 L   S    550 L   B   + 125 L   SW    0  550 L   B   + 300 L   BW   
 (125)  (125)  (−550)  (300) 

   a  L   S  ,  L   SW  ,  L   B  , and  L   BW   are distances (in cm) from the cross point to the  Sample ,  Sample 
Waste ,  Buffer , and  Buffer Waste  reservoirs (to the inner edges of the drilled holes), 
respectively.  See  Fig.  1  for the position of reservoirs 
  b Electric fi eld strength (V/cm) in the microchannel connected to the reservoir  

  Fig. 2    Electropherogram of a soybean sample spiked with 0.100 μg/g of GLYP 
and 0.100 μg/g of GLUF. The effective separation length, 3.5 cm       
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        11.    Prepare the calibration curves of peak areas of both GLYP and 
GLUF vs. concentrations, and calculate the concentration of 
analytes in the derivatized sample solutions with the regression 
equations of the calibration curves.   

   12.    Calculate the contents of GLYP and GLUF in the original 
samples through correction of the dilution in the sample prep-
aration and derivatization process.       

4    Notes 

        1.    To accelerate dissolution, an ultrasonic bath or elevated tem-
perature may be used. Wait until the solution has cooled to 
room temperature before transferring the solution into the 
volumetric fl ask.   

   2.    GLYP and GLUF may absorb moisture, so they should be 
stored in airtight vessels.   

   3.    Vigorous stirring is normally necessary to dissolve HPC.   
   4.    Avoid using vacuum fi ltration, since large numbers of bubbles 

may be produced. Syringe fi ltration is recommended.   
   5.    This solution should be freshly prepared. Pyridine is toxic; 

handle it in a hood or a well-ventilated space.   
   6.    10 g of sample may be used to avoid inhomogeneity of the 

sample, with proportional increase of the volume of water and 
extraction time in the following two steps.   

   7.    The supernatant may be turbid. Longer centrifugation times 
may be necessary for larger volumes of fi ltrate.   

   8.    This step can be skipped if the supernatant from the former 
step is clear.   

   9.    The tube should be wrapped with aluminum foil to avoid 
light-induced degradation of FITC and its derivatives.   

   10.    Dilution with separation buffer may be necessary for herbicide 
standards.   

   11.    Commercial plastic microchips made of COC or other materi-
als may be used. Disposable COC microchips can be fabri-
cated by the following procedure:
    (a)    COC annealing: 

 Cut the original COC plate (Topas 8007, 1.0 mm thick) 
into small pieces with a size of 6 × 2 cm. Sandwich each 
COC piece between two microscope slides (2.5 cm wide, 
7.5 cm long, and 2.0 mm thick) and clamp them with six 
small binder clips (19 mm) along two long sides of the 
microscope slides. Each microchip needs two pieces of 
COC; prepare two of such assemblies according to the 
number of microchips needed. Put the assemblies in an 
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oven at 150 °C for 30 min. After that, take the assemblies 
out of the oven and let them cool down naturally. When 
they have cooled down to room temperature, remove the 
binder clips and take the COC pieces out.   

   (b)    Wire embossing: 
 For embossing each COC slide, stretch two copper wires 
(diameter of 80 μm) on a clean microscope slide, to form 
the necessary cross pattern of the microchannels ( se e 
Fig.  1 ). Fix the ends of the wires at the backside of the 
microscope slide with Scotch tape to ensure the wires are 
straight. Put a piece of annealed COC on the top of the 
patterned copper wires and cover the COC with another 
microscope slide. Clamp the slide assembly with six small 
binder clips in the same way as for COC annealing. Prepare 
such assemblies as many as needed. Put the assemblies 
into an oven at 140 °C for 25 min to embed the wires into 
the COC slides. Take them out of the oven and let them 
cool down naturally. Detach the COC pieces together 
with embedded copper wires from the microscope slides.   

   (c)    Wire etching and hole drilling: 
 Put the COC pieces with copper wires into a bath of con-
centrated HNO 3  in a hood for 15 min to etch copper 
wires away ( Caution : Concentrated HNO 3  is very corro-
sive and may give off toxic fume. Wear goggles and gloves 
and handle it in a well-ventilated hood). Rinse the COC 
pieces thoroughly with water. Drill four holes (3 mm) at 
the appropriate positions ( see  Fig.  1 ).   

   (d)    Thermal bonding: 
 Check the COC pieces with embossed microchannels and 
drilled holes under a stereomicroscope, and remove any 
debris at the ends of microchannels with a needle. Clean 
the slides with ethanol in an ultrasonic bath for 5 min. 
Cover the microchannel COC piece with another piece of 
clean annealed COC. Sandwich them between two micro-
scope slides with six binder clips, as for annealing and wire 
embossing. Put it in an oven at 120 °C for 10 min to 
thermally bond the microchip.   

   (e)    Reservoir adhesion: 
 Glue four pieces of plastic tubes (i.d. ~6 mm, height of 
~10 mm) as the reservoirs using COC dissolved in tolu-
ene. Seal the chip edge with dissolved COC too and let 
them dry in a hood. Store the prepared microchips in 
sealed vessels to avoid contamination.    

      12.    Small particles can be fl ushed away with ethanol.   
   13.    Any fl uorescence detector that matches the excitation and 

emission of FITC derivatives may be used for the detection. 

Fast and Interference-Free Herbicide Determination
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    Chapter 3   

 Microchip Capillary Electrophoresis of Nitrite 
and Nitrate in Cerebrospinal Fluid 

           Marián     Masár     ,     Róbert     Bodor    , and     Peter     Troška   

    Abstract 

   Microchip capillary electrophoresis (MCE) is a relatively new analytical method requiring only small 
 sample amounts, which is very favorable for the analysis of volume-limited biofl uids. The practical use of 
MCE in bioanalysis is still restricted in terms of requirements for simplifying and/or concentrating sample 
pretreatment techniques. Here, we describe an MCE method for trace analysis of nitrite and nitrate, indi-
cators of various neurological diseases, in cerebrospinal fl uid (CSF). The complex CSF samples were sim-
plifi ed by solid-phase microextraction prior to an online combination of isotachophoresis with capillary 
zone electrophoresis performed on a microchip with coupled channels and a high-volume sample injection 
channel (9.9 μL). The method is suitable for rapid (total analysis time lasted 20 min), reproducible 
(0.6–2.4 % RSD for migration time), and sensitive (3–9 nM limits of detection) determinations of nitrite 
and nitrate in 15–50 times diluted CSF samples.  

  Key words     Nitrite and nitrate  ,   Cerebrospinal fl uid  ,   Microchip capillary electrophoresis  ,   Microchip with 
coupled channels  ,   Isotachophoresis  ,   Capillary zone electrophoresis  ,   Contact conductivity detection  , 
  Solid-phase microextraction  

1      Introduction 

 Nitrite and nitrate represent the major oxidation products of nitric 
oxide (NO), an important cell signaling molecule and biological 
mediator in various physiological functions [ 1 ]. Considering the 
relatively short half-life of NO in biofl uids [ 2 ], nitrite and nitrate 
are to be used as indicators of its formation [ 3 ]. An excess produc-
tion of NO is associated with various diseases, e.g., cluster head-
ache [ 4 ], multiple sclerosis [ 5 ], bacterial meningitis [ 6 ], or 
Parkinson’s disease [ 7 ]. Hence the determination of nitrite and 
nitrate in cerebrospinal fl uid (CSF) is useful for monitoring of the 
NO generation within the central nervous system and for early 
diagnosis of such neurological diseases. 
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 Although different separation methods based on chromatogra-
phy and capillary electrophoresis (CE) have been developed for the 
determination of nitrite and nitrate in various biofl uids, an appro-
priate sample pretreatment technique eliminating interferences of 
complex biomatrices has to be used to achieve adequate concentra-
tion limits. Microchip capillary electrophoresis (MCE), which is 
considered as a miniaturized version of CE, has benefi ts in terms of 
high speed, high separation effi ciency in small channels, high 
throughput, reduced consumption of solvents and toxic waste, 
easy automation, and low running costs [ 8 ]. On the other hand, 
the use of MCE in the analysis of complex biosamples is limited, 
mainly due to the problems resulting from downscaling [ 9 ]. 

 Short separation channels on the microchip require the injec-
tion of relatively simplifi ed samples; otherwise, separation capacity 
could be critical. In the same way, reduced i.d. of the microchip 
channels puts heavy demands on sensitive detection techniques 
[ 8 ]. Detectability of the analyte in capillary zone electrophoresis 
(CZE), the most widely used (M)CE technique, can be enhanced 
by increasing the sample pulse length. The high sample injection 
volume requires a suitable concentration technique prior to the 
CZE separation; otherwise, the injection dispersion contributes 
signifi cantly to the total peak dispersion [ 10 ]. A loss of the resolu-
tion of the analyte, e.g., due to electromigration dispersion of the 
matrix constituent, is another factor that may prevent an increase 
of the sample injection volume. 

 In biofl uids, the analytes of interest are often present at low 
concentrations, while potential interfering constituents are the 
major components. For example, only (sub-) μM concentrations of 
nitrite and nitrate are observed in CSF, while chloride, which is a 
typical macroconstituent, is present at 100,000 times higher con-
centration. Only a few papers have been published on the MCE 
separation and determination of nitrite and nitrate in various bio-
fl uids, e.g., in blood plasma [ 11 ], blood serum [ 12 ,  13 ], saliva 
[ 12 ], and CSF [ 14 ]. Considering the limiting factors of MCE 
mentioned above, its use for bioanalysis is limited without simplify-
ing the sample and/or concentrating the analytes by a pretreat-
ment technique. 

 Isotachophoresis (ITP) is a highly effi cient concentration tech-
nique [ 15 ]. In a single channel microchip, ITP itself cannot solve 
the problem with interference of chloride present in the sample at 
high concentration. ITP-CZE employed on a microchip with cou-
pled channels provides concentration and, at the same time, effec-
tive sample cleanup by electrophoretically removing chloride in the 
fi rst separation channel [ 10 ]. On the other hand, a very high con-
centration of chloride often results in an incomplete resolution of 
analytes in ITP due to its limited separation capacity, and a nega-
tive bias into the CZE determination is introduced [ 16 ]. The use 
of a suitable pretreatment technique prior to the ITP-CZE analysis 
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is therefore necessary. Micro-solid-phase extraction (mSPE) based 
on silver-form resin that specifi cally retains chloride [ 17 ] is a good 
alternative in this respect. 

 The present text describes an MCE method for the determina-
tion of trace concentrations of nitrite and nitrate in CSF [ 14 ]. A 
large volume (9.9 μL) of mSPE-treated CSF sample was injected 
on the microchip with coupled channels. Online ITP-CZE separa-
tions were monitored by contact conductivity detectors. MSPE 
using sulfonated polystyrene-divinylbenzene cation-exchange resin 
in a silver form signifi cantly reduced the concentration of chloride 
in the sample. The mSPE-ITP-CZE method is reproducible (0.6–
2.4 % RSD for migration time) and sensitive (3–9 nM limits of 
detection). The time of analysis including both pretreatment steps 
does not exceed 20 min.  

2    Materials 

           1.    MCE analyzer with the electrolyte ( see   Note 1 ) and electronic 
units ( see   Note 2 ), a computerized MCE system.   

   2.    IonChip™ 3.0 poly(methyl methacrylate) microchip with 
coupled channels (Merck, Darmstadt, Germany) and inte-
grated conductivity sensors    ( see  Fig.  1 ). For production details, 
 see  ref.  18 .    

   3.    MicroITP, ver. 2.4, data acquisition and analysis software 
(Merck) for Microsoft Windows XP/7. The software is used 
to control the MCE electronic unit and to perform data acqui-
sition and analysis. A data acquisition rate of 25 points per 
second is used.   

   4.    pH meter with combined glass electrode ( see   Note 3 ).   
   5.    Test tube shaker for sample homogenization.   
   6.    Ultrasonic bath for degassing the electrolyte solutions.   
   7.    Small laboratory centrifuge (10,000 rpm; 5,600 rcf).   
   8.    SPE microcolumn with 0.5 mL sulfonated polystyrene- 

divinylbenzene cation-exchange resin in a silver form (Alltech, 
Grace Davison Discovery Sciences, Deerfi eld, USA).   

   9.    0.5 mL Spin-X ®  centrifuge tube fi lter (Corning, Amsterdam, 
the Netherlands) with 0.45 μm cellulose acetate membrane.   

   10.    10 mL syringe PP/PE without needle, Luer tip.   
   11.    Digital burette with 0.01 mL resolution.   
   12.    Disposable syringe membrane fi lters of 0.8 μm pore size.   
   13.    Single channel mechanical pipettes with a variable volume 

(1–10, 10–100, 100–1,000 μL) and adequate tips.      

2.1  Instruments 
and Components

MCE of Nitrite and Nitrate in CSF
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          Prepare all the solutions using fresh ultrapure water (UPW) with 
resistivity 18 MΩ.cm at 25 °C and analytical grade reagents.

    1.    A stock solution of 100 mM HCl for preparation of the lead-
ing electrolyte (LE): Use potentiometric titration with NaOH 
for determination of the HCl concentration purifi ed by iso-
thermal distillation (ca. 7 M). Calculate the volume of purifi ed 
HCl needed for preparation of 500 mL stock solution. Prepare 
the solution and determine the concentration. When the con-
centration is different from 100 mM, adjust the concentration 
by UPW or by concentrated purifi ed HCl. Determine again 

2.2  Reagents 
and Stock Solutions

  Fig. 1    A scheme of the microchip for the ITP-CZE separations. ( a ) Arrangement of 
the channels and the contact conductivity detection sensors on the microchip. ( b ) 
Inlets to the microchip channels for fi lling the background (BGE), leading (LE) and 
terminating electrolyte (TE), and sample (S) solutions using peristaltic micro-
pumps (P-BGE, P-LE, P-TE, P-S) and the outlet (W) from all channels. ( c ) Initial 
confi guration of the electrolyte and sample solutions in the ITP-CZE run. C-TE, TE 
channel (0.8 μL); C-S, sample injection channel (9.9 μL); C-LE, the fi rst (LE) 
separation channel (4.5 μL, 59 mm separation path) with Pt conductivity sensor 
(D1); C-BGE, the second (BGE) separation channel (4.3 μL, 56 mm separation 
path) with Pt conductivity sensor (D2); E1, E2, driving electrodes for the fi rst and 
the second separation channels, respectively; E3, the driving electrode con-
nected to a high-voltage pole of high-voltage power supply (HVPS); HVR, a high- 
voltage relay switching the direction of the driving current between E3–E1 or 
E3–E2; BF, bifurcation section of the coupled channels       
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the concentration and repeat adjusting until a 100 ± 1 mM 
value is obtained in three repeated runs. Fill the bottle of the 
digital burette ( see   item 11  of Subheading  2.1 ) with the solu-
tion and store at room temperature.   

   2.    A stock solution of 1 M formic acid for preparation of the ter-
minating electrolyte (TE): Pipette 381 μL of concentrated for-
mic acid (99 %, 1.22 g/mL, 26.2 M) into a 10 mL volumetric 
fl ask fi lled with ca. 5 mL of UPW. Dilute with UPW to a vol-
ume of 10 mL, mix well, and store in a closed bottle at 4 °C.   

   3.    A stock solution of 1 M acetic acid for preparation of the back-
ground electrolyte (BGE): Pipette 578 μL of concentrated ace-
tic acid (99 %, 1.05 g/mL, 17.3 M) into a 10 mL volumetric 
fl ask fi lled with ca. 5 mL of UPW. Dilute with UPW to a vol-
ume of 10 mL, mix well, and store in a closed bottle at 4 °C.   

   4.    A stock solution of 1 % electroosmotic fl ow suppressor solu-
tion (methyl hydroxyethyl cellulose 30,000, MHEC): Add 2 g 
of MHEC into a 250 mL glass beaker fi lled with 200 mL of 
UPW and stir with a magnetic stirrer until dissolved. Store the 
solution in a closed bottle at 4 °C.   

   5.    A stock solution of 10 mg/L nitrite for calibration: Pipette 
250 μL of 1,000 mg/L nitrite solution (CertiPUR ® , Merck 
Millipore) into a 25 mL volumetric fl ask and add UPW to 
reach the level of the etched line. Mix well (alternatively 
homogenize in ultrasonic bath) and store at 4 °C. The stock 
solution can be stored for a month.   

   6.    A stock solution of 10 mg/L nitrate stock solution for calibra-
tion: Pipette 250 μL of 1,000 mg/L nitrate solution 
(CertiPUR ® , Merck Millipore) into a 25 mL volumetric fl ask 
and add UPW to reach the level of the etched line. Mix well 
(alternatively homogenize in ultrasonic bath) and store at 
4 °C. The stock solution can be stored for a month.   

   7.    A stock solution of 1 % detergent for microchip maintenance: 
Pipette 0.5 mL of Extran ®  MA 02 (Merck Millipore) into a 
50 mL volumetric fl ask and add UPW to reach the level of the 
etched line. Mix well and store at 4 °C. The stock solution can 
be stored for 3 months.       

3    Methods 

          1.    LE: Dispense 5.00 mL of HCl ( see   item 1  of Subheading  2.2 ) 
from a digital burette into a 50 mL volumetric fl ask fi lled with 
ca. 20 mL of UPW. Add 98.0 mg β-alanine (BALA) ( see   Note 
5 ), 5 mL of 1 % MHEC ( see   item 4  of Subheading  2.2  and 
 Note 6 ), and dilute to a volume of 50 mL. Homogenize and 
degas the solution in an ultrasonic bath, and measure the pH 
(3.6 ± 0.05) ( see   Note 7 ).   

3.1  Preparation 
of ITP-CZE Electrolyte 
Solutions ( See   Note 4 )

MCE of Nitrite and Nitrate in CSF
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   2.    TE: Pipette 500 μL of formic acid ( see   item 2  of Subheading  2.2 ) 
into a 50 mL volumetric fl ask fi lled with ca. 20 mL of 
UPW. Add 89.1 mg BALA ( see   Note 5 ), 5 mL of 1 % MHEC 
( see   item 4  of Subheading  2.2  and  Note 6 ), and dilute to a 
volume of 50 mL. Homogenize and degas the solution in an 
ultrasonic bath, and measure the pH (3.9 ± 0.05) ( see   Note 7 ).   

   3.    BGE: Pipette 500 μL of acetic acid ( see   item 3  of 
Subheading  2.2 ) into a 50 mL volumetric fl ask fi lled with ca. 
20 mL of UPW. Add 10.7 mg BALA ( see   Note 5 ), 3.356 g 
DDAPS ( see   Note 8 ), 5 mL of 1 % MHEC ( see   item 4  of 
Subheading  2.2  and  Note 6 ), and dilute to a volume of 
50 mL. Homogenize and degas the solution in an ultrasonic 
bath, and measure the pH (3.8 ± 0.05) ( see   Note 7 ).      

      1.    Fill 2 mL microcentrifuge tube with stock solution of 10 mg/L 
nitrite ( see   item 5  of Subheading  2.2 ).   

   2.    Fill 2 mL microcentrifuge tube with stock solution of 10 mg/L 
nitrate ( see   item 6  of Subheading  2.2 ).   

   3.    Prepare 1 mL of mixed standard solution (MSS) by pipetting 
10 μL of nitrite and 20 μL of nitrate stock solutions ( see   steps 
1  and  2 ) into 2 mL microcentrifuge tube and add 970 μL of 
UPW. Mix well and 1 day process only.   

   4.    Prepare calibration solutions of nitrite (1, 2.5, 5, 10, 25 μg/L) 
and nitrate (2, 5, 10, 20, 50 μg/L) from the MSS ( see   step 3 ) 
and TE ( see   step 2  of Subheading  3.1 ):
    (a)    1 μg/L nitrite and 2 μg/L nitrate calibration solution: 

Pipette 10 μL of MSS, 750 μL of TE, and 240 μL of UPW 
into a 2 mL microcentrifuge tube.   

   (b)    2.5 μg/L nitrite and 5 μg/L nitrate calibration solution: 
Pipette 25 μL of MSS, 750 μL of TE, and 225 μL of UPW 
into a 2 mL microcentrifuge tube.   

   (c)    5 μg/L nitrite and 10 μg/L nitrate calibration solution: 
Pipette 50 μL of MSS, 750 μL of TE, and 200 μL of UPW 
into a 2 mL microcentrifuge tube.   

   (d)    10 μg/L nitrite and 20 μg/L nitrate calibration solution: 
Pipette 100 μL of MSS, 750 μL of TE, and 150 μL of 
UPW into a 2 mL microcentrifuge tube.   

   (e)    25 μg/L nitrite and 50 μg/L nitrate calibration solution: 
Pipette 250 μL of MSS and 750 μL of TE into a 2 mL 
microcentrifuge tube.    

              1.    Attach a 10 mL syringe fi lled with UPW to the SPE microcol-
umn ( see   item 8  of Subheading  2.1 ) and pass the UPW 
through the device. Repeat the rinsing procedure three times 
and remove the UPW from the device (with air purge).   

3.2  Preparation 
of Calibration 
Solutions

3.3  MSPE 
Pretreatment of CSF 
Samples
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   2.    Open the device using pliers and collect resin (ca. 450 mg) into 
a 1.5 mL microcentrifuge tube. Cover the microcentrifuge 
tube with aluminum foil and store at 4 °C for a max of 5 days.   

   3.    Weigh 150 mg of wet resin into a 1.5 mL microcentrifuge 
tube; add 200 μL TE solution ( see   step 2  of Subheading  3.1 ) 
and 50 μL CSF sample ( see   Note 9 ). Shake for 2 min using test 
tube shaker.   

   4.    Transfer the mixture quantitatively to the centrifuge tube fi lter 
( see   item 9  of Subheading  2.1 ) inserted in a 2 mL microcentri-
fuge tube. Carry out the fi ltration in a microcentrifuge ( see  
 item 7  of Subheading  2.1 ) at 10,000 rpm (5,600 rcf) for 2 min.   

   5.    Dilute the fi ltrate with TE solution ( see   step 2  of 
Subheading  3.1 ) prior to ITP-CZE analysis. The total dilution 
factor should be 15–50, depending on the analyte concentra-
tion in the CSF sample. Dilution of CSF in  step 3  (fi ve times) 
should be taken into account.      

   The procedure to perform ITP-CZE separations on the microchip 
is summarized in Table  1 .

     1.    Fill four vials with UPW and insert the inlet capillaries con-
nected to the peristaltic micropumps into the vials.   

   2.    Wash the microchip channels using the peristaltic micropumps 
controlled by MicroITP software ( see  Procedure 1 of Table  1 ). 
This cleaning procedure should be applied prior to the fi rst 
run of the day.   

   3.    Filter the electrolyte solutions ( see  Subheading  3.1 ) using dis-
posable syringe fi lters ( see   item 12  of Subheading  2.1 ) into the 
vials ( see   Note 10 ).   

3.4  ITP-CZE Running 
Protocol

       Table 1  
  Microchip procedures   

 Procedure 

 Inlet vial 

 Time (s)  Note  BGE  LE  TE  Sample 

 1. Wash  UPW  UPW  UPW  UPW  300 

 2. Fill  BGE  LE  TE  S  150   See  Table  2  

 3. Separation  BGE a   LE a   TE a   S a   600   See  Table  3  

 4. Wash  BGE a   LE a   TE a   UPW   25 

 5. Clean  DET  DET  DET  DET  300 

 6. Wash  UPW  UPW  UPW  UPW  600 

   a Peristaltic micropumps turned off 
  UPW  ultrapure water,  DET  detergent. For other abbreviations,  see  Fig.  1   

MCE of Nitrite and Nitrate in CSF
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   4.    Replace the UPW vials at the inlet capillaries with the vials 
containing electrolytes and sample solutions (TE used in a 
blank run, calibration solution, CSF treated by mSPE).   

   5.    Enter the “Filling method” in MicroITP software ( see  Table  2 ).
       6.    Enter the “Running method” in MicroITP software ( see  

Table  3 ).
       7.    Set the number of repetitions you need to perform in MicroITP 

software and start the run ( see   Note 11 ).   
   8.    Replace the sample vial with UPW vial and wash the sample 

channel ( see  Procedure 4 of Table  1 ). This procedure should 
be used between each sample.   

   9.    Replace the UPW vial with the next sample vial and repeat the 
procedure from  step 7 .   

   10.    Clean and wash the microchip channels ( see  Procedures 5 and 
6 of Table  1 ) after the last run of the day.    

    Table 2  
  Filling method   

 Step  Pump turned on  Time (s)  Rpm 

 1  P-BGE, P-LE, P-TE, P-S  25  20 

 2  P-BGE, P-LE, P-TE  10  10 

 3  P-BGE  20  5 

 4  P-LE  20  5 

 5  P-TE  20  5 

 6  P-S  25  5 

  Each step was followed by 5 s relaxation time (pumps turned off) for complete standstill 
of hydrodynamic fl ow 
  Rpm  rotations per minute. For other abbreviations,  see  Fig.  1   

    Table 3  
  Running method   

 Step  Time (s)  Current (μA) 
 Reference 
level (mV) 

 Current 
direction 

 Data 
acquisition 

 1  500  20  50  E3 → E1  – 

 2  10  20  –  E3 → E1  D1 

 3  150  20  –  E3 → E2  D2 

  Reference level is the value of the resistance at which the zone boundary is to be 
“recognized” and the next step of the method starts automatically ( see  Fig  2a ). 
For abbreviations,  see  Fig.  1   
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        1.    Evaluation of electropherogram of a blank sample: Measure 
the areas under the peaks in the migration position of nitrite 
and nitrate. The positions of the peaks should be clear accord-
ing to Fig.  2b  or identify the peaks by overlapping the electro-
pherograms of blank and calibration samples ( see   Note 12 ).    

   2.    Evaluation of electropherogram of a calibration sample: 
Measure the areas under the nitrite and nitrate peaks. Subtract 
the peak areas measured in the blank sample.   

   3.    Construct the calibration curves from corrected peak areas 
of nitrite and nitrate. Use concentration on  X  and corrected 
peak area on  Y  axis, respectively. Calculate slope, intercept, 
and correlation coeffi cient.   

3.5  Data Analysis

  Fig. 2    MSPE-ITP-CZE analysis of CSF sample with identifi ed nitrite and nitrate on 
the microchip. ( a ) ITP and ( b ), ( c ) CZE stages of the separation. Injected sample: 
( a ,  c ), 50 times diluted CSF sample, and ( b ), TE (a blank run). For experimental 
conditions,  see  Subheading  3.4 . For sample pretreatment,  see  Subheading  3.3 . 
 R  resistance,  G  conductivity       
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   4.    Evaluation of electropherogram of a CSF sample: A typical elec-
tropherogram from ITP-CZE separation is shown in Fig.  2c . 
Identify the nitrite and nitrate peaks by overlapping the electro-
pherograms of CSF and calibration samples, when the position 
is not clear ( see   Note 12 ). Measure the areas under the peaks of 
nitrite and nitrate and subtract the peak areas measured in the 
blank sample. Calculate the concentration of nitrite and nitrate 
in the CSF sample using the calibration curves ( see   step 3 ). 
The total sample dilution factor should be taken into account in 
the calculation ( see   step 5  of Subheading  3.3 ).       

4    Notes 

     1.    An electrolyte unit consists of microchip holder, four peristal-
tic micropumps, and three membrane driving electrodes (E1- 
E3). Mutual connections of these devices and their connections 
to the inlets of the microchip channels are made by plastic 
capillaries of 500 μm i.d. The micropump rollers automatically 
close the corresponding inlet to the microchip channel when 
the solution pumping is stopped. The excess of the solutions 
pumped through the microchip channels in the preparation of 
the run is trapped into a waste container connected to a per-
manently opened outlet of the microchip. The membrane 
driving electrodes are used to eliminate disturbances due to 
the bubble formation during the separation [ 10 ].   

   2.    The high-voltage power supply (max 50 μA and 7 kV) of the 
electronic unit delivers the driving voltage of a required polar-
ity to the electrodes (E1–E3) placed between the inlets of the 
corresponding microchip channels and the micropumps. Here, 
the driving electrode E3 is permanently connected to the 
high-voltage pole (negative) of the power supply, while the 
driving electrodes E1 and E2 (the counter electrodes for the 
separation channels) are connected to its positive pole via a 
high-voltage relay. Such connections of the electrodes allow to 
transport the separated constituents either to the electrode E1 
or E2. The electronic unit includes the measuring electronics 
of the AC contact conductivity detectors. The measuring elec-
tronics is galvanically decoupled from the platinum conductiv-
ity sensors on the microchip by transformers [ 19 ]. The 
electronic unit also drives the peristaltic pumps in the prepara-
tion of the run and interfaces the MCE analyzer to a PC.   

   3.    A two-point calibration of pH meter should be used 
(pH 4 and 7).   

   4.    The electrolyte solutions can be stored at 4 °C for a week. 
Filter the solutions by disposable syringe nylon membrane fi l-
ter of 0.8 μm pore size before use.   
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   5.    Use β-alanine of highest purity (≥99 %) with a content of 
chloride and sulfate ≤50 mg/kg.   

   6.    A graduated plastic syringe should be used to measure the 
 volume of viscous solution.   

   7.    Use only a small volume (10 mL) of electrolyte for pH mea-
surement. Do not pour back the used electrolyte into the orig-
inal stock.   

   8.    Zwitterionic surfactant (3-( N , N -dimethyldodecylammonio)
propanesulfonate, DDAPS) should be purifi ed on a C8 column 
with particle size of 25–40 μm using UPW and methanol.   

   9.    Collection of CSF should only be performed by experienced 
personnel under aseptic conditions. CSF samples can be stored 
frozen (≤ −60.0 °C) indefi nitely. Prior to analysis, melt the 
samples at laboratory temperature and homogenize using test 
tube shaker. Use gloves when working with CSF sample.   

   10.    Discard the fi rst part of the fi ltrate (ca. 0.5 mL). One vial 
(20 mL) fi lled with the electrolyte solution should be used for 
ca. 20 runs.   

   11.    The ITP-CZE runs are performed with the same sample 
( see  Procedures 2 and 3 of Table  1 ).   

   12.    When the peak identifi cation is performed by overlapping the 
electropherograms, you should shift them in order to match 
the rear part of the chloride zone in the same position.         
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    Chapter 4   

 Analysis of Thiols by Microchip Capillary Electrophoresis 
for In Situ Planetary Investigations 

           Maria     F.     Mora    ,     Amanda     M.     Stockton    , and     Peter     A.     Willis    

    Abstract 

   Microchip capillary electrophoresis with laser-induced fl uorescence detection (μCE-LIF) enables sensitive 
analyses of a wide range of analytes employing small volumes of sample and reagent (nL to μL) on an 
instrument platform with minimal mass, volume, and power requirements. This technique has been used 
previously in the analysis of amino acids and other organic molecules of interest in the fi elds of astrobiology 
and planetary science. Here, we present a protocol for the analysis of thiols using μCE-LIF. This protocol 
utilizes Pacifi c Blue C5-maleimide for fl uorescent derivatization of thiols, enabling limits of detection in 
the low nM range (1.4–15 nM). Separations are conducted in micellar electrokinetic chromatography 
mode with 25 mM sodium dodecyl sulfate in 15 mM tetraborate, pH 9.2. This method allows analysis of 
12 thiols in less than 2 min following a labeling step of 2 h. A step-by-step protocol, including tips on 
microchip capillary electrophoresis, is described here.  

  Key words     Thiols  ,   Microchip capillary electrophoresis  ,   Laser-induced fl uorescence  ,   Pacifi c Blue 
C5-maleimide    

1     Introduction 

 Thiols play an essential role in a wide range of biological processes, 
including protein folding, regulation of enzyme activity, defense 
against oxidation, and redox signaling. As such, they have been 
proposed as a potential biosignature in the search for extraterres-
trial life [ 1 ,  2 ]. The study of this class of compounds could also 
provide insight into chemical and geological processes occurring 
on extraterrestrial bodies with known sulfur-enriched environ-
ments, including Mars, Europa, and Titan. For example, the dis-
covery of thiols on Saturn’s largest moon, Titan, could provide an 
indication that oxidized sulfates from the interior mix with the 
reduced carbon on Titan’s surface, thus potentially serving as evi-
dence for cryovolcanic activity [ 3 ]. 

 Copyright 2012 California Institute of Technology. Government sponsorship acknowledged. 
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 The analysis of thiols is an area of active interest due to their 
importance in medicinal, biological, industrial, and environmental 
studies. Multiple separation methods, including gas chromatogra-
phy (GC), liquid chromatography (LC), and capillary electropho-
resis (CE), have been implemented for selective and sensitive 
analysis of thiols [ 4 ]. These separation methods have been coupled 
to electrochemical [ 5 – 7 ], optical [ 8 ,  9 ], and mass spectrometric 
(MS) detection [ 10 ]. Microchip capillary electrophoresis (μCE) 
coupled to laser-induced fl uorescence (LIF) detection enables fast 
and sensitive analysis of a broad range of compounds employing 
reduced volumes of sample and reagents. This technique is particu-
larly attractive for spacefl ight applications due to its inherent min-
iaturization which allows for the development of portable 
instruments with low mass, volume, and power requirements [ 11 , 
 12 ]. Portable, miniaturized μCE-LIF instruments have been dem-
onstrated for potential fi eld use in the analysis of species ranging 
from larger biopolymers to small organic molecules [ 13 ,  14 ]. 
Protocols have been developed for analysis of amines, amino acids, 
aldehydes, ketones, and carboxylic acids [ 12 ]. 

 In this chapter, a protocol employing fl uorescent derivatization is 
described for the analysis of thiols via μCE-LIF [ 15 ]. Thiols are 
derivatized for LIF detection with a 405 nm excitation source using 
the commercial fl uorescent probe Pacifi c Blue C5-maleimide. 
A micellar electrokinetic chromatography (MEKC) method is uti-
lized for separation using sodium dodecyl sulfate (SDS) as the surfac-
tant. The separation conditions can be tuned for analysis of species at 
low concentration or for optimal resolution for samples of greater 
complexity. For spacefl ight applications, this protocol could readily 
be added to the organic chemical analytical suite of μCE-LIF instru-
mentation currently under development for in situ deployment (e.g., 
the Chemical Laptop [ 16 ]). The protocol was previously validated by 
analyzing thiols in a complex real sample from the geothermal pools 
at Hot Creek Gorge near Mammoth Lake, California [ 15 ]. Detailed 
information about the optimization of the protocol and the results 
from the analysis of geothermal pools is described in ref.  15  (Fig.  1 ).   

  Fig. 1     Top  :  Dimensions of the commercial microchips (Micralyne MC-BF4-SC) employed to develop the proto-
col described here and nomenclature of the CE reservoirs ( S  sample,  SW  sample waste,  B  buffer, and  W  waste). 
 Bottom : photograph of a microchip with PDMS gaskets on top       
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2    Materials 

 Prepare all solutions using ultrapure water (18 MΩ.cm at 25 °C) 
and analytical grade reagents. Prepare and store all reagents at 
room temperature (unless indicated otherwise). The pH was 
adjusted using either 1 M NaOH or 1 M HCl and measured using 
a glass electrode and a digital pH meter. Thiols were purchased 
from Sigma-Aldrich (St. Louis, MO): 2-mercaptoethanol (ME), 
2-propanethiol (2PT), 1-propanethiol (1PT), 1-butanethiol (BT), 
1-pentanethiol (PeT), 1-hexanethiol (HT), 1-heptanethiol (HpT), 
1-octanethiol (OT), 3-methyl-2-butanethiol (MBT), cyclohexane-
thiol (CHT), methyl 3-mercaptopropionate (MMP), and butyl 
3-mercaptopropionate (BMP). Pacifi c Blue C5-maleimide (PBM) 
was purchased from Invitrogen (Carlsbad, CA). All experiments 
were performed at room temperature. 

      1.    Separation buffer: 15 mM sodium tetraborate (Na 2 B 4 O 7  · 10 H 2 O) 
pH 9.2, 25 mM sodium dodecyl sulfate (SDS) ( see   Note 1 ).   

   2.    Labeling buffer: 25 mM SDS, 25 mM phosphate pH 7 
( see   Note 1 ).   

   3.    Dilution buffer: 50 mM SDS, 50 mM phosphate pH 7. 
This solution is used to dilute samples for labeling so that the 
fi nal concentration is the same as that used to label standards 
( see   Note 1 ).   

   4.    Stock dye: Dissolve 1 mg Pacifi c Blue C5-maleimide in DMF 
to obtain a 20 mM solution. This solution must be kept at 
−20 °C when not in use ( see   Note 1 ).   

   5.    Thiol standards: Prepare thiol standards in DMF (10 mM each 
thiol) and store at −20 °C when not in use ( see   Note 1 ).      

      1.    High-voltage power supply for electrophoresis capable of sup-
plying a 6,000 V differential, fi tted with platinum wire elec-
trodes (e.g., LabSmith HVS448 model # 6000D).   

   2.    Laser-induced fl uorescence detection system with 405 nm 
excitation laser (e.g., a Nikon Eclipse TE2000-U inverted 
microscope system with a 405 nm Melles Griot diode laser and 
a Photometrics Cascade 650 CCD camera).   

   3.    Glass microdevice (8 cm long channel intersected with a 1 cm 
cross channel approximately 5 mm from one end) fi tted with 
PDMS gaskets punched with 3 mm diameter wells. 
Microdevices should be checked for defects prior to use, as 
even relatively small defects can lead to irreproducible data 
and poor resolution.       

2.1  Solutions

2.2  Special 
Equipment
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3    Methods 

      1.    Label standard solutions of each thiol (10–20 μM each) with 
PBM in labeling buffer and allow the reaction to proceed for 
1.5–2 h in sealed vials at room temperature. Use a molar ratio 
in excess of 2:1 [PBM]:[thiol] total  to assure completion of the 
labeling reaction.      

        1.    Visually inspect the electrophoresis channel under a micro-
scope for any defects or particulates ( see   Notes 5 – 8 ).   

   2.    Filter all solutions through a 0.2 μm fi lter immediately prior to 
loading the microchip. This helps to avoid issues in electro-
phoresis due to particulates inside the microchannel.   

   3.    Condition the microchip by fi lling the separation and cross 
channels fi rst with 0.1 M NaOH (10 min), then with water 
(10 min), and, fi nally, with separation buffer (10 min).   

   4.    It is strongly recommended that both a blank and a known 
standard are analyzed at the beginning of each day. A sug-
gested standard is a mixture of thiols (20–50 μM each labeled 
with 2–4 times PBM) diluted to 500 nM prior to analysis.   

   5.    Fill the channel with separation buffer.   
   6.    Fill all wells except sample with 40–50 μL separation buffer 

and fi ll the sample well with phosphate/SDS buffer.   
   7.    Place platinum electrodes in the wells. Make sure they do not 

touch each other or any other metallic surfaces. Ideally, place 
the wire in the well but away from the channel inlet. Also 
make sure there are no fl uidic connections (aside from the 
microchannel) between the liquid in the wells. Apply poten-
tials to acquire a blank electropherogram with the conditions 
described in Table  1 .

       8.    Empty the sample well and add a labeled standard. Make sure 
the volume in all the reservoirs is approximately the same to 
avoid undesired pressure-driven fl ows, which can lead to low 
resolution and reproducibility issues.   

3.1  Labeling 
Reaction

3.2  Microchip 
Capillary 
Electrophoresis 
Analysis

   Table 1  
  Potentials for separation of thiols in a commercial microchip 
(BF4-SC, Micralyne Inc., Edmonton, Canada)   

 Step  Time  Sample  Sample waste  Buffer  Waste 

 Injection  10 s  700  0  600  900 

 Separation  100–120 s  3,000  1,900  1,900  −3,000 

  The chips consist of a short channel (8.0 mm) bisected by a long channel (85.0 mm). 
Channels are approximately 50 μm wide and 20 μm deep  
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   9.    Apply potentials to acquire a standard electropherogram 
( see   Note 2 ). An example of a separation of a standard mixture 
of 12 thiols is shown in Fig.  2 .    

   10.    Remove the standard sample from the microdevice, and then 
remove buffer from the remaining wells. Add new buffer to all 
wells except the sample well and add standard sample into the 
sample well. Acquire a second electropherogram by repeating 
 step 9  above.   

   11.    Repeat  step 10  above a third time. Check that the reproduc-
ibility of the system is adequate.   

   12.    Flush the channel with water and repeat  steps 5–11 , replacing 
the standard with the real sample.      

      1.    Dilute stock solutions of thiols to concentrations ranging from 
20 nM to 2 μM in labeling buffer.   

   2.    Label these solutions with 60 μM PBM.   
   3.    Analyze each concentration three times employing the proto-

col described above (Subheading  3.2 ).   
   4.    Construct a calibration curve as S/N versus concentration of 

thiol. Fit the curve with a power law. These equations will be 
used to calculate the concentrations of thiols in the samples 
analyzed by this method. Examples of calibration curves for 
thiols employing this protocol are shown in Fig.  3 .        

3.3  Calibration Curve

  Fig. 2    Optimized separation of a 200 nM mixture of PBM-labeled thiols. Separation 
conditions: 15 mM tetraborate pH 9.2, 25 mM SDS. Reproduced with permission 
from Ref.  15        
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       1.    Dilute the real sample by half with dilution buffer and check 
that the pH is approximately 7. If it is not, add NaOH/HCl 
to adjust the pH to 7. Next, add excess PBM and let react for 
1.5–2 h in sealed vials at room temperature. In case of 
unknown samples that might have low concentrations of thi-
ols, it might be necessary to label with varying concentrations 
of dye in order to determine the appropriate quantity.   

   2.    After pH adjustment, divide the sample into two aliquots.   
   3.    Add a known thiol standard to one of the aliquots to serve as 

spiked sample.   
   4.    Add PBM and let react as outlined in the above protocol.      

      1.    Analyze both the sample and spiked sample employing the 
protocol described in Subheading  3.2 .   

   2.    Verify that the intensity for the internal standard is the expected 
value. This indicates that the labeling reaction and/or injec-
tion is not affected by the sample matrix. If the internal stan-
dard differs from the expected value by a small amount, 
calculate a correction factor based on that difference. If no 
signal is observed for the internal standard, dilute the sample 
further before labeling to mitigate the effects of the matrix.   

   3.    Verify that there is a peak corresponding to unreacted dye. 
This corroborates that the dye was present in excess and 

3.4  Real Sample 
Analysis

3.4.1  Sample 
Preparation

3.4.2  Sample Analysis

  Fig. 3    Calibration curves for all thiols. Conditions: separation buffer 15 mM tetraborate buffer, SDS 25 mM 
pH = 9.2, samples in 25 mM phosphate, 25 mM SDS pH 7.  V  SEP  = 6 kV. Each concentration was measured in 
triplicate and error bars were calculated as the standard deviation of the three measurements. Reproduced 
with permission from Ref.  15        
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 therefore that all thiols in the sample are completely labeled. 
If there is no signifi cant amount of unreacted dye, repeat the 
labeling and analysis with a higher concentration of dye rela-
tive to the sample.   

   4.    Verify that no peaks due to thiols of interest saturate the detec-
tor. If there is saturation, dilute the sample and repeat the 
analysis.   

   5.    If there are peaks in the electropherogram for the sample, 
spike known concentrations of standards and reanalyze to ver-
ify that the peaks are due to the known compounds ( see   Notes 
4  and  5 ).   

   6.    Obtain the intensity of the peaks corresponding to thiols in 
the sample and use the equation from the calibration curves to 
calculate the concentration in the sample. If matrix effects 
were discovered in  step 2  above, apply that correction factor 
prior to this calculation.        

4    Notes 

     1.    Let solutions return to room temperature prior to use. 
Different storage conditions are indicated for various reagents, 
but all sample manipulation and all electrophoretic experi-
ments are performed at room temperature.   

   2.    Do not let the sample in the well for extended periods of time 
before applying potential. Sample diffusion will compromise 
the measured resolution.   

   3.    If better sensitivity is required for a particular analyte, the run-
ning buffer can be modifi ed to provide a higher signal for the 
thiol of interest ( see  Fig.  3 ).   

   4.    If resolution is insuffi cient (this could vary with different 
microchips as the EOF varies), a higher concentration of tet-
raborate can be used ( see  Fig.  3 ).   

   5.    Clean the microchips often. When using the same microchip 
for multiple analyses, clean and rinse the chip before and after 
each experiment. A vacuum pump can be used to repeatedly 
fl ush/refi ll wells. The frequent analysis of blank samples can 
assist in monitoring any potential sample carryover. The analy-
sis of known standards helps verify the microchips are working 
properly.   

   6.    Store microchips fi lled with fi ltered deionized water to prevent 
electrolytes from crystallizing inside the channels.   

   7.    Always wipe glass microchips with lens paper to avoid any 
scratches.   
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  Fig. 4    ( a ) Resolution for neighboring peaks as function of [SDS]. Conditions: 
100 nM each thiol, tetraborate buffer 20 mM, pH 9.2. ( b ) Effect of buffer concen-
tration on the separation of the selected thiols.  Left axis : resolution for neighbor-
ing peaks, ( fi lled green squares ) 2PT-1PT, ( open green circles ) BT-hydrolyzed dye, 
and ( fi lled green triangles ) HpT-OT.  Right axis : peak intensities for 100 nM ( fi lled 
blue squares ) 2PT, ( open blue circles ) BT, and ( fi lled blue triangles ) HpT as function 
of buffer concentration. Conditions: 100 nM of each thiol, 25 mM SDS and buffer 
pH 9.2. Peak intensities and resolutions calculated as the average of at least three 
measurements. Error bars are calculated as the standard deviation. As the buffer 
concentration increases, the migration times of all analytes increase as well. 
A decrease in peak intensity is also observed for all the analytes with higher buffer 
concentrations. Because the resolution does not change signifi cantly except for 
concentrations above 25, 15 mM was selected, as it provides good resolution with 
high peak intensity (and consequently better sensitivity). It is worth mentioning 
that in the case of complex samples, a higher concentration of buffer can be used 
to obtain better resolution. For very dilute samples, a lower concentration of buffer 
can be used to improve sensitivity. Reproduced with permission from Ref.  15        
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   8.    If a microdevice fails to give good results despite passing a 
visual inspection, the following various cleaning protocols are 
recommended:
    (a)    Flush repeatedly NaOH solution, HCl solution, and H 2 O.   
   (b)    Flush with 100 mM EDTA (especially if the last sample 

had high levels of dissolved polyvalent cations like Mg 2+ , 
Ca 2+ , Fe 3+ , etc.).   

   (c)    Flush with piranha solution (1:1 H 2 SO 4 :H 2 O 2 ) for a few 
minutes.             
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    Chapter 5   

 Analysis  of Ofl oxacin in Ofl oxacin Ear Drops 
by Microfl uidic Chip Coupled with Contactless 
Conductivity Detection 

           Bing     Chen      and     Kaicheng     Li    

    Abstract 

   A method using a microfl uidic chip coupled with contactless conductivity detection (C 4 D) is demonstrated 
for the determination of ofl oxacin in Ofl oxacin Ear Drops. Settings, optimizing procedures, electrophore-
sis conditions, regression equations, and the average recovery rate are discussed. Under optimum condi-
tions, the determination of ofl oxacin in standard solution is achieved within 1 min, which allows detection 
of ofl oxacin in Ofl oxacin Ear Drops. The demonstrated method is rapid, high effi cient, sensitive, and 
economical.  

  Key words     Microfl uidic chip  ,   Contactless conductivity detection  ,   Fluoroquinolone  ,   Ofl oxacin  , 
  Ofl oxacin ear drops  

1      Introduction 

 The concept of microfl uidic chip, or the so-called miniaturized 
total analysis system, or micro total analysis system (μTAS), or lab-
on- chip (LOC), was fi rst created in 1990 by Manz and Widmer 
et al. from Ciba-Geigy Co. Ltd., Switzerland [ 1 ]. As a replacement 
of conventional instruments in biological or chemical laboratories, 
microfl uidic chips integrate basic operation units, such as sample 
preparation, chemical reaction, separation, and detection, onto a 
single chip of only several squares of centimeters (or even smaller). 
These different operation units connect with each other on the 
chip through the microchannels that are fi lled with fl uids. In 1992, 
Harrison and Manz, using a well-known photolithographic tech-
nique (MEMS) for structures in the micrometer range [ 2 ], micro-
machining, successfully carved out microchannels on sheet glasses 
and developed the fi rst instrument for microchip capillary electro-
phoresis (MCCE), with which they achieved the separation of 
fl uorescence- labeled amino acids. 
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 In 1999, Hewlett-Packard Co., Ltd. (Agilent) and Caliper Life 
Sciences Co., Ltd. jointly launched the fi rst commercial microfl u-
idic instrument, known as the 2100 Electrophoresis Bioanalyzer, 
and the instrument was fi rst applied to the fi eld of bioanalytical and 
clinical analysis [ 3 ]. In the last decade, this method is favored by 
many researchers and rapidly developed because of its miniaturiza-
tion, high integration, portability, economy, low loss, high effi -
ciency, and rapidity. 

 Since the 1990s, the instrument has been gradually applied to 
other fi elds such as pharmaceutical analysis [ 4 – 8 ], biological analy-
sis [ 9 ], and monitoring environmental pollutants [ 10 ]. 

 Ofl oxacin is a synthetic antibacterial agent belonging to the 
fl uoroquinolone class. It has been used for restraining  Enterobacter  
and both Gram-negative and Gram-positive bacteria in medical 
preparations [ 11 ]. As a preparation of ofl oxacin, Ofl oxacin Ear 
Drops are an effective treatment for diseases that are caused by 
sensitive bacteria, such as tympanitis, otitis externa, and myringitis. 
There are common methods for analyzing ofl oxacin such as the 
chemical method [ 11 ], the spectrophotometric method [ 12 ], and 
high-performance liquid chromatography (HPLC) [ 13 ]. These 
methods require complex operations, long separation times, and 
large amounts of reagents. On the other hand, capillary electro-
phoresis (CE) has high effi ciency, rapidity, sensitivity, and low 
reagent consumption. It has been shown that the determination of 
ofl oxacin in tablets by CE can be fi nished within 5 min [ 14 ,  15 ]. 

 It has been shown that microfl uidic chips with C 4 D [ 16 – 18 ] 
can also be applied to determine ofl oxacin in Ofl oxacin Ear Drops, 
and the separation and detection of ofl oxacin are even more effi -
cient and rapid, thus making microfl uidic chips preferable to other 
methods including CE [ 11 – 15 ].  

2    Materials 

      1.    CCD-08B model microchip capillary electrophoresis system 
that consists of a high-voltage power supply and a capacitively 
coupled contactless conductivity detector (C 4 D, School of 
Pharmaceutical Sciences, Sun Yat-sen University, the People’s 
Republic of China) [ 19 – 21 ].   

   2.    Microchip of polymethyl methacrylate (PMMA), with an 
effective length of 43 mm (total length 44 mm) and a cross-
shaped microchannel of 30 μm upper width, 100 μm lower 
width, and 30 μm depth (School of Pharmaceutical Sciences, 
Sun Yat-sen University, the People’s Republic of China). 

 Additionally, holes of 3 mm diameter, which serve as the 
 buffer (Fig.  1a ), sample (Fig.  1b ), sample waste (Fig.  1c ), and 
buffer waste reservoir (Fig.  1d ), are drilled on the chip and 
connected with the corresponding microchannels. The buffer 

2.1  Instrument
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waste reservoir is also used as a detection cell, which settled the 
inconvenience of building another special cell for electrolysis. 
Each reservoir has a corresponding platinum wire inserted in 
it, acting as an electronic contact between the reservoir and the 
high-voltage power supply.    

   3.    The high-voltage power supply is made of piezoelectric ceram-
ics and provides a constant potential voltage of 0.1–0.5 kV for 
injection and a constant or pulsed potential voltage of 0.5–5 kV 
for separation.   

   4.    The C 4 D produces three waveforms (sine, square, and trian-
gle) with an oscillation frequency of 0–300 kHz and an oscil-
lation voltage of 0–0.3 kV (Vpp). An oscillation excitation 
frequency of 60 kHz and an oscillation excitation voltage of 
22 V (Vpp) are selected in the experiments.   

   5.    Experimental data are processed on the HW-2000 model chro-
matograph workstation, 2.18 edition (School of Pharmaceutical 
Sciences, Sun Yat-sen University, the People’s Republic of 
China). 

 The detector is connected to a personal computer through 
an A/D converter (model PCL-711B, EVOC, Taiwan).   

   6.    The microchip is cleaned with a SHZ2D (III) model water 
ring vacuum pump (Gongyishi Yinyuyuhua instrument plant, 
the People’s Republic of China).      

  Ofl oxacin is purchased from the National Institute for the Control 
of Pharmaceutical and Biological Products (Beijing, the People’s 
Republic of China). Ofl oxacin Ear Drops (1030821, Shanxi 
Yellow River Traditional Chinese Medicine Co., Ltd., Chengdu, 
the People’s Republic of China) is purchased from the Cunjin 
Branch of the Tianma Great Drugstore Chain Co., Ltd. 
(Zhanjiang, the People’s Republic of China). All chemicals are of 
analytical reagent grade: L-histidine (His), 2-(N-morpholino)eth-

2.2  Chemicals

  Fig. 1    A thin cover chip. ( a ) Buffer reservoir, ( b ) sample reservoir, ( c ) sample 
waste reservoir, ( d ) buffer waste reservoir, ( e ) injection channel, ( f ) separation 
channel, ( g ) check position       
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anesulfonic acid (MES), sodium tetraborate, ethanol, sodium 
hydroxide, and hydrochloric acid. Water is purifi ed by quartz sub-
boiling distillation.  

      1.    0.1 M hydrochloric acid solution: measure 9 mL 36–38 % con-
centrated hydrochloric acid, dilute with quartz sub-boiling dis-
tilled water in a 50-mL beaker, cool down to room temperature, 
transfer to a 1,000-mL volumetric fl ask, set the volume to 
1,000 mL, and store at 4 °C.   

   2.    1 M nitric acid solution: measure 6.25 mL 65 % concentrated 
nitric acid, dilute with quartz sub-boiling distilled water, set 
the volume to 100 mL, and store at 4 °C.   

   3.    1 M sodium hydroxide solution: weigh 4 g sodium hydroxide, 
dissolve in quartz sub-boiling distilled water, set the volume to 
100 mL, and store at 4 °C.   

   4.    0.1 M trishydroxymethyl aminomethane (Tris) solution: weigh 
1.2114 g Tris, dissolve in quartz sub-boiling distilled water, set 
the volume to 100 mL, and store at 4 °C.   

   5.    0.1 M (N-morpholino)ethanesulfonic acid monohydrate 
(MES) solution: weigh 2.132 g MES, dissolve in quartz sub- 
boiling distilled water, set the volume to 100 mL, and store 
at 4 °C.   

   6.    0.1 M L-histidine (His) solution: weigh 1.5516 g His, dissolve 
in quartz sub-boiling distilled water, set the volume to 100 mL, 
and store at 4 °C.   

   7.    0.1 M sodium dihydrogen phosphate solution: weigh 1.5601 g 
sodium dihydrogen phosphate dihydrate, dissolve in quartz 
sub-boiling distilled water, set the volume to 100 mL, and 
store at 4 °C.   

   8.    0.1 M disodium hydrogen phosphate solution: weigh 3.5822 g 
disodium hydrogen phosphate dodecahydrate, dissolve in 
quartz sub-boiling distilled water, set the volume to 100 mL, 
and store at 4 °C.   

   9.    1 M acetic acid solution: measure 0.6 mL 65 % glacial acetic 
acid, dilute with quartz sub-boiling distilled water, set the vol-
ume to 100 mL, and store at 4 °C.   

   10.    0.1 M sodium acetate solution: weigh 1.3609 g sodium ace-
tate trihydrate, dissolve in quartz sub-boiling distilled water, 
set the volume to 100 mL, and store at 4 °C.   

   11.    0.1 M boric acid solution: weigh 0.6184 g of boric acid, dis-
solve in quartz sub-boiling distilled water, set the volume to 
100 mL, and store at 4 °C.   

   12.    0.1 M sodium tetraborate solution: weigh 3.814 g of sodium 
tetraborate decahydrate, dissolve in quartz sub-boiling distilled 
water, set the volume to 100 mL, and store at 4 °C.   

2.3  Preparation 
of Stock Solutions
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   13.    0.1 M citric acid solution: weigh 2.101 g of citric acid 
 monohydrate, dissolve in quartz sub-boiling distilled water, set 
the volume to 100 mL, and store at 4 °C.   

   14.    0.1 M sodium citrate solution: weigh 2.941 g of sodium citrate 
dihydrate, dissolve in quartz sub-boiling distilled water, set the 
volume to 100 mL, and store at 4 °C.   

   15.    Other solutions with different concentrations are prepared 
from the above stock solutions with quartz sub-boiling dis-
tilled water.      

  Stock solution of ofl oxacin (approximately 1 mg/mL) is prepared 
by dissolving 10 mg of ofl oxacin in 10 mL quartz sub-boiling dis-
tilled water. The stock solution is stored at 4 °C. Other solutions 
are prepared by diluting the stock solution with quartz sub-boiling 
distilled water.  

  Measure 1 mL Ofl oxacin Ear Drops, transfer to a 10-mL volumet-
ric fl ask, set the volume to 10 mL with quartz sub-boiling distilled 
water, and store at 4 °C.   

3    Methods 

      1.    Preparation of 1 mM MES and 1 mM His running buffer solu-
tion: measure 1 mL 0.1 M MES and 1 mL 0.1 M His, dilute 
with quartz sub-boiling distilled water, set volume to 100 mL, 
and store at 4 °C.   

   2.    Preparation of 1 mM MES and 1 mM Tris running buffer 
solution: measure 1 mL 0.1 M MES and 1 mL 0.1 M Tris 
( see   Note 1 ), dilute with quartz sub-boiling distilled water, 
set the volume to 100 mL with quartz sub-boiling distilled 
water, and store at 4 °C.   

   3.    Preparation of 1 mM boric acid and 1 mM Tris running buffer 
solution: measure 1 mL 0.1 M boric acid and 1 mL 0.1 M Tris, 
dilute with quartz sub-boiling distilled water, set the volume 
to 100 mL, and store at 4 °C.   

   4.    Preparation of 1 mM sodium dihydrogen phosphate and 1 mM 
disodium hydrogen phosphate running buffer solution: mea-
sure 1 mL 0.1 M sodium dihydrogen phosphate and 1 mL 
0.1 M disodium hydrogen phosphate ( see   Note 2 ), dilute with 
quartz sub-boiling distilled water, set the volume to 100 mL 
with quartz sub-boiling distilled water, and store at 4 °C.   

   5.    Preparation of 1 mM citric acid and 1 mM sodium citrate run-
ning buffer solution: measure 1 mL 0.1 M citric acid and 1 mL 
0.1 M sodium citrate, dilute with quartz sub-boiling distilled 
water, set the volume to 100 mL with quartz sub-boiling dis-
tilled water, and store at 4 °C.   

2.4  Preparation 
of Standard Solutions

2.5  Preparation 
of Sample Solution

3.1  Preparation 
of Running Buffer 
Solutions
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   6.    Preparation of 1 mM acetic acid and 1 mM sodium acetate 
running buffer solution: measure 1 mL 0.1 M acetic acid and 
1 mL 0.1 M sodium acetate, dilute with quartz sub-boiling 
distilled water, set the volume to 100 mL with quartz sub-
boiling distilled water, and store at 4 °C.   

   7.    Preparation of 1 mM boric acid and 1 mM sodium tetraborate 
running buffer solution: measure 1 mL 0.1 M boric acid and 
1 mL 0.1 M sodium tetraborate, dilute with quartz sub- boiling 
distilled water, set the volume to 100 mL with quartz sub- 
boiling distilled water, and store at 4 °C.      

        1.    A new chip is cleaned using the following procedures: the dust 
on the chip’s surface is removed by an aurilave, and then the 
chip is rinsed several times with quartz sub-boiling distilled 
water and 50 % ethanol; after the chip has naturally dried, the 
chip is installed on the detector ( see   Note 3 ); then the chip is 
rinsed with 1 M nitric acid solution for 30 min, quartz sub- 
boiling distilled water for 10 min, 1 M sodium hydroxide solu-
tion for 30 min, and quartz sub-boiling distilled water for 
10 min, respectively.   

   2.    Cleaning the microchip before the operation: at the beginning 
of each day, the chip is rinsed with 0.1 M sodium hydroxide 
solution for 15 min, quartz sub-boiling distilled water for 
10 min, and separation buffer for 15 min, respectively.   

   3.    Cleaning the microchip during the operation: after six or seven 
separations have been performed, the chip channel is rinsed 
again with separation buffer for 15 min.   

   4.    Cleaning the microchip after the operation: at the end of each 
day, the microfl uidic chip’s channels are washed with 1 M nitric 
acid solution for 10–15 min, quartz sub-boiling distilled water 
for 10–15 min, 1 M sodium hydroxide solution for 10–15 min, 
and quartz sub-boiling distilled water for 10–15 min, respec-
tively, for two to three times.      

      1.    Turn on the high-voltage power supply for 30 min to preheat 
the instrument ( see   Note 4 ).   

   2.    Clean the microchip ( see  Subheading  3.2 ) ( see   Notes 5 – 7 ).   
   3.    Examine the working parameters of the instrument. Set the 

excitation voltage to 22 V (Vpp) and the excitation frequency 
to 60 kHz.   

   4.    Sample injection is performed as follows: the running buffer is 
added into the chip reservoirs (Fig.  1a, c, d ), the sample solu-
tion is added to the sample reservoir (Fig.  1b ) ( see   Note 8 ), 
and the platinum electrodes are inserted into each reservoir. 

 In order to inject samples into the sample channel, the 
high- voltage power supply is switched to the injection mode 

3.2  Activation 
and Treatment 
of a Microchip

3.3  Electrophoretic 
Operation
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with an injection voltage chosen between 0.10 and 
0.50 kV. Usually, the fi rst sample injection requires 20–30 s, 
and then the subsequent injections require 10–15 s. Depending 
on the specifi c samples detected, the injection time varies. 

 For example, sample A requires 20 s for the fi rst injection 
and 10 s for the following injections, and sample B requires 
25 s for the fi rst injection and 15 s for the other injections.   

   5.    Sample separation is performed as follows: the high-voltage 
power supply is switched to the separation mode with a separa-
tion voltage chosen between 0.50 and 5.00 kV. The separation 
time ranges between 0.5 and 5 min.   

   6.    The experiment cleanup is performed as follows: the high- 
voltage power supply is turned off. The running buffer and 
sample solutions are removed from the reservoirs. The micro-
chip is cleaned ( see  Subheading  3.2 ). The reservoirs are fi lled 
with quartz sub-boiling distilled water, and the microchip is 
covered with a watch glass to prevent dust pollution.      

   The detector outputs measurements to the data workstation on a 
personal computer through an A/D converter. The workstation 
interface displays the real-time signals. Experimental data are 
stored on the computer.  

      1.    Effects of different injection times: the injection time is an 
important parameter for the microfl uidic chip experiment. The 
effect of injection time on the migration time and the peak area 
is studied for injection times from 5 to 30 s. When the injec-
tion time is chosen at 5 s, the signal has a small peak area and 
a short migration time, but the peak of ofl oxacin overlays with 
the EOF. An injection time of 10 s is determined to be the 
optimal because baseline separation is achieved and the peak 
area is maximized. The effect of injection times from 5 to 30 s 
on migration times and peak areas is presented in Fig.  2 .    

   2.    Effects of different separation voltages: the separation voltage 
is also an important parameter for the microfl uidic chip experi-
ment. The effect of separation voltages from 0.75 to 2.0 kV on 
migration time and peak area is studied. A voltage of 1.5 kV is 
chosen as the optimal separation voltage because the separa-
tion time is relatively minimized and the peak area is maxi-
mized (Fig.  3 ).    

   3.    Effects of different buffer systems: the selection of the buffer 
system has a nontrivial infl uence on the separation. This exper-
iment studies the effect of several different buffer systems on 
the separation and detection of ofl oxacin. The investigated 
buffer systems include citric acid–sodium citrate, sodium dihy-
drogen phosphate–disodium hydrogen phosphate, Tris–
sodium tetraborate, boric acid–Tris, MES–Tris, MES–His, and 
MES–sodium tetraborate. 

3.4  Data Recording 
and Storage

3.5  Determination 
of Separation 
Conditions
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 The MES–His buffer system is selected as the optimum 
buffer system because in this system the electrophoresis cur-
rent is small, the baseline is stable, the peak shape is sharp, and 
the peak area is large.   

   4.    Effects of different concentration ratios of the buffer system: 
the component concentration ratios of the buffer system infl u-
ence the separation and detection of ofl oxacin. This experiment 
explores the effects of MES–His concentration ratio on the 
separation and detection of ofl oxacin. The result shows that as 
the concentration ratio of MES–His increases, the current 
increases, the ofl oxacin migration time stays fairly constant 
regardless of the concentration ratio, and the peak area increases 

  Fig. 2    Effect of injection time on migration time A and peak area B. Conditions: 
buffer, 1 mM His (pH 6.5) containing 1 mM MES; applied voltage, 1.5 kV; injection 
time, 5–30 s; temperature, 25 ± 0.5 °C; PMMA, with an effective length of 43 mm 
(total length 44 mm) and a cross-gallery microchannel of 30 μm upper width, 
100 μm lower width, and 30 μm depth       

  Fig. 3    Effect of separation voltage on migration time A and peak area B. Conditions: 
buffer, 1 mM His (pH 6.5) containing 1 mM MES; applied voltage, 0.5–2 kV; injec-
tion time, 10 s; other conditions as in Fig.  2        
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at fi rst then decreases. When the MES–His ratio is chosen at 
1:1, the sample peak height and the peak area are maximized, 
and the sample peak is separated from the electroosmotic fl ow 
(EOF) and other peaks. Therefore, 1 mM His–1 mM MES is 
selected as the buffer system.   

   5.    Effects of different His concentrations: the experiment explores 
the effect of His concentration on the separation and detection 
of ofl oxacin. The results show that when the His concentration 
is set at 1 mM, the sample peak height and the peak area are 
maximized, and the sample peak is separated from the EOF 
and background noise. Therefore, 1 mM His concentration is 
selected for the buffer system (Fig.  4 ).    

   6.    Effects of different MES concentrations: the experiment 
explores the effect of MES concentration on the separation 
and detection of ofl oxacin (Fig.  5 ). When the concentration of 
MES is chosen at 1 mM in the buffer containing 1 mM His 
(pH 6.5), baseline separation of ofl oxacin is achieved and the 
peak area of ofl oxacin is maximized. Therefore, a MES 
 concentration of 1 mM is selected as the optimal condition.    

   7.    Linearity experiments: the optimum buffer is determined to be 
1 mM His (pH 6.5) and 1 mM MES. The optimum applied 
voltage is determined to be 1.5 kV and the optimum injection 
time is determined to be 10 s. Under these optimum condi-
tions, baseline separation of ofl oxacin is achieved within 1 min. 
A typical electropherogram of the standard solution is pre-
sented in Fig.  6 .  

 Working standard solutions at concentrations ( x,  mg/mL) 
of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0 mg/mL 
are prepared. The data of each working standard solution are 
collected through six repeated runs. The peak area ( y,  μV·s) of 

  Fig. 4    Effect of concentration of His on migration time A and peak area 
B. Conditions: buffer, 1 mM MES containing 0.5–2 mM His; applied voltage, 
1.5 kV; injection time, 10 s with a voltage of 0.5 kV; other conditions as in Fig.  2        
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each working standard solution is obtained from the data 
workstation ( see  Subheading  3.4 ). 

 An  x–y  standard curve is made by plotting the mean peak 
area versus concentration with origin 9.0. The regression equa-
tion and the square of correlation coeffi cient ( r  2 ) are obtained 
from the linear fi tting applied to the plot. The  r  2  should be 
between 0.999 and 0.9999.   

   8.    Repeatability experiments: 1 mL 1 mg/mL ofl oxacin standard 
solution is diluted ten times with quartz sub-boiling distilled 
water. Under optimum conditions, repeat the experiment six 
times, and fi nd the relative standard deviations (RSD) of the 
migration time and peak area, which is lower than 5 %.   

   9.    Sample analysis: 1 mL 1 mg/mL Ofl oxacin Ear Drops is 
diluted ten times with quartz sub-boiling distilled water. Under 

  Fig. 5    Effect of concentration of MES on migration time A and peak area 
B. Conditions: buffer, 1 mM His (pH 6.5) containing 0.5–5 mM MES; other condi-
tions as in Fig.  2        

  Fig. 6    Electropherogram of ofl oxacin standard solution. Conditions: buffer, 1 mM 
His (pH 6.5) containing 1 mM MES; other conditions as in Fig.  2 . Peaks: A = H 2 O, 
B = ofl oxacin, C = EOF       
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optimum conditions, repeat the experiment six times. Using 
the regression equation and the measured peak area values, the 
mass concentration of ofl oxacin is calculated as 3 ± 0.15 mg/
mL, 100 ± 5 % of the labeled amount.   

   10.    The recovery test: three volumes of 1 mL 0.3 mg/mL 
Ofl oxacin Ear Drops solution are placed in three 10-mL volu-
metric fl asks, respectively, and 1.4, 1.0, and 0.6 mL 1 mg/mL 
ofl oxacin standard solution are added to each fl ask, respec-
tively, diluted with quartz sub-boiling distilled water, and the 
volume is set to 10 mL with quartz sub-boiling distilled water. 
These three solutions correspond to high, medium, and low 
concentrations. Each solution is measured six times, and the 
average peak area is obtained from the collected data. Using 
the regression equation and average peak area values, the total 
ofl oxacin mass in each solution is calculated. Subtracting the 
real sample ofl oxacin mass from the total ofl oxacin mass yields 
the calculated standard ofl oxacin mass. Dividing the calcu-
lated standard ofl oxacin mass by the real standard ofl oxacin 
mass yields the recovery rate. The recovery rates range from 
98 % to 102 %.       

4    Notes 

     1.    Tightly screw the cap of the bottle that stores Tris solution 
because the Tris solution can absorb carbon dioxide from the air.   

   2.    Sodium dihydrogen phosphate solution is easy to mold and 
will crystallize at temperatures below 10 °C.   

   3.    Make sure the microchip clings to the detector.   
   4.    The temperature is held at 25 ± 0.5 °C and the humidity is held 

at 60 %.   
   5.    The microchip must be cleaned carefully.   
   6.    Timely cleaning of the microfl uidic chip ensures smooth fl ows 

in the microchannel. Failure to clean the microfl uidic chip in a 
timely manner leads to channel blockage.   

   7.    The microchip and its surroundings must be dry and clean. 
A strong electric fi eld around the microchip might infl uence 
sample detection and instrument protection.   

   8.    All solutions should be fi ltered through a 0.22-μm membrane 
fi lter before sample injection.         
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    Chapter 6   

 Microchip Capillary Electrophoresis: Quantum Dots 
and Paramagnetic Particles for Bacteria 
Immunoseparation 

 Rapid Superparamagnetic-Beads-Based Automated 
Immunoseparation of Zn-Proteins from  Staphylococcus aureus  
with Nanogram Yield       

     Sona     Krizkova    ,           Hoai     Viet     Nguyen    ,     Maja     Stanisavljevic    ,     Pavel     Kopel    , 
    Marketa     Vaculovicova    ,     Vojtech     Adam    , and     Rene     Kizek    

    Abstract 

   The emergence of drug-resistant bacteria and new or changing infectious pathogens is an important public 
health problem as well as a serious socioeconomic concern. Immunomagnetic separation-based methods 
create new possibilities for rapidly recognizing many of these pathogens. Nanomaterial-based techniques 
including fl uorescent labeling by quantum dots as well as immunoextraction by magnetic particles are 
excellent tools for such purposes. Moreover, the combination with capillary electrophoresis in miniatur-
ized microchip arrangement brings numerous benefi ts such as fast and rapid analysis, low sample consump-
tion, very sensitive electrochemical and fl uorescent detection, portable miniaturized instrumentation, and 
rapid and inexpensive device fabrication. 

 Here the use of superparamagnetic particle-based fully automated instrumentation to isolate patho-
gen  Staphylococcus aureus  and its Zn(II)-containing proteins (Zn-proteins) is reported using a robotic 
pipetting system speeding up the sample preparation and enabling to analyze 48 real samples within 6 h. 
Cell lysis and Zn-protein extractions were obtained from a minimum of 100 cells with the suffi cient yield 
for SDS-PAGE (several tens ng of proteins).  

  Key words     Magnetic particles  ,   Immunoseparation  ,    Staphylococcus aureus   ,   Zn-protein  

1      Introduction 

  Nanoparticles are nanomaterials, which attract a lot of attention in 
science due to their specifi c physical and chemical characteristics as 
well as due to their small size and size-dependent characteristics. 
Aforementioned characteristics refer to excellent electrical, optical, 
magnetic, and catalytic properties. 

1.1  Quantum Dots 
and Magnetic Particles
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 Quantum dots are semiconductor nanoparticles known for 
very good electrical and optical properties as a result of their small 
size, usually from 1 to 10 nm. They have specifi c characteristics 
such as wide absorption spectra and narrow emission spectra, high 
quantum yield, photostability, and resistance to chemical degrada-
tion. Quantum dots are usually used for labeling biomolecules [ 1 – 3 ], 
and they have wide applications in imaging of live cells [ 4 ]. In vivo 
targeting of tumor cells using QD-peptide was fi rstly reported by 
Akerman et al. [ 5 ]. Quantum dots besides their very wide applica-
tion in medicine also have some other applications such as detec-
tion of bacteria in our environment [ 6 – 8 ], plant’s tissue, proteins 
and organelles observation [ 9 ,  10 ], and other non- biological appli-
cations such as food industry [ 8 ,  11 ,  12 ]. Magnetic nanoparticles 
belong to another important group of nanoparticles. Like for all 
nanoparticles in this case, size and shape are directly connected to 
their properties as well. Decreasing magnetic nanoparticles to the 
small size induces their superparamagnetic characteristics, which 
means they exhibit better magnetic characteristics than paramag-
netic ones. Typically they are produced at 10–20 nm size, and in 
this size each nanoparticle behaves as a single magnet with super-
paramagnetic characteristics in the magnetic fi eld. After stabiliza-
tion they are biodegradable and biocompatible for biological 
application [ 13 ]. Excellent magnetic characteristics of magnetic 
particles are used for easier and faster isolation of biomolecules. 
They are used for detection of microorganisms, and very early in 
the 1990s, isolation of cell organelles has been reported [ 14 ]. 
Today, with appropriate modifi cation of magnetic particles, it is 
possible to modify them with targeted cellular proteins which can 
be used as a detection model [ 15 ] or for isolation or purifi cation of 
biomolecules of interest such as enzymes, proteins [ 15 – 17 ], DNA 
[ 18 – 20 ], or other biologically important molecules. Nanoparticles 
used in processes of isolation or detection have shortened the time 
of processes as well as enabled their miniaturization due to the par-
ticles’ size. Nanoparticles in combination with modern, precise 
instrumental techniques have a great potential, and further 
researches in this fi eld could bring us excellent and useful results.  

  A rapid detection of bacteria is extremely critical for an effective 
prevention and treatment of many microbial infections, pathogenic 
diseases, and foodborne illnesses. Several methods such as colony 
counting [ 21 – 23 ], the polymerase chain reaction (PCR) [ 24 – 27 ], 
and the enzyme-linked immunosorbent assay (ELISA) [ 28 – 31 ] are 
typically used for determining the presence and quantity of patho-
gens. However, the complexity of the biological matrix often 
requires application of an immunomagnetic separation technique 
prior to the analysis itself utilizing antibody-coated magnetic beads. 
Especially due to their large surface-to-volume ratio, magnetic par-
ticles are, with sizes ranging from few hundred nanometers to 

1.2  Nanoparticle- 
Based 
Immunoanalysis
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several microns, useful for rapid immunomagnetic separation even 
in a dilute sample containing various background materials [ 32 ]. 
Among that wide variety of nanomaterials, mainly carbon nano-
tubes (CNTs) and gold nanoparticles (AuNPs) are gaining popu-
larity as a label because of their chemical, electrical, and optical 
properties. A number of immunoassays based on CNTs have been 
suggested by using CNT itself [ 33 ,  34 ] or CNTs in combination 
with enzymes [ 35 – 37 ], polymers [ 34 ,  38 ], and/or metal particles 
[ 39 – 41 ]. Quantum dots can also be utilized as labels [ 42 – 44 ] 
and/or medium for indirect fl uorescent determination of the 
immunocomplexes [ 45 ]. 

      In the last 10 years, microchip capillary electrophoresis (MCE) has 
appeared as a result of the combination of chemical analysis and 
microfabrication techniques from the integrated circuit world. 
Capillary electrophoresis (CE) proved to be an excellent match for 
microchip technologies because it easily manipulates volumes at the 
nanoliter scale; provides fast, high-resolution separations; and 
requires no moving parts. The advantages of CE on chips over con-
ventional separation techniques are small reagent and sample 
requirements, short analysis time, and high resolution. MCE has 
the potential to simultaneously analyze hundreds of samples in a 
matter of minutes or less. Microchips typically require only picoli-
ters of samples. Furthermore, a microchip with both sample prepa-
ration and separation functionalities increases the possibility of 
integrating sample preparation and analysis on a single device [ 46 ]. 
However, in order to become one of the most powerful techniques, 
CE on chip has to face with many challenges. In microchip capillary 
electrophoresis, it is necessary to achieve high sensitivity detection 
due to the small sample size. One of the most critical aspects of CE 
and MCE analysis is the detection. Optical detection has tradition-
ally been the most commonly used detection method in CE and 
MCE. The small sample injection volume and short path length 
available for optical measurements limit the detection schemes of 
MCE even more than in traditional CE [ 47 ]. Electrochemical 
detection is an attractive alternative for detection in CE and MCE.  

  The fi rst concept of micro total analysis system appeared in 1990 
[ 48 ]. Since then, lab-on-a-chip or miniaturized analysis systems 
have rapidly developed. Microfl uidics is a powerful technology, 
which has already been applied in many fi elds, such as point-of- 
care diagnosis [ 49 ], analytical chemistry [ 50 ], food safety [ 51 ,  52 ], 
single-nucleotide polymorphism [ 53 ], and drug delivery [ 54 ]. 
Parallel to the boom of microfl uidic systems, magnetic particles (or 
magnetic beads) have attracted the attention of many researchers. 
Magnetic particles, which were widely applied to improve the 
selectivity and sensitivity of analysis methods, are a powerful tool 
with many characters. Magnetic particles display a well-controlled 

1.2.1  Magnetic Particles 
in Microchip CE

 Advantages 
and Disadvantages of Chip 
CE Over the Conventional 
Capillary Electrophoresis

 MPs Reactors in Chip 
Separations
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surface, easy manipulation by the magnet, fl exible functionaliza-
tion, and large surface-to-volume ratio [ 55 ]. The magnetic parti-
cles were successfully applied in DNA hybridization [ 56 ,  57 ], 
protein analysis [ 58 ], virus detection [ 59 ], cell sorting [ 60 ], and 
immunoassay [ 61 ]. 

 Magnetic separation and deposition of bacterial cells are widely 
used in food technology, industrial water, and environmental prob-
lems. Living  E. coli  in soil and food samples was separated by a 
microfl uidic system using magnetic particles in some studies [ 62 –
 64 ]. A microsystem for extraction, capture, and detection of patho-
genic bacteria such as  E. coli  O157:H7 in soil sample was presented 
[ 62 ]. The assay protocol considered enzyme-linked immunosor-
bent assay, with each bacterium sandwiched between a magnetic 
bead and a horseradish peroxidase (HRP) enzyme. The system 
employed three different chips, the soil extraction and mixing chip, 
retention and reaction chip, and the detection chip. The extractor 
chip extracted bacterial solution directly from soil sample and mixed 
it with magnetic beads. The retention chip trapped bacteria attached 
to beads in a microfl uidic chamber using a bar magnet. Subsequently, 
bacteria were bound to HRP which fi nally reacts with substrate 
solution to generate a fl uorophore. The detection chip relied on a 
microfl uidic fl ow cell and a pair of fi bers to measure fl uorescence 
due to the fl uorophore that was related to the concentration of bac-
teria in the soil sample. Variation of fl uorescence with concentration 
of bacteria in the sample was studied. Besides, the multitarget mag-
netic activated cell sorter, which makes use of microfl uidics technol-
ogy to achieve simultaneous spatially addressable sorting of multiple 
target cell types in a continuous- fl ow manner, was introduced [ 65 ]. 
This technique was used for sorting multiple bacterial strains by 
using 3 distinct subtypes of  Escherichia coli  MC1061 cells. In 
another work, typical Gram- positive- and Gram-negative bacteria 
such as  Salmonella  and  Staphylococcus  were separated by using mag-
netic particles in microfl uidic systems [ 66 ]. This paper described an 
immunomagnetic separation of target bacterial cells from others by 
using magnetic beads. The bead surface was coated with antibodies 
which can capture specifi c organisms. The binding effi ciency of 
immunomagnetic beads (IMB) capturing target bacterial cells was 
higher than 98 % when the concentrations of target and interfering 
bacterial cells were at the same level. The concentration of bacteria 
was determined indirectly by detecting adenosine 5′-triphosphate 
(ATP) employing the bioluminescence (BL) reaction of fi refl y 
luciferin–ATP. Benzalkonium chloride (BAC) was used as an ATP 
extract from living bacterial cells. The result showed that BAC could 
enhance the light emission when the concentration of BAC was less 
than 5.3 × 10 −2  % ( w / v ) and the BL intensity reached its maximum 
at a BAC concentration of 2.7 × 10 −2  %, which was tenfold stron-
ger than that without BAC. A microfl uidic chip combined with 
immunofl uorescence assay for separating and detecting bacteria 
simultaneously was also developed. The IMBs were magnetically 
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fi xed in the bead beds of chip channels with a 3 mm diameter NdFeB 
permanent magnet. The target bacterial cells could be captured 
magnetically and observed by a fl uorescent microscope.     

2    Materials 

      1.    Dynabeads MyOne™ Tosylactivated (Invitrogen, Norway).   
   2.    Microfi ltration device, such as Amicon Ultra 0.5 with cutoff 

50 K (Millipore, USA). ( See   Note 1 .)   
   3.    Dynal magnet (Invitrogen, Norway). ( See   Note 2 .)   
   4.    Phosphate buffered saline (PBS) pH 7.4. 

 Weigh 0.26 g NaH 2 PO 4 ·H 2 O (MW 137.99), 1.44 g 
Na 2 HPO 4 ·2H 2 O (MW 177.99), and 8.78 g NaCl, dissolve in 
0.9 L of ultrapure water, and adjust pH, if necessary. Adjust 
volume to 1 L with ultrapure water.   

   5.    Coating buffer: 0.1 M sodium borate buffer pH 9.5. 
 Weigh 6.183 g H 3 BO 3  (MW 61.83). Dissolve in 800 mL 

of ultrapure water. Adjust pH to 9.5 using 5 M NaOH, and 
then adjust volume to 1,000 mL with ultrapure water. ( See  
 Note 3 .)   

   6.    Stock solution (3 M ammonium sulfate). 
 Preparation and handling shall be performed in a fume 

hood. Weigh 39.6 g (NH 4 ) 2 SO 4  (MW 132.1). Dissolve in 
0.1 M sodium borate buffer (pH 9.5), control/adjust pH, and 
adjust volume to 100 mL.   

   7.    Blocking buffer: PBS pH 7.4, 0.5 % BSA, 0.05 % Tween ® 20. 
 Weigh 0.5 g of bovine serum albumin (BSA), sprinkle it 

on the surface of 90 mL of PBS pH 7.4, wait until BSA dis-
solves, add 5 μL of Tween ® 20, and adjust volume to 100 mL.   

   8.    Washing/storage buffer: PBS pH 7.4, 0.1 % BSA, 0.05 % 
Tween ® 20. 

 Weigh 0.1 g of BSA, sprinkle it on the surface of 90 mL of 
PBS pH 7.4, wait until BSA dissolves, add 5 μL of Tween ® 20, 
and adjust volume to 100 mL. 

 To prepare storage buffer, add 0.02 % (w/v) NaN 3 : add 
2 mg of NaN 3  to 10 mL of washing buffer.      

      1.    Liquid broth: meat peptone 5 g/L, NaCl 5 g/L, beef extract 
1.5 g/L, yeast extract 1.5 g/L, pH = 7.4 ± 0.2. Cultivation 
medium for staphylococci.   

   2.    Dynal magnet. ( See   Note 4 .)      

      1.    PBS pH 4.5. 
 Adjust pH of PBS pH 7.4 with HCl to the value of pH 4.5.   

2.1  MNPs Separation 
of Zinc Proteins 
from  S. aureus 

2.2  Isolation 
of Bacteria

2.3  Immuno-
extraction of Zinc-
Binding Proteins
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   2.    Elution buffer: 0.1 M citrate pH 3.0. 
 Weigh 2.941 g of sodium citrate dihydrate (MW 294.1), 

dissolve in 80 mL of ultrapure water, and adjust pH to 3.0 by 
addition of HCl.   

   3.    Dynal magnet. ( See   Note 4 .)       

3    Methods 

  This protocol is derived from the manufacturer’s manual for 
Dynabeads MyOne™ Tosylactivated (Invitrogen, Norway). 
Immunoglobulins are immobilized to the beads surface covalently 
via the N-terminal domain and the tosyl group. ( See   Note 5 .) This 
immobilization protocol requires a relatively big amount of anti-
bodies, but it is usable also for IgY, which lack a C-terminal protein 
G-binding domain. For IgG, which are used for isolation of staph-
ylococci and G-group streptococci, this immobilization is prefera-
ble as the C-terminal domain binds the G- or A-protein on the 
bacterial membrane ( see  Fig.  1 ).   

      1.    Resuspend    the stock solution of the beads by leaving the vial 
on a mixing device for minimally 30 min. During this time 
prepare antibodies for binding.   

   2.    Use 1,000 μg of immunoglobulins per 25 mg of beads. 
Calculate the appropriate volume to be pipetted from the 
stock solution of immunoglobulins.   

   3.    Remove NaN 3  from the stock solution using Amicon Ultra 
0.5 with cutoff 50K (Millipore, USA). Follow the instructions 
of the manufacturer. (1) Insert fi lter device into the collection 
tube, and pipette the calculated volume of immunoglobulins 

3.1  Covalent 
Immobilization 
of IgG and IgY 
to the Paramagnetic 
Beads Surface

3.2  Immobilization 
Process

Paramagnetic bead

IgG

Bacterium

Surface antigen Protein A/G

Specific immunoglobulin

Non-specific  immunoglobulin
Protein A/G or macrophage

binding site

Heavy chain

Light chain

Variable region

Constant region

Antigen/bead binding sites

COOHHOOC

NH2
H2N

NH2
H2N

HOOC COOH

  Fig. 1    Structure of immunoglobulins ( left ), binding of IgG-modifi ed bead to the staphylococcal, or G-group 
streptococcal cell ( right )       
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into the fi lter device and close the lid. (2) Spin the device at 
14,000 ×  g  for 10 min. (3) Pipette the same volume of PBS 
pH 7.4 as calculated in  step 1  into    the fi lter device. (4) Spin 
the device at 14,000 ×  g  for 10 min. (5) Discard the fl ow 
through. (6) Measure the new volume of immunoglobulins by 
pipetting. ( See   Note 6 .)   

   4.    To decrease pH to 2.5, add 0.2 μL of HCl (1 M) per 100 μL 
of immunoglobulins. Calculate the volume of HCl to be 
added from the new volume obtained after NaN 3  removal. 
Incubate for 15 min at laboratory temperature (approx. 
22 °C). ( See   Note 7 .)   

   5.    (1) Pipette the acidifi ed antibodies into the fi lter device, insert 
it to the collection tube, and close the lid. (2) Spin the device 
at 14,000 ×  g  for 10 min. (3) Pipette the same volume of PBS 
pH 7.4 as measured prior acidifi cation into the fi lter device. 
(4) Spin the device at 14,000 ×  g  for 10 min. (5) Discard the 
fl ow through. (6) Measure the new volume of immunoglobu-
lins by pipetting.   

   6.    Transfer the appropriate volume of the beads correspond-
ing to 25 mg from the stock solution into a 2 mL test tube. 
( See   Note 8 .)   

   7.    Place the tube on a magnet (Dynal MPC) for 2 min or until 
the beads migrate to the side of the test tube and the liquid 
is clear.   

   8.    Pipette off the supernatant carefully leaving the beads intact.   
   9.    Remove the test tube from the magnet and add 1 mL of coat-

ing buffer.   
   10.    Repeat  steps 7 – 8 .   
   11.    Resuspend the beads in 100 μL of coating buffer.   
   12.    To the bead pellet, pipette in this order the following volumes 

of coating buffer, immunoglobulins, and ammonium sulfate 
stock solution: 

  Total volume  (μL)  625 

 Bead pellet  100 

 Coating buffer  317.5 −  x  

 Immunoglobulins   x  

 3 M ammonium sulfate stock solution  207.5 

       13.    Incubate the tube in horizontal position for 16–24 h at 37 °C 
with slow tilt rotation. ( See   Note 9 .)   

   14.    After incubation place the tube on a magnet, allow the beads 
to settle for approx. 2 min, until the solution is clear, and 
remove the liquid.   
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   15.    Add 625 μL of blocking solution and incubate the beads over-
night under the same condition as in  step 12 .   

   16.    Wash three times with 1 mL of washing buffer and resuspend 
in 625 μL of storage buffer.   

   17.    Coated beads may be stored at 2–8 °C for several months.      

      1.    Resuspend the beads leaving the test tube on a mixing device 
for minimally 10 min.   

   2.    Transfer 10 μL of the IgG-modifi ed beads per sample to a new 
test tube.   

   3.    Place the tube on a magnet (Dynal MPC) for 2 min or until the 
beads migrate to the side of the test tube and the liquid is clear.   

   4.    Pipette off the supernatant carefully leaving the beads intact.   
   5.    Remove the test tube from the magnet and add 1 mL of the 

cultivation medium.   
   6.    Repeat  steps 3 – 5 .   
   7.    Resuspend the beads in the original volume of medium. 

( See   Note 10 .)   
   8.    Aliquot 10 μL of the beads to 2 mL test tubes.   
   9.    Add 500 μL of the bacterial culture.   
   10.    Incubate the test tubes for 1 h using a rotating programmable 

rotator mixer (Biosan, Latvia) in 2 mL microtubes.   
   11.    Place the tube on a magnet (Dynal MPC) for 2 min or until 

the beads migrate to the side of the test tube and the liquid is 
clear.   

   12.    Pipette off the supernatant carefully leaving the beads intact.   
   13.    Resuspend the beads in 250 μL of the cultivation medium.   
   14.    Place the tube on a magnet (Dynal MPC) for 2 min or until 

the beads migrate to the side of the test tube and the liquid is 
clear.   

   15.    Resuspend the beads in 250 μL of the cultivation medium.   
   16.    Cultivate the beads with bacteria for 3 h at 37 °C (optional, if 

very low bacterial content is expected).   
   17.    Lyse the cells with ultrasound for 2 min at a frequency of 

450 Hz.      

      1.    Resuspend the beads leaving the test tube on a mixing device 
for minimally 10 min.   

   2.    Transfer 10 μL of the IgY anti-zinc-modifi ed beads per sample 
to a new test tube.   

   3.    Place the tube on a magnet (Dynal MPC) for 2 min or until the 
beads migrate to the side of the test tube and the liquid is clear.   

3.3  Isolation 
of Bacteria

3.4  Immuno-
extraction of Zinc-
Binding Proteins
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   4.    Pipette off the supernatant carefully leaving the beads intact.   
   5.    Remove the test tube from the magnet and add 1 mL of PBS 

pH 4.5.   
   6.    Repeat  steps 3 – 5 .   
   7.    Resuspend the beads in the original volume of PBS pH 4.5. 

( See   Note 11 .)   
   8.    Aliquot 5 μL of the beads to the test tubes.   
   9.    Place the tubes on a magnet, remove supernatant, and add 

100 μL of the bacterial lysate.   
   10.    Incubate the tubes for 30 min at 25 °C with spin shaking. 

Using a microcentrifuge, combine 25 cycles of medium vortex 
for 20 s and spinning at 1,500 ×  g  for 15 s.   

   11.    Place the tubes on a magnet, remove the supernatant, and 
wash the beads with 1 mL of PBS pH 7.4. ( See   Note 12 .)   

   12.    Resuspend the beads in 100 μL PBS pH 4.5.   
   13.    Incubate the tubes for 30 min at 25 °C with spin shaking. 

Using a microcentrifuge, combine 25 cycles of medium vortex 
for 20 s and spinning at 1,500 ×  g  for 15 s. ( See   Notes 
13 – 15 .)   

   14.    Place the tubes on a magnet and transfer the supernatants to 
new test tubes.       

4    Notes 

     1.    It is possible to use any microfi ltration device with the same 
properties.   

   2.    It is possible to use any magnetic device for (super)paramag-
netic particles handling.   

   3.    The coating buffer is used for prewashing and coating of 
Dynabeads ®  MyOne™ Tosylactivated. Do not add any sugar 
and protein (apart from your ligand), i.e., to this buffer.   

   4.    It is possible to use any magnetic device for (super)paramag-
netic particles handling.   

   5.    When handling uncoated Dynabeads ®  MyOne™ Tosylactivated, 
do not use any buffer containing protein or amino groups 
(glycine, Tris, etc.).   

   6.    Sodium azide removal is necessary, because NaN 3  binds to 
tosyl groups of the beads.   

   7.    Acidifi cation of the antibodies for 15 min at room tempera-
ture or 1 h at 4 °C and then raising pH to approx. neutral 
prior addition to the beads generally increase binding and 
function of the antibodies.   
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    Chapter 7   

 Fast High-Throughput Screening of H1N1 Virus by Parallel 
Detection with Multichannel Microchip Electrophoresis 

           Peng     Zhang    ,     He     Nan    ,     Seungah     Lee    , and      Seong     Ho     Kang    

    Abstract 

   Infl uenza is one of the acute respiratory diseases of human caused by the infl uenza A (H1N1) virus and 
accounted for major public health concerns worldwide. The polymerase chain reaction (PCR) methods are 
the most popular tools for clinical diagnosis of infl uenza A virus. Microchip electrophoresis is a widely used 
method for DNA molecules separation. Herein, we describe the fast and high-throughput separation of 
hemagglutinin (HA) and nucleocapsid protein (NP) gene PCR products (116 bp and 195 bp, respec-
tively) by parallel detection with multichannel microchip electrophoresis and programmed step electric 
fi eld strength (PSEFS).  

  Key words      Infl uenza A  (H1N1) virus  ,   Multichannel microchip electrophoresis  ,   High-throughput 
separation  

1      Introduction 

 Infl uenza is one of the most common infectious respiratory  diseases 
of human caused by the infl uenza  A  (H1N1) virus [ 1 ]. It tends to 
occur most frequently in the elderly and children causing signifi cant 
morbidity and mortality, and due to the high infectiousness, it can 
spread worldwide rapidly and become a major public health menace 
[ 2 ]. Recently, various protein- and gene-based detection methods 
have been used in clinical and laboratory diagnosis of the H1N1 
virus [ 3 – 8 ]. For instance, the widely used rapid infl uenza A virus 
diagnostic test (RIDT) is based on the immunochromatographic 
lateral fl ow tests and uses monoclonal antibodies directly against 
the nucleocapsid protein (NP) of infl uenza virus [ 3 ]. However, the 
RIDT assay is still limited by its low accuracy (<70 %) [ 4 ,  5 ]. On the 
contrary, the gene detection methods based on polymerase chain 
reaction (PCR) assays are able to detect infl uenza virus with 97 % 
accuracy [ 6 – 8 ]. However, current PCR  methods continue to rely 
heavily on slab gel electrophoresis (SGE) analysis; they take a few 
hours to obtain results, which is both time and labor expensive [ 9 ]. 
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 Microchip electrophoresis (ME), due to its high-performance 
separation capacities for a variety of biomolecules, has become a 
powerful separation method which can reduce chemical consump-
tion and the cost of analysis [ 10 ,  11 ]. On the other hand, integrat-
ing many separation channels onto a single wafer to form a 
multichannel microchip electrophoresis (MCME) system can pro-
vide a much more stable, precise, and user-friendly technique with 
extremely high throughput [ 12 ]. 

 In this study, we developed a fast, high-throughput, and pre-
cise MCME separation method using programmed step electric 
fi eld strength (PSEFS) with a laser-induced fl uorescence (LIF) 
detector to analyze infl uenza A virus DNA PCR products [ 13 ]. 
The electric fi eld strength, DNA molecular size, migration times, 
and peak areas were discussed for fast and high-throughput detec-
tion without loss of resolution.  

2    Materials 

 All the buffers and solutions were prepared using ultrapure water 
(18.3 MΩ·cm at 25 °C) prepared by Human ®  water purifi cation 
system (Human power I+, Human, Seoul, Korea) and analytical or 
higher grade reagents. All the reagents were prepared and stored at 
room temperature unless indicated otherwise. The waste materials 
were treated following all waste disposal regulations strictly. 

      1.    1× TBE buffer: 0.089 M Tris, 0.089 M borate, 0.002 M 
EDTA, pH 8.4 ( see   Note 1 ).   

   2.    1× TAE buffer: 0.04 M Tris-acetate, 0.001 M EDTA, pH 8.4 
( see   Note 1 ).   

   3.    ME running buffer: 1× TBE buffer, 0.5 ppm ethidium bro-
mide (EtBr) ( see   Note 2 ).      

      1.    PalmTaq™ High-Speed PCR kit (Ahram Biosystems Inc., 
Seoul, Korea) containing PalmTaq™ 5× HS buffer solution 
(1.5 mM MgCl 2  fi nal concentration), dNTP mixture (10 mM 
each dNTP), and PalmTaq™ High-Speed DNA polymerase 
(5 units/μL) ( see   Note 3 ).   

   2.    To amplify the hemagglutinin (HA) and nucleocapsid protein 
(NP) gene, primers for HA (forward, 5′-GTG CTA TAA ACA 
CCA GCC TCC CA-3′, and reverse, 5′-CGG GAT ATT CCT 
CAA TCC TGT GGC-3′) and NP (forward, 5′-GCA CGG 
TCA GCA CTT ATT CTA AG-3′, and reverse, 5′-GTG AGC 
TGG GTT TTC ATT TGG TC-3′) were used.   

   3.    Palm PCR F1-12 device (Ahram Biosystems Inc.).   

2.1  Buffers

2.2  H1N1 Virus DNA 
PCR Components
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   4.    H1N1 virus DNA samples (Ahram Biosystems Inc.).   
   5.    Clinical H1N1 virus DNA sample (National Culture Collection 

for Pathogens, NCCP, Osong-eup, Korea).      

      1.    2.0 % agarose gel (Sigma, St. Louis, MO, USA).   
   2.    100-bp DNA ladder (14.4 ng/μL, Genepia, Seoul, Korea).   
   3.    Video documentation system (MC2000, CoreBio, Seoul, 

Korea).      

      1.    Lab-built multichannel microchip: The glass-based multichan-
nel microchip was designed as a two-layer structure with three 
separation channels (50 μm wide and 10 μm deep, 6.5 cm 
long) and 10 reservoirs ( see  Fig.  1  and  Note 4 ). Each channel 
is a typical double-T type with 150 μm split and both reser-
voirs have the same size (2.0 mm in diameter and 0.7 mm in 
depth). The interspace between the three channels (parallel 
part) was 150 μm.       

2.3  Slab Gel 
Electrophoresis

2.4  Multichannel 
Microchip Preparation
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  Fig. 1    Multichannel ME with a laser-induced fl uorescence (LIF) detection system. ( a ) Schematic diagram of the 
LIF detection system and multichannel microchip. ( b ) Physical layout of the MCME system. ( c ) Two-layer struc-
ture of the multichannel microchip and setup of the electrodes. Indication:  L  laser,  PH  pin hole,  CL 1 fi rst cylin-
drical lens,  CL 2 second cylindrical lens,  M  multichannel microchip,  OL  objective lens,  BF  band-pass fi lter,  CCD  
charge-coupled device,  E  electrodes,  L 1 layer 1,  L 2 layer 2,  reservoir  1 buffer inlet,  reservoir  2 sample outlet, 
 reservoir  3 buffer waste, and  reservoir  4 sample inlet (reproduced from [ 13 ] with permission from Korean 
Chemical Society)       
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      1.    ME coating gel: 0.050 g poly(vinylpyrrolidone) (PVP, 
 M  r  = 1,000,000) (Polysciences, Warrington, England) was dis-
solved in 5.0 mL ME running buffer with the fi nal concentra-
tion 1.0 % w/v. The solution was shaken ~5 min to dissolve 
PVP completely and then left to stand for 2 h to remove any 
bubbles ( see   Note 5 ).   

   2.    ME sieving gel: 0.015 g poly(ethylene oxide) (PEO, 
 M  r  = 8,000,000) (Sigma) was dissolved in 5.0 mL ME running 
buffer with the fi nal concentration 0.3 % w/v. The PEO solu-
tion was stirred overnight to dissolve the polymer and to 
remove any bubbles ( see   Note 6 ).   

   3.    Vacuum pump (EYELA A-3s vacuum aspirator, Tokyo 
Rikakikai Co., Ltd, Tokyo, Japan).      

      1.    A microscope (IMT-2, Olympus, Tokyo, Japan) with an objec-
tive lens (10×/0.25 N.A., Olympus, Tokyo, Japan) was used 
to collect and transmit the fl uorescence signal from the analyte 
to the detector.   

   2.    A diode-pumped solid-state laser (excitation at 532 nm, 
Shanghai Laser & Optics Century, Shanghai, China) was used 
as an excitation source ( see   Note 7 ).   

   3.    Two cylindrical lenses were used to focus the laser beam on the 
central part of the detection area of the multichannel micro-
chip ( see   Note 8 ).   

   4.    A charge-coupled device (CCD) (01-EXI-BLU-R-F-M-14-C, 
QImaging, Surrey, Canada) was used as the detector.   

   5.    A band-pass fi lter (35-5081, 600 ± 8 nm, Ealing Catalog, 
Rocklin, CA, USA) was placed in front of the CCD camera to 
fi lter out irrelevant wavelengths.   

   6.    Image-Pro Plus (IPP, Version 7.0, Media Cybernetics, Bethesda, 
MD, USA) program was used to acquire and analyze the fl uo-
rescent images of the detection region in the microchip.   

   7.    Platinum wires (0.4 mm in diameter) were inserted into the 
reservoirs as electrodes ( see   Note 9 ).   

   8.    The high-voltage power supply (DBHV-100, NanoEntek, 
Seoul, Korea) was controlled by DBMA-100 program.       

3    Methods 

 Carry out all procedures at room temperature unless specifi ed 
otherwise. 

      1.    20 μL of PalmTaq™ 5× HS buffer solution (1.5 mM MgCl 2  
fi nal concentration) was added to 62.6 μL of sterilized distilled 
water, followed by 5 μL each of forward primer (10 μM), 

2.5  Multichannel 
Microchip 
Electrophoresis 
(MCME)

2.6  MCME System 
with Laser- Induced 
Fluorescence (LIF) 
Detection

3.1  H1N1 Virus 
DNA PCR
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reverse primer (10 μM), and template DNA (≤200 mg). 
Following the addition of 2 μL of dNTP mixture (10 mM each 
dNTP) and 0.4 μL of PalmTaq™ High-Speed DNA poly-
merase (5 units/μL), the total amount of the reaction mixture 
was divided into fi ve sample tubes ( see   Note 10 ).   

   2.    The following protocols programmed in the Palm PCR F1-12 
device were performed: denaturation temperature of 98 °C 
and annealing temperature of 58 °C; the number of amplifi ca-
tion cycles was set as 30 ( see   Note 11 ).   

   3.    The fi nal PCR products of HA and NP were mixed to confi rm 
the separation of the mixture sample (HA:NP = 1:1).   

   4.    The clinical sample of H1N1 virus DNA was amplifi ed in the 
same way.      

  Amplifi ed DNA molecules were identifi ed by SGE in 2.0 % agarose 
gel using a 1× TAE buffer, stained with EtBr, and then photo-
graphed using a still video documentation system. The sizes of the 
DNA products were determined relative to a 100-bp DNA ladder 
( see  Fig.  2 ).   

      1.    Multichannel microchip washing: The microchannel was 
rinsed with water followed by running buffer for 10 min each 
( see   Note 12 ).   

   2.    Surface coating of microchannel: The 1.0 % PVP dynamic 
coating was fi lled hydrodynamically using a vacuum pump for 
5 min ( see   Note 13 ).   

3.2  Slab Gel 
Electrophoresis

3.3  100-bp DNA 
Ladder Separation 
by MCME

  Fig. 2    Representative slab gel    electrophoresis of amplifi ed PCR products for the 
H1N1 virus. SGE conditions: 2.0 % agarose gel matrix in 1× TAE buffer (pH 8.4); 
applied voltage, 150 V for 50 min; temperature, ambient.  L  DNA ladder,  HA  hem-
agglutinin gene PCR product (116 bp),  NP  nucleocapsid protein gene PCR prod-
uct (195 bp),  N  negative control, and  B  blank (reproduced from [ 13 ] with 
permission from Korean Chemical Society)       
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   3.    Filling of the microchannel with sieving gel: The 0.3 % PEO 
sieving matrix was fi lled hydrodynamically using a vacuum 
pump for 5 min ( see   Note 13 ).   

   4.    Sample injection: 2.0 μL 100-bp DNA ladder was injected into 
the sample inlet reservoirs (reservoir 4 in Fig.  1 ). Then the 
multichannel microchip was placed and fi xed on the stage of 
the microscope. The injection potential was set as 480 V at the 
sample outlet reservoir 2 followed by grounding the sample 
inlet reservoir 4 for 60 s after inserting the electrodes.   

   5.    Effective length setting: Use the stage control of the micro-
scope to set the effective length as 3.0 cm ( see   Note 14 ).   

   6.    Applying constant electric fi eld strength: A constant electric 
fi eld strength in the range of 100–700 V/cm was used to sepa-
rate all the DNA molecules of the DNA ladder ( see  Fig.  3 ).    

   7.    Fluorescent signal acquisition and analysis: 2,000-frame fl uo-
rescent images of the separation channels were acquired and 
analyzed by the IPP program with 79 ms exposure time and 
100 ms time interval ( see   Note 15 ).   
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  Fig. 3    Electropherograms of the 100-bp DNA ladder in the MCME system. ( a ) Low constant electric fi eld strength 
(LCEFS) for separation, ( b ) high constant electric fi eld strength (HCEFS), and ( c ) programmed step electric fi eld 
strength (PSEFS) for separation. Separation conditions: running buffer, 1× TBE buffer (pH 8.4) with 0.5 ppm EtBr; 
coating matrix, 1.0 % PVP ( M  r  = 1,000,000); sieving matrix, 0.3 % PEO ( M  r  = 8,000,000); DNA ladder concentra-
tion, 14.4 ng/μL; applied separation electric fi eld, ( a ) 138 V/cm, ( b ) 615 V/cm, and ( c ) 615 V/cm from 0 to 13 s, 
300 V/cm from 13 to 23 s, 615 V/cm from 23 to 50 s. Peaks: 1 = 100 bp, 2 = 200 bp, 3 = 300 bp, 4 = 400 bp, 
5 = 500 bp, 6 = 600 bp, 7 = 800 bp, 8 = 1,000 bp, 9 = 1,500 bp, 10 = 2,000 bp, 11 = 3,000 bp.  RFI  relative fl uo-
rescence intensity (reproduced from [ 13 ] with permission from Korean Chemical Society)       
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   8.    After the separation, the determination of whether PSEFS 
or constant electric fi eld strength provided the best results was 
established ( see   Note 16 ).   

   9.    If PSEFS was chosen, we eliminated or decreased the portions 
of the gradient prior to the fi rst DNA peak (100 bp) and fol-
lowing the last DNA peak (200 bp) ( see   Note 17 ).   

   10.    If PSEFS was acceptable, the gradient time was optimized to 
reduce the separation time ( see   Note 18 ).   

   11.    After optimization, the best PSEFS conditions for the fast sepa-
ration of 100-bp and 200-bp DNA molecules were determined 
at 615 V/cm from 0 s to 13 s, 300 V/cm from 13 s to 23 s, and 
615 V/cm from 23 s to 50 s ( see  Fig.  3  and  Note 18 ).      

      1.    The multichannel microchip was washed, surface coated, and 
fi lled with sieving gel as previously demonstrated.   

   2.    2.0 μL H1N1 virus DNA PCR products (HA, 116 bp, and 
NP, 195 bp) and 100-bp DNA ladder were injected into each 
of the three separation channels, respectively, as previously 
demonstrated.   

   3.    Apply the previously optimized PSEFS (615 V/cm from 0 s to 
13 s, 300 V/cm from 13 s to 23 s, and 615 V/cm from 23 s 
to 50 s).   

   4.    Acquire and analyze the fl uorescent signal as previously 
mentioned.   

   5.    Finally, the HA and NP PCR products are detected at 19.5 s 
and 20.9 s, respectively ( see  Fig.  4  and Table  1 ). 

             1.    The multichannel microchip was washed, surface coated, and 
fi lled with sieving gel as previously demonstrated.   

   2.    The mixture of H1N1 virus DNA PCR products (HA:NP = 1:1) 
was injected into the three separation channels as previously 
demonstrated.   

   3.    Apply the previously optimized PSEFS (615 V/cm from 0 s to 
13 s, 300 V/cm from 13 s to 23 s, and 615 V/cm from 23 s 
to 50 s), and then acquire and analyze the fl uorescent signal as 
previously mentioned.   

   4.    Finally, the HA and NP PCR products are separated and 
detected at 19.5 s and 20.9 s, respectively ( see  Fig.  5  and Table  1 ).       

      1.    The multichannel microchip was washed, surface coated, and 
fi lled with sieving gel as previously demonstrated.   

   2.    The H1N1 virus clinical DNA products were injected into the 
three separation channels as previously demonstrated.   

   3.    Apply the previously optimized PSEFS (615 V/cm from 0 s to 
13 s, 300 V/cm from 13 s to 23 s, and 615 V/cm from 23 s 

3.4  H1N1 Virus DNA 
PCR Products Fast 
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3.5  H1N1 Virus DNA 
PCR Products Fast 
and High- Throughput 
Separation by MCME

3.6  H1N1 Virus 
Clinical DNA PCR 
Products Fast 
and High- Throughput 
Separation by MCME
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to 50 s), and then acquire and analyze the fl uorescent signal as 
previously mentioned.   

   4.    The PCR products of the clinical samples were detected at the 
same migration times of the HA and NP PCR products and 
diagnosed within 21 s ( see  Fig.  6 ).        
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  Fig. 4    Representative amplifi ed PCR products for the H1N1 virus using PSEFS in 
MCME. MCME/PSEFS condition, running buffer, 1× TBE buffer (pH 8.4) with 
0.5 ppm EtBr; coating matrix, 1.0 % PVP ( M  r  = 1,000,000); sieving matrix, 0.3 % 
PEO ( M  r  = 8,000,000); PSEFS, 615 V/cm from 0 to 13 s, 300 V/cm from 13 to 
23 s, 615 V/cm from 23 to 50 s.  L  DNA ladder,  HA  hemagglutinin gene PCR prod-
uct (116 bp),  NP  nucleocapsid protein gene PCR product (195 bp),  M  mixture of 
HA and NP PCR products. Peaks: 1 = 100 bp, 2 = 200 bp.  RFI  relative fl uores-
cence intensity (reproduced from [ 13 ] with permission from Korean Chemical 
Society)       

    Table 1  
  Comparison of migration time and peak area of specifi c DNA molecules 
and PCR products of the H1N1 virus by the multichannel microchip 
electrophoresis method with a programmed step electric fi eld strength 
(reproduced from [ 13 ] with permission from Korean Chemical Society)   

 Sample  Migration time (s)  Peak area 

 100 bp  19.20 ± 0.20  67.00 ± 0.50 

 200 bp  20.98 ± 0.10  63.98 ± 0.40 

 HA (116 bp)  20.05 ± 0.30  329.60 ± 3.80 

 NP (195 bp)  20.75 ± 0.40  226.30 ± 3.80 

  The data are presented as mean ± standard deviation ( n  = 3)  
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  Fig. 5    High-throughput performance of the MCME/PSEFS method with amplifi ed 
PCR products for the H1N1 virus from infected humans. MCME/PSEFS condi-
tions, running buffer, 1× TBE buffer (pH 8.4) with 0.5 ppm EtBr; coating matrix, 
1.0 % PVP ( M  r  = 1,000,000); sieving matrix, 0.3 % PEO ( M  r  = 8,000,000); PSEFS, 
615 V/cm from 0 to 13 s, 300 V/cm from 13 to 23 s, 615 V/cm from 23 to 50 s. 
Ch1 = channel 1, Ch2 = channel 2, Ch3 = channel 3,  HA  hemagglutinin gene PCR 
product (116 bp),  NP  nucleocapsid protein gene PCR product (195 bp).  RFI  rela-
tive fl uorescence intensity (reproduced from [ 13 ] with permission from Korean 
Chemical Society)       
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  Fig. 6    Representative electropherograms of the H1N1 clinical sample after using 
PSEFS in MCME. MCME/PSEFS condition, running buffer, 1× TBE buffer (pH 8.4) 
with 0.5 ppm EtBr; coating matrix, 1.0 % PVP ( M  r  = 1,000,000); sieving matrix, 
0.3 % PEO ( M  r  = 8,000,000); PSEFS, 615 V/cm from 0 to 13 s, 300 V/cm from 13 
to 23 s, 615 V/cm from 23 to 50 s.  L  DNA ladder,  HA  hemagglutinin clinical sam-
ple,  NP  nucleocapsid protein clinical sample, Peaks: 1 = 100 bp, 2 = 200 bp.  RFI  
relative fl uorescence intensity (reproduced from [ 13 ] with permission from 
Korean Chemical Society)       
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4    Notes 

     1.    The pH value of 1× TBE buffer and 1× TAE buffer can be 
adjusted by 0.1 M NaOH solution and 0.1 M HCl solution. 
The 1× TBE and 1× TAE buffers were prepared by dissolving 
a premixed powder (Amresco, Solon, OH, USA) in ultrapure 
water.   

   2.    EtBr should be stored at 4 °C and protected from light.   
   3.    The DNA ladder and PCR kit should be stored at −20 °C.   
   4.    The design of the multichannel microchip allows to keep the 

parallel separation of samples and avoid the fl uorescent signal 
cross talk of each channel.   

   5.    Bubbles in the separation channel will cause serious problems 
during the separation such as current interruption and baseline 
noise. Therefore, all the bubbles should be removed from run-
ning buffer and gels.   

   6.    To dissolve the PEO and avoid bubbles, the stirring rate should 
be controlled carefully. Meanwhile, any reasons which will dis-
turb steady rotation of the stirring bar should be avoided.   

   7.    To get a steady baseline, the laser should warm up for ~5 min.   
   8.    The cylindrical lenses were used to transfer the cylindrical 

shape laser beam to a linear shape which can induce the fl uo-
rescent signal of three parallel channels simultaneously. To get 
the strongest signal, the laser beam should be aligned and 
focused on the center of the separation channel.   

   9.    To keep the system steady, the electrodes were welded together 
and integrated onto a Tefl on plate. In addition, the electrodes 
should be cleaned with HPLC grade methanol before each use.   

   10.    Before the mixed sample solution was incubated, the sample tubes 
were centrifuged for 1 min at 5,000–6,000 rpm (8,000–9,600 ×  g ) 
to    remove any bubbles.   

   11.    More amplifi cation cycles will produce a higher concentration 
of the fi nal PCR products but need a longer time. Here, 30 
cycles are enough to produce the PCR products for detection.   

   12.    Microscope observation is an easy way to check the condition 
of the channels. However, it cannot identify these transparent 
contaminants in channels. The other effective method to check 
the channel condition is the water-level observation. Fill the 
reservoirs (reservoirs 1, 2, and 4) with water and apply vacuum 
at the buffer waste reservoir (reservoir 3), and check the water 
level after 1 min. The same water level in each reservoir repre-
sents the same fl ow rate in each channel which indicates the 
clean and expedite condition of the separation channel.   

   13.    The gel fi lling should be performed very carefully to avoid 
introducing any bubbles into the separation channel.   

Peng Zhang et al.
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   14.    Due to the design of the multichannel microchip, 3.0 cm is the 
minimum distance from the double-T region to the parallel 
section of the microchannel.   

   15.    The exposure time of the CCD detector should be set care-
fully. A long exposure time can provide high signal intensity 
and low temporal resolution, while a short exposure time can 
provide low signal intensity and high temporal resolution. This 
trade-off between signal intensity and temporal resolution 
should be considered carefully. Herein, the 100 ms time inter-
val of each frame equals the 79 ms exposure time of the CCD 
camera plus 21 ms of time between frames.   

   16.    Depending on the basic electrophoretic separation theory, the 
electrophoretic mobility of a DNA molecule directly relies on 
the applied electric fi eld [ 11 ]:

  
n mep ep= ´E

   

  where  ν  ep  is the electrophoretic velocity,  μ  ep  is the electropho-
retic mobility, and  E  is the applied electric fi eld. Hence, increas-
ing the applied electric fi eld strength is a way to signifi cantly 
increase electrophoretic velocity and decrease separation time. 
However, due to Ohm’s law, the higher applied electric fi eld 
will induce a higher current and more Joule heating, which will 
decrease the resolution of the analytes. Additionally, at high 
applied electric fi eld conditions, the electrophoretic properties 
of the DNA molecules become electric fi eld dependent 
( μ  ep  ~  E ), especially for large DNA molecules.   

   17.    Since the sizes of target DNA molecules (HA, 116 bp, and 
NP, 195 bp) are between 100 bp and 200 bp, the 100 bp and 
200 bp DNA molecules in 100-bp DNA ladder can be used as 
the control.   

   18.    The conditions for PSEFS were optimized as follows. First, we 
determined the low constant electric fi eld strength required 
for the separation of all DNA molecules. Second, we applied a 
high-strength constant electric fi eld. Next, we decreased the 
electric fi eld strength at specifi c domains. Finally, if the separa-
tion achieved during the third step was deemed acceptable, we 
reduced the gradient time.         
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    Chapter 8   

 Sex Identifi cation of Ancient DNA Samples 
Using a Microfl uidic Device 

           Kirsty     J.     Shaw     ,     Keri     A.     Brown    ,     Terence     A.     Brown    , and     Stephen     J.     Haswell   

    Abstract 

   Ancient DNA is the name given to the degraded, fragmented, and chemically damaged biomolecules that 
can be recovered from archaeological remains of plants, animals, and humans. Where ancient human DNA 
has survived at archaeological sites, it can give valuable information and is especially useful for its potential 
to identify kinship, population affi nities, pathogens, and biological sex. Here, we describe the operation of 
a microfl uidic device for the sex identifi cation of ancient DNA samples using an effi cient sample handling 
process. DNA is extracted from powdered bone samples and abasic sites labeled with biotin. Streptavidin- 
coated superparamagnetic particles are used to isolate the labeled DNA prior to amplifi cation of the 
Amelogenin sex marker.  

  Key words     Ancient DNA  ,   DNA extraction  ,   Lab-on-a-Chip  ,   Polymerase chain reaction  ,   Sex 
identifi cation  

1      Introduction 

 Ancient human DNA analysis is not routinely applied in archaeology 
because of three major problems: contamination with modern 
human DNA, costs associated with specialist facilities, and a lim-
ited range of suitable analytical methods and complex bioinfor-
matic analysis [ 1 ]. The use of a lab-on-a-chip (LOC) system aims 
to overcome some of these limitations by combining DNA extrac-
tion and amplifi cation techniques on a single device to which pow-
dered bone samples can be added directly and then the system 
sealed to minimize contamination. 

 Due to its nature, ancient DNA is often damaged and can con-
tain many abasic sites [ 2 ]. These abasic sites can be exploited to 
selectively enrich populations of damaged DNA by reacting them 
with an aldehyde-reactive probe (ARP) which is labeled with bio-
tin. ARP undergoes a Schiff ’s base reaction resulting in biotin 
labeling of any abasic sites present within the DNA structure [ 3 ]. 
By using streptavidin-coated paramagnetic beads, the labeled DNA 



94

can be isolated and purifi ed to ensure it is free of contaminants 
prior to amplifi cation. In order to enable sex identifi cation, the 
PCR target was the Amelogenin gene, which is present on the X 
and Y chromosomes. A 6 bp deletion within the amplifi ed region 
of the X version of the gene means that the sizes of the PCR prod-
ucts indicate which chromosomes are present, the X product being 
104 bp and the Y version 110 bp [ 4 ]. 

 Integration of purifi cation and amplifi cation techniques is not 
without its challenges, in particular those issues raised by confi ne-
ment of the solid-phase matrix, chemical compatibility, and surface 
properties of the device required for the different stages [ 5 ]. The 
methodology presented here uses a combination of magnetic and 
electrokinetic pumping mechanisms to achieve movement of 
reagents. An external magnet is used to manipulate the position of 
the paramagnetic beads within the device, while electroosmotic 
fl ow (EOF) is used to drive the bulk fl ow of solutions. In EOF, an 
electrical double layer is generated at the glass surface due to an 
electrostatic attraction of cations to the deprotonated silanol 
groups. The more diffuse mobile layer is pulled toward the cath-
ode, in the presence of an applied electric fi eld, dragging with it the 
bulk solution. In the absence of a pressure difference across the 
length of the microfl uidic channel, a fl at fl ow profi le is produced 
which means that all molecules exhibit the same velocity, except for 
those very close to the internal surface wall [ 6 ]. 

 Here, we detail a method for effi cient processing of powdered 
bone samples within a microfl uidic system for DNA extraction and 
amplifi cation, enabling sex identifi cation in an environment which 
minimizes the potential of contamination with modern DNA.  

2    Materials 

 Prepare all solutions using ultrapure water (prepared by purifying 
deionized water to attain a resistivity of 18 MΩ·cm at 25 °C). 
Diligently follow all waste disposal regulations when disposing 
waste materials. 

      1.    Microfl uidic device prepared using standard photolithography 
and wet etching techniques to produce the design shown in 
Fig.  1 .    

   2.    Silanization solution: 150 mM trichloro(1 H ,1 H ,2 H ,2 H - 
perfl uorooctyl)silane in 2,2,4-trimethylpentane (Fisher 
Scientifi c, UK) ( see   Note 1 ).      

      1.    DNA extraction buffer: 0.5 M ethylenediaminetetraacetic acid 
(EDTA) pH 8.0, 0.5 % sodium dodecyl sulfate (SDS), 100 μg 
proteinase K in water (Sigma-Aldrich, UK) ( see   Note 2 ).   

2.1  Preparation 
of Microfl uidic Device

2.2  DNA Extraction
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   2.    Biotinylated aldehyde-reactive probe (ARP) (Invitrogen, UK).   
   3.    Solid-phase matrix: 1 μm streptavidin-coated superparamag-

netic polystyrene particles (Sigma-Aldrich, UK).   
   4.    NdFeB permanent magnet (Magnet Sales, UK).   
   5.    Paragon 3B Power Supply Unit (Kingfi eld Electronics, UK).      

      1.    GoTaq ®  Hot Start DNA polymerase: 0.1 U/μL with 1× Colorless 
GoTaq ®  Flexi Buffer and 2 mM MgCl 2  (Promega, UK).   

   2.    Deoxynucleotide triphosphate mix: 200 μM each (Bioline, UK).   
   3.    Surface passivation mix: 0.2 μg/μL bovine serum albumin, 

0.01 % (w/v) poly(vinylpyrrolidine), 0.1 % (v/v) Tween-20 
(Sigma-Aldrich, UK).   

2.3  DNA 
Amplifi cation

  Fig. 1    ( a ) Photograph showing the microfl uidic device used for integrated DNA extraction and amplifi cation 
experiments, where A, C, and E are the 1 mm inlet/outlet holes for reagent/electrode addition; B is the DNA 
extraction chamber and D is the PCR chamber; ( b ) diagram showing the composition of the two-layer micro-
fl uidic device where the bottom plate was etched to a depth of 100 μm; schematic overviewing the operation 
of the microfl uidic device for DNA extraction and amplifi cation where ( c ) is the location for introduction of the 
sample and solid phase (DNA extraction chamber); ( d ) shows the fl ow path of the wash solutions (A–C and E) 
and ( e ) demonstrates the transfer of the magnetic particles into the PCR chamber for DNA amplifi cation. 
Reproduced from Shaw et al., 2013, with kind permission from Elsevier [ 7 ]       
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   4.    Primer sequences for amplifi cation of the Amelogenin locus: 
0.5 μM forward primer, 5′-FAM-CCC TGG GCT CTG TAA 
AGA A-3′, and 0.5 μM reverse primer, 5′-ATC AGA GCT 
TAA ACT GGG AAG CTG-3′ (Eurofi ns MWG Operon, 
Germany) ( see   Note 3 ).   

   5.    Peltier heating system (QuickOhm, Germany).      

      1.    Denaturing solution: 12 μL Hi-Di™ Formamide and 0.5 μL 
GeneScan™ 500 LIZ ®  Size Standard per sample (Applied 
Biosystems, UK).   

   2.    3500 Genetic Analyzer (Applied Biosystems, UK).       

3    Methods 

 Carry out preparation of bone samples in laminar fl ow cabinet in 
an ultraclean room dedicated for ancient human DNA work. An 
overview of the design and operation of the microfl uidic device is 
provided (Fig.  1 ). 

      1.    Silanize the PCR chamber (D in Fig.  1a ) in order to minimize 
DNA polymerase adsorption by adding the silanization solu-
tion to the chamber and incubating for 10 min at room tem-
perature ( see   Note 4 ).   

   2.    Wash with 2,2,4-trimethylpentane.   
   3.    Wash with acetone.   
   4.    Wash with distilled water and then place in a 100 °C oven to dry.      

      1.    UV irradiate the outer surface of the bone to minimize 
contamination.   

   2.    Use a dental pick to remove powdered bone from the spongy 
matrix within a broken end of the bone ( see   Note 5 ).   

   3.    Add to the DNA extraction chamber (B in Fig.  1a ) on the micro-
fl uidic device, and incubate with DNA extraction buffer for 24 h.      

      1.    Add 5 mM of biotinylated ARP to the DNA extraction cham-
ber and incubate for 1 h at room temperature.   

   2.    Add 5 μL streptavidin-coated superparamagnetic polystyrene 
particles to the DNA extraction chamber and allow to incu-
bate for an hour at room temperature.   

   3.    Immobilize the magnetic particles in the DNA extraction 
chamber by placing a NdFeB permanent magnet underneath 
the extraction chamber ( see   Note 6 ).   

   4.    Wash the particles using PCR-grade (DNase/RNase-free) 
water to remove potential contaminants. Place platinum wire 
electrodes within inlets A, C, and E ( see  Fig.  1 ), and connect to 

2.4  Capillary Gel 
Electrophoresis

3.1  Preparation 
of Microfl uidic Device

3.2  Preparation 
of Bone Samples

3.3  DNA Extraction
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an external Power Supply Unit. Apply a voltage of 100 V/cm 
between both electrodes A to C and A to E to facilitate EOF 
( see   Notes 7  and  8 ).   

   5.    Transfer the washed magnetic particles into the PCR chamber 
by manual movement of the NdFeB permanent magnet in the 
direction shown in Fig.  1e  ( see   Note 9 ).      

      1.    Add PCR reagent solution containing GoTaq ®  Hot Start 
DNA polymerase, deoxynucleotide triphosphate mix, surface 
passivation mix, and primer sequences for amplifi cation of the 
Amelogenin locus solution to the PCR chamber.   

   2.    Carry out thermal cycling using the following heat program: 
4 min at 94 °C; followed by 44 cycles of 1 min at 55 °C, 1 min 
at 72 °C, and 1 min at 94 °C; followed by 1 min at 55 °C and 
10 min at 72 °C ( see   Notes 10  and  11 ).      

      1.    Use a pipette to remove the PCR product from the microfl u-
idic device and store in a 200 μL sterile tube until required.   

   2.    Add 1 μL of PCR product to 12.5 μL of denaturing solution 
and denature for 5 min at 95 °C before snap-cooling on ice.   

   3.    Load onto 3500 Genetic Analyzer following manufacturer 
protocols.   

   4.    Following electrophoresis run, analyze data to identify the sex 
of the bone sample, where the X product is 104 bp and the Y 
product is 110 bp indicating male (XY) or female (XX).       

4    Notes 

     1.    The silanization solution has a limited shelf-life and should be 
prepared immediately prior to use. Avoid exposure of the 
reagents to water by storing the stock reagents with molecular 
sieve and drying all glassware prior to use in an oven.   

   2.    SDS can precipitate and so the solution may need warming 
prior to use.   

   3.    The forward primer has been labeled with FAM to facilitate 
fl uorescence detection during capillary gel electrophoresis, 
but different labels could be used.   

   4.    As well as the glassware to be used in the preparation of silani-
zation solution, it is also advisable to wash the microfl uidic 
device with 100 % ethanol and then place in a 100 °C oven to 
ensure that it is completely dry prior to use. Remove from the 
oven and place in a desiccator to maintain a moisture-free 
environment prior to addition of silanization solution.   

   5.    Using a toothpick to remove bone powder rather than a drill 
prevents heating caused by friction which can potentially dam-
age the DNA.   

3.4  DNA 
Amplifi cation

3.5  Capillary Gel 
Electrophoresis
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   6.    An ideal sized NdFeB permanent magnet is 5 × 3 × 3 mm.   
   7.    To ensure optimal functioning of the platinum electrodes, 

clean in between runs using very fi ne sandpaper and then wash 
in ethanol.   

   8.    While carrying out electrokinetic movement, cool the micro-
fl uidic device to 4 °C, using the thermoelectric Peltier ele-
ment, in order to reduce Joule heating and minimize sample 
evaporation.   

   9.    Movement of the external magnet needs to be performed in a 
controlled manner and monitored to ensure that all the mag-
netic beads are transferred into the PCR chamber.   

   10.    When carrying out DNA amplifi cation on a microfl uidic sys-
tem using a thermoelectric Peltier element, ensure that the 
desired temperature settings are those which occur inside the 
DNA amplifi cation chamber on the device, which may require 
setting of higher temperatures on the Peltier element to 
achieve the desired temperature within the device.   

   11.    Cover all inlets with a drop of mineral oil to prevent evaporation 
during the thermal cycling process and minimize contamination.         
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Chapter 9

Fast and Continuous-Flow Detection and Separation 
of DNA Complexes and DNA in Nanofluidic Chip Format

Martina Viefhues, Jan Regtmeier, and Dario Anselmetti

Abstract

Fast separation of DNA and detection of protein/DNA complexes are important in many state-of-the-art 
molecular medicine technologies, like the production of gene vaccines or medical diagnostics. Here, we 
describe a nanofluidic chip-based technique for fast, efficient, and virtually label-free detection and separa-
tion of protein/DNA and drug/DNA complexes and topological DNA variants. The mechanism is based 
on a continuous-flow dielectrophoresis at a nanoslit and allows efficient separation of small DNA frag-
ments (<7,000 base pairs) and fast detection of DNA complexes within 1 min.

Key words Nanofluidics, Continuous flow, Separation, Detection, Dielectrophoresis, DNA complexes

1  Introduction

The standard method for separating DNA compounds is gel elec-
trophoresis, in either a slab gel or capillary format, or the different 
types of affinity chromatography. Although widespread and used in 
many laboratories, some intrinsic (systematic) disadvantages are 
obvious and remain unsolved: (1) preparation and separation take 
at least 2 h [1]; (2) the parameters of the separation cannot be 
adapted or optimized during the separation; (3) considerable shear 
force effects during separation may affect analyte integrity and 
functionality (topology); (4) sample elution and postprocessing are 
difficult and often rely on the use of toxic and mutagenic reagents. 
Nevertheless, capillary electrophoresis and electrophoretic mobil-
ity shift assays (EMSA) are standard analytical techniques for the 
purification of small and large DNA fragments along plasmid vac-
cine production, for the determination of binding affinities of new 
cytostatic drugs and rational drug design [2], and for protein-DNA 
interaction screenings [3–5] like screening for specific antibody-
DNA complexes. Consequently, there is a huge need of novel tools 
that allow fast processing with low analyte volumes in low-cost 
devices suitable for real-time process control. Those new tools 
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have to keep track with the advances in rational drug design and 
latest developments in molecular sciences.

Here, we present a new chip-based method for fast, continuous-
flow detection and separation of DNA complexes and topological 
DNA variants. The detection and separation mechanism is based 
on electrodeless dielectrophoresis at a nanoslit. Dielectrophoresis 
(DEP) refers to the migration of polarizable objects within an 
inhomogeneous electric field [6]. Advantages of DEP are that it is 
noninvasive, label-free, and allows separation due to inherent 
molecular characteristics, namely, the electric polarizability.

For the studies, we applied ac and dc electric fields to a channel 
system consisting of a cross injector and a bowed ridge that gener-
ates a nanoslit (see Fig. 1). At the ridge, selective dielectrophoretic 
forces can be adjusted via the applied electric fields [7]. These 
selective forces effect two possible pathways at the nanoslit: either 
the molecule passes the nanoslit unaffected or it is deflected until it 
reaches the opposite channel wall (cf. Fig.  1). The respective 
pathway that a molecule follows depends on the ratio of the elec-
trophoretic and dielectrophoretic forces [8].

Fig. 1 Scheme of the continuous-flow separation and analysis. The analyte is injected toward the ridge as a 
narrow stream. At the ridge, one species is deflected; the second species passes the ridge unaffected. 
Downstream of the ridge, the response is monitored by fluorescence intensity distributions
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DNA follows the second pathway, i.e., it is deflected at the 

ridge, if the dielectrophoretic potential W EDEP =
1
2

2a


, with α the 

polarizability, is larger than the potential energy of the electropho-
retic motion. For the separation of two DNA species, e.g., refer-
ence DNA and DNA complex, it was exploited that α differs 
significantly between the species [7] resulting in two distinct 
streams of separated molecules (see Fig. 1).

A monolithic fabrication of the microfluidic device via soft 
lithography [9] allows an easy fabrication in most biology-focused 
laboratories, as no clean room is required, once a master wafer, the 
original negative relief of the actual fluidic network, was fabricated. 
A clean bench is sufficient for chip assembly. For detection, fluores-
cence microscopy was chosen, since this method is most often 
available. As a power supply, a cost-effective high-voltage amplifier 
is sufficient.

With the chip-based method, we could detect complex forma-
tion of DNA and actinomycin D in varying concentrations and 
complex formation of DNA and Escherichia coli RNA polymerase 
core enzymes within 1 min. For this purpose, only 0.9 ng DNA 
(about 10  pM) were necessary. Additionally, fast separation of 
topological DNA variants was performed within 1  min in a 
continuous-flow process with the application in in-production 
quality control of gene vaccines.

2  Materials

Prepare all solutions using deionized water and analytical grade 
reagents. Store all pure reagents as suppliers recommend. Working 
buffer and incubated DNA are stored at 7 °C. Diligently follow all 
waste disposal regulations when disposing waste materials.

	 1.	 4″ silicon wafer.
	 2.	 Wafer tweezers.
	 3.	 1 L glasses.
	 4.	 Caro acid: one part hydrogen peroxide and two parts sulfuric 

acid.
	 5.	 SU8 photoresist and its thinner and developer.
	 6.	 200 ml vials.
	 7.	 Waterproof marker.
	 8.	 Programmable hot plate.
	 9.	 Centrifuge (Ble-Laboratory Equipment GmbH, Germany).
	10.	 Chromium photomasks (Delta Mask, Netherlands).
	11.	 Mask aligner with UV light source (MJB3, Süss MicroTec, 

Germany).

2.1  Production 
of Master wafer

Fast and Continuous-Flow Detection and Separation of DNA Complexes…
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	12.	 Dektak profilometer 3030 (Stanford Nanofabrication Facility 
Equipment, USA).

	13.	 Nitrogen gas and adapter with duster.
	14.	 Acetone and isopropanol.
	15.	 Adhesive tape.
	16.	 Tridecafluor-1,1,2,2-tetra-hydrooctyl-trichlorsilane (TTTS).
	17.	 Hourglass.
	18.	 Exsiccator.

	 1.	 Vinylmethylsiloxane-dimethylsiloxane trimethylsiloxy termi-
nated copolymer, platinum-divinyltetramethyldisiloxane com-
plex, 2,4,6,8-tetramethyl-2,4,6,8-tetravinylcycltetrasiloxane, and 
(25–35 % methylhydrosiloxane)-dimethylsiloxane copolymer.

	 2.	 Poly(dimethylsiloxane) Sylgard 184 and its linker.
	 3.	 Sharp tweezers and a bowed metal plate (15 × 30 cm) for peel-

ing off the Poly(dimethylsiloxane) PDMS from master wafer.
	 4.	 Scalpel.
	 5.	 Punching pattern according to channel dimensions.
	 6.	 Glass cover slips (24 × 60 mm thickness of 0.13–0.16 mm).
	 7.	 Ultrasonic bath.
	 8.	 Oxygen plasma chamber.
	 9.	 Working buffer: 1 mM phosphate buffer (pH 7.4, 0.2 mM 

NaCl), 1 mM ethylenediaminetetraacetic acid (EDTA), 2 mM 
6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid 
(Trolox), 0.25  %  N-dodecyl-β-d-maltoside (DDM), 0.03  % 
methyl cellulose (MC) (see Note 1).

	 1.	 11,1-(4,4,7,7-tetramethyl-4,7-diazaundecamethylene)-bis-4-
[3-methyl-2,3-dihydro-(benzo-1,3-oxazol)-2-methylidene]-
quinoliumtetraiodid (YOYO-1) was used for the fluorescent 
labeling of DNA.

	 2.	 Pipettes of 2 μl, 20 μl, and 100 μl.
	 3.	 2 ml Eppendorf vessels.
	 4.	 Vortexer.
	 5.	 DNA of linear and circular conformation (lengths of 

2.2–6.7 kbp).
	 6.	 Actinomycin D (ActD) and Escherichia coli RNA polymerase 

(RNAP) core enzymes to form DNA complexes.

	 1.	 Poly(methyl methacrylate) (PMMA) block with integrated 
reservoirs and electrodes corresponding to the chip layout.

2.2  Chip Fabrication

2.3  Sample 
Preparation

2.4  Chip 
Experiments

Martina Viefhues et al.
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	 1.	 Inverted fluorescence microscope with a motorized x/y stage.
	 2.	 100× oil-immersion objective  together with a mercury arc 

lamp and respective fluorescence filter sets (BP 450-490, BP 
515-565, FT 510, Zeiss, Germany) and a gray filter (25  % 
transmittance).

	 3.	 CCD interline-transfer camera (Imager3LS, LaVision, 
Germany) with a corresponding grabber card and software 
(DaVis 6.2) (see Note 2).

	 4.	 The voltage signal was created via a LabView 6i program and 
function generator DS345 (Stanford Systems, USA).

	 5.	 High-voltage amplifier (AMT-1B60-L Matsusada, Japan) and 
three power supplies to deliver dc voltages (HCL 14-12500, 
FUG, Germany).

3  Methods

Diligently follow general safety instructions for handling acids and 
solvents. Carry out all procedures at room temperature. Whenever 
the material is heated up or cooled down, use a temperature ramp 
of about 20 °C per 5 min (unless indicated otherwise).

	 1.	 The 4″ silicon wafer is cleaned in caro acid for 5 min twice and 
rinsed with water.

	 2.	 SU8 photoresist of 12  %, 17  %, and 52  % solid fractions is 
diluted from stock photoresist with thinner (see Note 3).

	 3.	 A first layer of SU8 photoresist (12 % or 17 % solid fraction, 
respectively) is spin coated at 1,000 rpm (12 % solid fraction) 
or 900 rpm (17 % solid fraction) for 30 s (see Fig. 2). After spin 
coating, the wafer is mounted onto a 65 °C warm hot plate 
for  1  min. Thereafter, the photoresist is exposed to UV 
light  through a chromium mask in a mask aligner for 2  s  
(see Note 4). After postexposure bake at 95 °C for 3 min, the 
wafer is developed in a developer for 1 min. The developer is 
removed carefully (see Note 5) with acetone and isopropanol, 
successively, and dried with nitrogen. The height of the first 
layer is determined at several positioning structures on the 
wafer, 180 nm (12 % solid fraction) or 670 nm (17 % solid 
fraction), with a profilometer.

	 4.	 A second layer of SU8 (52  % solid fraction) is spin coated 
(3,000 rpm for 30 s) and baked at 95 °C for 1 min (see Note 6). 
The photoresist is exposed to UV light for 7 s in the mask aligner. 
The exact alignment of the photomask to the first structures is of 
very high importance (see Note 7). After postexposure bake at 
95 °C for 3 min, the wafer is developed in the developer for 
1 min. Again, the developer is removed carefully with acetone 
and isopropanol, successively, and dried with nitrogen.

2.5   Setup

3.1  Production 
of Master wafer
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	 5.	 A terminal hardbake at 195  °C for 20 min is performed to 
close small cracks in the photoresist.

	 6.	 To prevent adhesion of the polymer to the photoresist struc-
tures, the wafer is silanized with TTTS in an exsiccator. 
Therefore, ten droplets of TTTS are given on an hourglass and 
placed at the bottom of the exsiccator. The wafer is placed on 
a perforated plate over the hourglass. The vacuum is set to 
0.1 mbar for 1 h. Afterward, the exsiccator is slowly ventilated, 
and the wafer can be removed.

	 1.	 A layer of h-PDMS (3.4 g vinylmethylsiloxane-dimethylsiloxane 
trimethylsiloxy terminated copolymer, 18  μl platinum-
divinyltetramethyl-disiloxane complex, 1 droplet of 2,4,6,8- 
tetramethyl-2,4,6,8-tetravinylcycltetrasiloxane, and 1 ml (25–35 % 
methylhydrosiloxane)-dimethylsiloxane copolymer) (see Note 8) 

3.2  Chip Fabrication

Fig. 2 Scheme of master wafer production. (a) A thin layer of photoresist (dark 
gray) is spin coated on a silicon wafer (light gray) and illuminated through a chro-
mium mask (orange), defining the nanoslit height and the general channel layout. 
(b) Silicon wafer with the first layer of photoresist after developing. The structure 
height is from 180 to 670 nm corresponding to the parameters of photoresist and 
spin coating. (c) A second layer of photoresist is spin coated and illuminated 
through a chromium mask, defining the ridge shape and free channel height.  
(d) Master wafer, with negative relief structure, ready to be molded with PDMS

Martina Viefhues et al.
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is spin coated onto the wafer at 1,500 rpm for 10 s (see Fig. 3) 
(see Note 9). The h-PDMS is precured for 3 min on a hot 
plate at 65 °C (see Note 10).

	 2.	 A second layer of PDMS (6.5 g polydimethylsiloxane (PDMS) 
Sylgard 184 and 0.65  g silicone elastomer curing agent 
(PDMS-linker)) is poured on top of the h-PDMS and cured 
on a hot plate at 65 °C for 40 min.

	 3.	 The PDMS double layer is peeled off (see Note 11), and the 
microstructured part of the slab is cut out with a scalpel with 
at least 3 mm distance to the channel ends.

	 4.	 Reservoirs of 2 mm diameter are punched into the PDMS slab 
at the channel ends (see Note 12). Afterward, the PDMS slab 
is cleaned in acetone, ethanol, and deionized water 10 s each 
in an ultrasonic bath. PDMS (Sylgard 184) spin coated cover 
slips (see Note 13) are cleaned the same way. The coated cover 
slips and the PDMS slabs are oxidized in oxygen plasma for 
30 s and assembled (see Note 14).

	 5.	 30 min after chip assembly (see Note 15), the channels are filled 
with working buffer and incubated for at least 30 min [10].

	 1.	 The DNA is stained with YOYO-1, ratio YOYO-1 to DNA 
base pairs 1:10. Therefore, 1.6  μl of 10  μM YOYO-1 and 
100 ng DNA are pipetted into an Eppendorf vessel and incu-
bated on a vortexer for 2 h at the lowest shaking level.

	 2.	 For the DNA cytostatics complex, YOYO-1 and ActD (MW 
384 kDa, 2 μl, 1 μl, or 0.5 μl of 0.3 mM solution) are added 
and incubated on a vortexer at the lowest shaking level for 2 h.

	 3.	 For the DNA polymerase complex, YOYO-1 and RNAP are 
added (100 ng DNA, 500 ng RNAP) and incubated on a vor-
texer at the lowest level for 2 h.

3.3  Sample 
Preparation

Fig. 3 Scheme of double-layer soft lithography. (a) First layer of h-PDMS 40 μm in height (not to scale), to 
stably mold the nanoslit. (b) Second layer of PDMS 1 mm (not to scale), for better handability. (c) Cross section 
of assembled chip with reservoirs and running buffer (blue)

Fast and Continuous-Flow Detection and Separation of DNA Complexes…
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	 1.	 The working buffer is removed out of the reservoirs and the 
PMMA block is placed on top of the chip to enlarge the reser-
voirs and simplify handling.

	 2.	 9 μl of working buffer is pipetted into every reservoir but res-
ervoir 3 (see Fig. 1).

	 3.	 9 μl of the DNA solution is pipetted into reservoir 3 of the 
prefilled chip (see Note 16).

	 4.	 The specific voltages for the separation experiments are chosen 
as follows. First, the dc voltages are set such that the DNA 
molecules continuously flow, parallel to the channel wall, 
toward the ridge (cf. Fig. 4) (see Note 17). It is assured that 
the inflowing molecules occupy less than a quarter of the total 
width of channel 2.

	 5.	 The ac voltage is switched on to reasonably small amplitudes 
(50 V), and its effect on the particle motion is observed while 
varying the frequency over an interval from 50 to 1,000 Hz. 
If no deflection is observed, the amplitude is increased, followed 
by varying the frequencies until a complete deflection of the 
DNA at the ridge is observed for the first time (see Note 18).

	 1.	 The channel is scanned over the whole width during running 
experiments with a constant speed of 10  μm/s along the 
y-direction at different x-positions of interest. Hence, the 
width of the injected molecules stream and the efficiency 
of  the separation/detection can be determined, respectively. 
The y-position of the recorded images within the channel is 
determined from scanning speed and time.

3.4  Chip 
Experiments

3.5  Image 
Acquisition 
and Processing

Fig. 4 Detection of complex formation and separation. Fluorescence images (collage) at the nanoslit. From the 
left, a mixture of DNA is continuously injected (yellow spots correspond to single DNA molecules). The refer-
ence DNA passes the nanoslit unhindered, whereas the DNA complexes are trapped on the ridge and migrate 
toward the opposite channel side before they escape due to Brownian motion. Evaluation of the separation 
resolutions reveals a clearly baseline-separated resolution

Martina Viefhues et al.
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	 2.	 To obtain the experiments result, the intensity distribution 
downstream of the ridge is evaluated. Therefore, a series of 
images are recorded during the scan in y-direction downstream 
of the nanoslit. Afterward, each image is partitioned in six slices 
of height 11.4 μm (in y-direction see Fig. 5), in order to reduce 
convolution effects. Then, the total fluorescence intensity 
within these slices is determined. Successively recorded images 
are shifted by 1 μm in y-direction, so that in every 11th image, 
those slices overlap within a precision of less than 1 μm.

	 3.	 The measured fluorescence intensity is averaged over up to six 
such overlapping slices and plotted as a function of the 
y-position. These data are fitted with Gaussian curves, and the 

resolution is calculated according to Res
x x

=
-
+( )

2 1

1 22 s s
 with 

x2, x1 the position of each peak maximum and σ1, σ2 the corre-
sponding peak width. Therefore, values of Res > 1  indicate 
baseline separated resolution.

Fig. 5 The region of interest is partitioned in six slices, each with the height of 11 μm. To determine the 
analytes distribution, the fluorescence intensity is measured in each slice separately, along the scanning 
procedure, and averaged over up to six overlapping slices
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4  Notes

	 1.	 Surface coatings DDM and MC were added to reduce the 
adhesion of samples to the surfaces and for control and repro-
ducibility of the electroosmotic flow.

	 2.	 By data acquisition with an 8 by 8 binning and 10 frames per 
second (fps), it was possible to detect single DNA molecules 
migration easily.

	 3.	 First, the respective amounts of photoresist (12 %, 23.21 ml; 
18 %, 35.3 ml; and 52 %, 100 ml) are measured with water and 
filled into a vial. After the filling, heights are marked the 
respective amount of thinner (12 %, 100 ml; 18 %, 100 ml; 
52 %, 32.7 ml) is measured with water and added into the vial, 
and the filling height is marked. Then the vials are cleaned 
with caro acid for 5 min, rinsed with water twice, and dried on 
a hot plate (180 °C for 30 min). After the vials are cooled to 
room temperature, photoresist and thinner are filled into the 
vials according to the respective marked filling heights and 
carefully mixed.

	 4.	 The wafer and the photomask are aligned such that the posi-
tion can easily be reproduced along the second illumination. 
Thus, the time for alignment is minimized.

	 5.	 To prevent disturbance of the photoresist structures, the wafer 
is held horizontally and slowly flooded with acetone first until 
it is totally covered. Then the acetone is slowly replaced by 
isopropanol, which is gently removed with nitrogen.

	 6.	 It is important that the positioning crosses are covered with 
the adhesive tape before the second layer of photoresist is 
poured. The tape is removed the moment the hot plate reaches 
65  °C. If tried at a lower temperature, the photoresist was 
found too sticky to be removed without damages. If tried at 
higher temperature, the adhesive became sticky due to 
the heat.

	 7.	 Even small malpositioning at the center of the wafer effects 
large displacement at the structures in the border area of the 
wafer. Thus, the positioning was checked at four positioning 
crosses to ensure perfect alignment of the second photomask 
to the first structures.

	 8.	 The 2,4,6,8-tetramethyl-2,4,6,8-tetravinylcycltetrasiloxane and 
1 ml (25–35 % methylhydrosiloxane)-dimethylsiloxane copoly-
mer was added and mixed up just before the h-PDMS was 
poured over the master wafer due to the fast polymerization 
after adding.

Martina Viefhues et al.
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	 9.	 The first layer of h-PDMS had a thickness of about 40 μm and 
thus completely contained the microstructured channel 
formed by the master wafer.

	10.	 The h-PDMS must be fully polymerized to ensure stable 
molding of the nanoslit. It was found that stable structures 
were formed if no imprint is visible when a tweezers is pressed 
onto the baked h-PDMS.

	11.	 The h-PDMS is very brittle, although the double layer with 
PDMS allows better handability. To ensure that the h-PDMS 
does not crack during the removal, the wafer is mounted on a hot 
plate at 65 °C for 5 min. The following steps are performed with 
the wafer still on the hot plate. Pay attention not to be burnt!

First, stickings are loosened by rounding the master wafer 
with a tweezer in between the h-PDMS and the master wafer. 
Then a bowed metal plate, which is warmed, too, is placed on 
top of the PDMS. When holding the PDMS double layer and 
the metal plate with a tweezers, the wafer is slowly peeled off, 
following the curvature of the metal plate.

	12.	 To ensure a reproducible distance between the reservoirs, a 
punching pattern, consisting of blanks for all reservoirs, was used.

	13.	 1 ml PDMS is poured onto the cover slip and spin coated by 
1,500 rpm for 10 s. If the PDMS layer is too thick, the DNA 
cannot be detected.

	14.	 Due to the very small height of the structures, these are very 
sensible to pressures. To prevent a collapse of the nanostruc-
tures along assembly, the PDMS slab is gently laid onto the 
cover slip without bending the slab. If air is still in between the 
PDMS and the cover slip, the PDMS must not be pressed but 
softly swiped with a tweezer.

	15.	 30 min was found to ensure that covalent bonds were formed 
between the PDMS slab and the PDMS-coated cover slip. For 
shorter times, the channel system was leaky.

	16.	 The DNA solution is filled in last. Otherwise, DNA would 
flood the other channels, which could prohibit controlled 
DNA injection as a narrow stream.

	17.	 The dc voltages are set such that the velocity of the DNA mol-
ecules is about 30 μm/s. Otherwise, higher ac voltages would 
have to be applied.

	18.	 If the applied parameters are close to appropriate parameters, 
the migration behavior of the DNA at the nanoslit alters. First, 
the DNA passes the nanoslit totally unaffected. When the 
parameters are close to the appropriate parameters, it looks 
like the DNA briefly stops before passing the nanoslit.

Fast and Continuous-Flow Detection and Separation of DNA Complexes…
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    Chapter 10   

 Multidimensional Microchip-Capillary Electrophoresis 
Device for Determination of Functional Proteins 
in Infant Milk Formula 

           Ruige     Wu     ,     Zhiping     Wang    , and           Ying     Sing     Fung   

    Abstract 

   Functional proteins have been found in infant milk formula as supplements, added by an increasing number 
of manufacturers. Their supplementations are expected to be controlled and monitored. Here, we describe a 
microchip-integrated CE method for the determination of these low levels of functional proteins in a protein-
rich sample matrix. On-chip isoelectric focusing (IEF) is used to separate high- abundance proteins from 
low-abundance proteins instead of using some complicated time-consuming protein purifi cation process. 
After that, transient isotachophoresis hyphenated capillary zone electrophoresis (t-ITP- CZE) can preconcen-
trate, separate, and analyze transferred functional proteins in the embedded capillary under UV detection.  

  Key words     Isoelectric focusing  ,   Isotachophoresis  ,   Microchip-capillary electrophoresis device  , 
  Functional protein  ,   Infant milk formula  

1      Introduction 

 It is widely accepted that human milk provides the best nutrients 
for infants and babies because of its balanced proportions and high 
concentrations of several key functional proteins as compared to 
other types of milk [ 1 ,  2 ]. However, if babies cannot be breast-fed, 
infant milk formula provides the best alternative source of essential 
proteins. Although the manufacturers of infant milk formula have 
made their products to closely match to human milk, there are still 
signifi cant differences in the composition of some key functional 
proteins, such as α-lactalbumin (α-LA), lactoferrin (LF), immuno-
globulin G (IgG), and β-lactoglobulins (β-LgA and β-LgB), which 
can provide important sources of proteins needed for key functions 
such as immune system development. As an increasing number of 
manufactures have advertised elevated levels of functional proteins 
such as α-LA and IgG in their products, their supplementation is 
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expected to be regulated shortly [ 3 ]. Thus, methods are needed 
for the determination of low levels of functional proteins in a 
protein- rich sample matrix for their control and monitoring. 

 Various methods have been reported in the literature for quan-
titative and semiquantitative determination of these functional 
proteins in dairy products, such as High-performance liquid 
chromatography (HPLC)   , Enzyme-linked immunosorbent assay 
(ELISA)   , surface plasmon resonance (SPR), and two-dimensional 
gel electrophoresis [ 4 – 7 ]. A time-consuming sample pretreatment 
procedure is performed to precipitate casein using acetic acid, one 
of the major milk proteins [ 6 ,  7 ]. However, loss of functional pro-
teins due to coprecipitation with caseins has been reported [ 8 ]. 
Riechel et al. [ 9 ] reported a capillary electrophoresis (CE) proce-
dure to separate spiked LF from whey proteins. However, it suffers 
from a relatively high detection limit of 10 mg/L and insuffi cient 
separation of major proteins from LF. 

 Here, we describe a microchip-CE device designed for the 
determination of functional proteins in infant milk formula sample. 
On-chip IEF is used to separate high-abundance proteins from 
low-abundance proteins instead of some complicated time- 
consuming protein purifi cation process. After that, two steps of 
transient ITP (t-ITP) hyphenated capillary zone electrophoresis 
(CZE) can preconcentrate and separate transferred functional pro-
teins in the embedded capillary under UV detection at 280 nm. 
The analysis of the functional proteins in an infant milk formula 
sample can be fi nished in less than 20 min.  

2    Materials 

      1.    Octo-Channel high-voltage supply (0–4,500 V, Sutter Creek, 
CA, USA).   

   2.    24 kV constant voltage supply from Bertan, USA.   
   3.    CO 2  laser engraver (10.6 μm, V-Series, Pinnacle, USA).   
   4.    Hot press bonding machine (up to 500 °C and 1 MPa pres-

sure, Guangju Machinery Company, China).   
   5.    CCD microscope (40×, Olympus, Japan).   
   6.    UV/Vis detector and data analysis system from CE Resources 

(UVV500, Singapore).   
   7.    pH meter (Cole Palmer, 590002-02).   
   8.    Poly(methyl methacrylate) (PMMA) plate: thickness 1.5 mm.   
   9.    Capillary: outer diameter (350 μm), inner diameter (50 μm). 

Length: 111 mm.      

2.1  Instrumentation 
and Apparatus

Ruige Wu et al.
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  Prepare all solutions at room temperature using deionized water 
(DI H 2 O) and analytical grade reagent unless otherwise stated:

    1.    PEO stock solution: 10 g/L PEO. Add about 9 mL DI H 2 O 
to a glass beaker. Weigh 0.1 g poly(ethylene oxide) (PEO, 
MW = 400,000) and transfer to the beaker and stir to dissolve 
it. Transfer the solution into a 10 mL cylinder. Make up to 
10 mL with DI H 2 O.   

   2.    HEMC stock solution: 4 g/L HEMC. Weigh 0.4 g hydroxy-
ethyl methyl cellulose (HEMC) and prepare a 10 mL solution 
as in previous step.   

   3.    Anolyte: 0.05 M HAc, 0.1 g/L PEO, and 0.05 % HEMC.   
   4.    Catholyte: 0.04 M NaOH, 0.1 g/L PEO, and 0.05 % HEMC.   
   5.    Terminating electrolyte (TE): 0.05 M HAc, 0.1 g/L PEO, 

and 0.05 % HEMC.   
   6.    Leading electrolyte (LE) and background electrolyte (BGE): 

same composition, including 0.05 M Tris–HCl, 0.1 g/L PEO, 
and 0.05 % HEMC.   

   7.    IEF buffer solution: Add about 13 mL DI H 2 O, 1 mL 36 % 
Pharmalyte (pH range 3–10), 180 μL Triton X100 (reduced 
form), 180 μL PEO stock solution, 2.25 mL HEMC stock 
solution, and 45 μL  N , N , N ′, N ′-tetramethylethylenediamine 
(TEMED) to a cylinder, weigh 8.65 g Urea and transfer to the 
cylinder, and mix them. Make up to 18 mL with DI H 2 O. 
Store at 4 °C.   

   8.    Stock solution of standard proteins: 10 mg/mL. Prepare 
10 mg/mL standard protein solutions using IEF buffer. 
Store at 4 °C.   

   9.    Infant milk formula solution: 0.1 g infant milk formula sample 
is dissolved into 4 mL IEF buffer by over 30 min stirring, fol-
lowed by centrifugation at 13.2 krpm for 10 min to remove 
insoluble matters.    

3       Methods 

 All the following procedures are carried out at room temperature 
unless otherwise specifi ed. 

      1.    Prepare the design of the microchip-CE device using 
AutoCAD, SolidWorks, or other design software. The dimen-
sions are indicated in Fig.  1 . It consists of two pieces of 1.5 mm 
PMMA and one embedded capillary.    

   2.    Laser ablation of PMMA device ( see   Note 1 ): Use a CO 2  laser 
to cut the PMMA plate to obtain two pieces with a dimension 
of 40 mm × 27 mm. Cut one piece (top layer) with 7 cut 

2.2  Chemicals, 
Reagents, 
and Standards

3.1  Fabrication 
of Microchip-CE
Device

Microchip-CE for Analysis of Low Abundance Functional Proteins
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through holes with a dimension of 3 mm, as shown in Fig.  1 . 
Cut the microchannels with dimensions 120 μm wide and 
110 μm deep on the other piece (bottom layer).   

   3.    Bonding of microchip-CE device: Align the two plates of 
PMMA as shown in Fig.  1 . Put the capillary between the two 
pieces of PMMA with 1 mm embedded length. Put the aligned 
PMMA parts and capillary on the hot press bonding machine, 
and bond them together under a pressure of 0.6 MPa at 95 °C 
for 25 min ( see   Note 2 ).   

   4.    Seal the interface between the capillary and PMMA chip: Use 
an epoxy adhesive to seal the interface between the capillary 
and PMMA chip to prevent leakage and eliminate dead vol-
ume ( see   Note 3 ).   

   5.    Burn the detection window on the capillary. Burn the protec-
tive coating of the capillary to form the detection window. 
The detection window is located 40 mm from the end of the 
capillary, as shown in Fig.  1  ( see   Note 4 ).      

    The loading of buffer and sample can be monitored by a 40× 
microscope:

    1.    Fill all channels with a terminating electrolyte (TE) by a 
syringe pump from the open end of the embedded capillary 
( see   Note 5 ).   

   2.    Seal the open end of the capillary and vials A, C, D, F, and G 
by silicone plugs.   

   3.    Apply vacuum suction to vial E to draw sample solution from 
vial B to completely replace the TE in the channels between B 
and E ( see   Note 6 ).   

3.2  Operation 
of Microchip-CE
Device

  Fig. 1    Microchip-CE device used for determination of functional proteins in infant milk formula products. All 
dimensions shown are in mm. Vial (A), anolyte; (F), catholyte; (B), sample; (E), waste; (G), background electro-
lyte; (W), leading electrolyte; (C) and (D), both terminating electrolytes       
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   4.    Seal vials A, B, C, D, E, and F with silicone plugs; fi ll in BGE 
(identical to LE) from W to G by a syringe pump.   

   5.    Add anolyte and catholyte to vials A and F, respectively.   
   6.    Add TE to vials C and D.   
   7.    Add BGE to vial G.   
   8.    On-chip IEF of proteins (1D IEF): Apply 1,120 V at vial A, 

ground (0 V) at vial F, and all other vials “fl oating” (i.e., no 
voltage added), holding for 2 min. This step is to remove 
major milk proteins and separate other low-abundance func-
tional proteins into different segments ( see   Note 7 ).   

   9.    2D t-ITP: Apply high voltages to eight vials for 1 min as fol-
lows, vials A, B, and C (4,060 V), vial D (4,160 V), vials E and 
F (3,580 V), vial G (3,480 V), and vial W (0 V). This step is 
to stack the proteins focused at the  P  D − P  EF  segment (such as 
LF and IgG) by isotachophoresis (ITP) ( see   Note 7 ).   

   10.    2D CZE: Apply high voltages to eight vials for 7 min as fol-
lows, vials A, B, C, D, E, and F (4,060 V) and vial W (0 V). 
This step is to separate the stacked proteins from step 2D 
t-ITP based on their mass to charge ratio ( m / z ) in the embed-
ded capillary ( see   Note 7 ).   

   11.    3D t-ITP: Apply high voltages to eight vials for 1 min as fol-
lows, vials A and B (4,110 V), vial C (4,210 V), vial D (4,060 V), 
vials E and F (3,580 V), vial G (3,480 V), and vial W (0 V). 
This step is to stack the proteins focused at the  P  C − P  D  segment 
(such as α-LA, β-LgA, and β-LgB) by isotachophoresis.   

   12.    3D CZE: Apply high voltages to 8 vials for 7 min as follows, 
vials A, B, C, D, E and F (4,060 V) and vial W (0 V). This step 
is to separate the stacked proteins from  step 11  by CZE in the 
embedded capillary ( see   Note 7 ).   

   13.    Record the electropherogram of protein samples by the UV/
Vis detector at 280 nm.      

      1.    Dilute stock solution of proteins using IEF buffer to prepare 
different concentrations of standard proteins to establish stan-
dard curves, as shown in Table  1 .

       2.    Obtain the electropherogram of standard proteins according 
to the operation of the microchip-CE device described under 
Subheading  3.2  ( see   Note 5 ).   

   3.    Plot the calibration curve of each standard protein. Plot the 
peak area of each standard protein versus its concentration. 
Obtain the regression equation (Table  1 ) for each standard 
protein ( see   Note 8 ).   

   4.    Obtain the electropherogram of the infant milk formula 
 sample according to the operation of the microchip-CE 
device previously described under Subheading  3.2  (Fig.  2 ). 

3.3  Determination 
of Functional Proteins 
in Infant Milk 
Formula Sample
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Identifi cation of functional proteins is completed by spiking 
individual and mixtures of proteins to infant milk formula 
sample to check their recovery ( see   Note 8 ).    

   5.    Calculate the concentration of functional proteins in infant 
milk formula sample. Use the regression equation and the 
peak area of functional proteins obtained in the electrophero-
gram of infant milk formula for this calculation.       

    Table 1  
  Calibration curves of standard proteins obtained using the microchip-CE device   

 Standard proteins  Concentration (mg/mL)  Regression equation a  

 LF  0.005, 0.01, 0.05, 0.1, 0.5   Y  = 0.0447 X  + 0.00220 

 IgG  0.005, 0.01, 0.05, 0.1, 0.5   Y  = 0.0831 X  + 0.00119 

 α-LA  0.01, 0.05, 0.1, 0.5, 2   Y  = 0.00805 X  + 0.000155 

 β-LgA  0.01, 0.05, 0.1, 0.5, 2   Y  = 0.00286 X  + 0.000451 

 β-LgB  0.01, 0.05, 0.1, 0.5, 2   Y  = 0.00737 X  + 0.000338 

   a Regression equation may be different using a different microchip-CE device. The equation shown here obtained in our 
previous results [ 10 ] is just for reference  
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  Fig. 2    The electropherogram obtained for an infant milk formula using the microchip-CE device. Peak identifi -
cation: 1, LF; 2, IgG; 3, α-LA; 4, β-LgB; 5, β-LgA       
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4    Notes 

     1.    The laser for microchip fabrication is isolated in an enclosed 
box with exhaust to pump off potentially harmful vapors gen-
erated during laser action.   

   2.    Wear protective gloves when transferring the microchip-CE 
device to and from the hot press bonding machine.   

   3.    Use clamps to hold the PMMA chip and embedded capillary 
vertically, with the capillary above the PMMA chip. Apply one 
drop of epoxy adhesive to the interface of the capillary and the 
PMMA chip. The epoxy adhesive will move in and occupy the 
gap between them by capillary and gravity force. After curing 
for some time, the epoxy adhesive will solidify and no leakage 
should be found in the interface.   

   4.    Once the protective coating is removed, the capillary is very 
fragile and may easily be broken. Therefore, the detection 
window of the capillary should only be burnt just before the 
capillary is assembled onto the UV/Vis detector.   

   5.    It is also preferred to rinse the microchip-CE device with DI 
H 2 O, 0.1 M NaOH, DI H 2 O consecutively before using and 
reusing the device. The same rinsing process should also be 
performed after using the microchip-CE device, which can 
remove the possible adsorption of test samples and reagents to 
the device and prevent precipitation of salts in the device.   

   6.    The actual sample used for the test is less than 0.5 μL (from vial 
B to vial F). However, since there is TE prefi lled in the chan-
nel, more sample (10 μL) is applied to thoroughly fl ush out TE 
buffer and replace this channel with sample to be tested.   

   7.    All high-voltage contacts are isolated during operation with 
the electric power turned off automatically by safety switches 
when the protective cover is opened.   

   8.    Determination of standard proteins and functional proteins 
in infant milk formula should be repeated at least 3 times. 
Using the average of these repeated tests can give more 
 accurate results.         
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Chapter 11

Fast Assembly of Anti-Voltage Photonic Crystals 
in Microfluidic Channels for Ultrafast Separation  
of Amino Acids and Peptides

Yi Chen, Tao Liao, and Can Hu

Abstract

Photonic crystals (PCs) with periodically ordered particle beds are ideal media for high-performance separa-
tion but hard to be stably and crack-freely assembled in various microfluidic channels. Here we describe a 
facile method to fast assemble crack-free and high-voltage-sustainable PCs into the micro channels. The key 
is to speed up an evaporation-induced assembly by heating up (at 70 °C) and blowing away the solvent 
vapor from one end of a channel and supplying silica suspension at the other end. Crack-free PCs can be 
prepared at a speed of 0.2 cm/min. The heat also accelerates the silica particles to gel with solvent water and 
in turn to form a particle network by linking each other through their gelled surface. PCs with two pieces 
of particle network at their ends are capable of resistance to electrical fields up to 2,000 V/cm. Ultrafast 
separation of amino acids can be achieved along a 2.5-mm PC in 4 s and peptides along a 10-mm PC in 12 s.

Key words Photonic crystals, Accelerated assembly, Micro channels, Ultrafast separation, Amino 
acids, Peptides

1  Introduction

Chromatography has tremendously advanced in recent years, but 
the advancement is far from completion [1]. With photonic crys-
tals (PCs) that are periodically ordered bores [2–4] or particle beds 
[5, 6], efficient separation of DNA [7, 8] and proteins [7, 9] by 
their size is possible. PCs are also theoretically ideal media for 
high-performance chromatographic resolution of other analytes 
according to the chromatographic kinetic equation [10]:
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where H is the plate height, dp the diameter of packed particles, λ 
a uniformity-dependent factor, γ a diffusion obstruction factor also 
depending on packing uniformity, D the molecular diffusion 
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coefficient in mobile phase flowing at a linear velocity of u, and f(k) 
a function of retention factor k. Equation 1 shows clearly that the 
packing uniformity governs the separation efficiency, being as criti-
cal as the particle size (decrease of which has resulted in the emer-
gence of ultrahigh-performance liquid chromatography [11–13]).

Actually, PCs have been demonstrated to be suitable for effi-
cient chromatographic separation of small molecules [14, 15] 
because the packed sub-microparticles can form nano-channel net-
works which are at present a hot research field [16–18]. The chal-
lenge which blocks the wide spread of PC-based separation 
methods lies in the difficulty to prepare a stable and crack-free PC 
in a required space such as in a column or in a micro channel.

There are in theory two basic strategies to create a PC bed in 
columns and/or micro channels, that is, by drilling holes through 
a cylindrical block [2–4] or by self-assembly of monodispersed par-
ticles into a column or channel [5, 6]. Drilling techniques allow 
the fabrication of some specially designed PCs but not as robust as 
self-assembling methods which are easy to manipulate in a normal 
laboratory. We have hence focused our efforts on the methods of 
assembly, especially evaporation-induced assembly.

Evaporation-induced assembly is the most convenient to use. 
It is cheap but has very slow assembling speed. It may take days to 
weeks to assemble a usable size of PCs. Extra treatments are also 
needed to stabilize the assembled PCs, for example, by sintering sil-
ica PCs at 900 °C [15]; by pressing plastics at 115 °C [14], in virtue 
of chemical reactions [8, 19]; or through a sandwiching approach 
[20]. These stabilizing processes are also not fast but take time.

In this chapter a fast assembling method is presented for filling 
PCs into microfluidic channels. The core idea is to assemble and fix 
silica PCs in glass channels simultaneously. The key points include 
(1) speedup of the solvent evaporation by heating up and blowing 
away the solvent vapor and (2) acceleration of the gelation of silica 
particles in aqueous suspension by heating it at 70 °C, which makes 
the packed particles link to each other to form a particle network 
after they cool down again, able to serve as a permeable stopper to 
block the PCs from slipping out of the channels. As a result, crack-
free and stable (against at least 2,000 V/cm) PCs were assembled 
in micro channels at a speed of 0.2 cm/min and could be used for 
ultrafast resolution of amino acids and peptides in seconds [21].

2  Materials

Unless indicated otherwise, store all reagents and chemicals at 
room temperature. Diligently follow all waste disposal regulations 
when disposing waste.

Yi Chen et al.
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	 1.	 A laboratory-built microchip separation system (see Note 1). All 
the PC-based separations were performed on a laboratory-built 
microchip system, with a chip laid on an inverted fluorescence 
microscope (IX71, Olympus, Japan; single-photon detector 
(Andor iXon DV885, Northern Ireland)), connected to four 
direct current high-voltage power supplies (0–5,000  V from 
Dongwen High-Voltage Power Supply Plant, Tianjing, China) 
through gold wire electrodes inserted in its four reservoirs as 
illustrated in Fig. 1. The power supplies were controlled using 
laboratory-edited software via a multichannel digital/analogue 
convert board (model AC6302 from wwlab, Beijing, China).

	 2.	 A commercial pH meter for monitoring pH whenever 
required.

	 3.	 A commercial ultrasonicator for degassing solutions or accel-
erating dissolution of chemicals.

	 4.	 A thermostatic water bath able to regulate temperature 
between 20 and 30 °C.

	 5.	 A water purification system for the production of ultrapure 
water with resistance >1.2 MΩ (e.g., a Milli-Q academic sys-
tem, Millipore, Billerica, MA, USA).

	 6.	 A commercial UV exposure system (e.g., model URE-
2000/35, from the Institute of Photoelectrics, Chinese 
Academy of Sciences, Chengdu, China).

2.1  Instruments, 
Chemicals, 
and Materials

Fig. 1 A laboratory-built chip-based separation system with (a) purposely scaled-up stage (to view clearly) and (b) 
glass chip connected via gold electrodes to (c) four direct current high-voltage supplies and subject to (d) green 
light (470–495 nm) excitation to conduct fluorescent detection at 520 nm, all controlled by (e) a computer

Fast Assembly of Anti-Voltage Photonic Crystals in Microfluidic Channels…
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	 7.	 A muffle furnace (e.g., a ceramic fiber muffle furnace, model 
MF-09129, from Hua Gang Tong Tech. Co. Ltd., Beijing, China).

	 8.	 Tetraethyl orthosilicate (TEOS, 98 %) (Alfa Aesar, Ward Hill, 
MA, USA).

	 9.	 28 % (w/w) ammonium hydroxide (NH3∙H2O).
	10.	 Fluorescein isothiocyanate (FITC) isomer I.
	11.	 Amino acids, e.g., phenylalanine (Phe), arginine (Arg), glu-

tamic acid (Glu), glycine (Gly), and oligoglycine peptides, 
e.g., (Gly)4, (Gly)5, and (Gly)6.

	12.	 30 % (w/w) hydrogen peroxide.
	13.	 65 % (w/w) nitric acid.
	14.	 Borax (Na2B4O7∙10H2O).
	15.	 Ceric ammonium nitrate.
	16.	 NaOH.
	17.	 1.7-mm-thick glass plates with chromium and photoresist 

coating (e.g., SG4009 coated with 145 nm Cr and 570 nm 
S-1085 photoresist, from Shaoguang Microelectronics Corp., 
Changsha, China).

Prepare all samples and buffer solutions with chemicals of analyti-
cal reagent grade in Milli-Q water, and unless specially indicated 
otherwise, store them at 4 °C:

	 1.	 20 mM Na2B4O7 buffer: weigh 381 mg Na2B4O7∙10H2O, and 
dissolve it in 50 ml water, adjusted to a required pH value by 
step addition of powdered NaOH and/or 6 M HCl.

	 2.	 10 or 5  mM Na2B4O7 buffer: dilute the original 20  mM 
Na2B4O7 buffer with water at a volume ratio of 1:1 or 1:3, and 
adjust the pH to 9.2 if required.

	 3.	 Sample solutions:
	(a)	 FITC labeling solution (3.0 × 10−4  M): weigh 3.0  mg 

FITC, dissolve it in 25 ml acetone, and store the solution 
at −20 °C.

	(b)	 Individual amino acid and peptide solutions 
(1.00 × 10−3  M): weigh 1.74  mg Arg, 1.65  mg Phe, 
0.750 mg Gly, 1.47 mg Glu, 2.46 mg (Gly)4, 3.03 mg 
(Gly)5, and 3.60 mg (Gly)6, and dissolve them in 10 ml 
Na2B4O7 buffer (5 mM, pH 9.2), separately.

	 4.	 0.4  % (w/v) NaOH for photoresist development: weigh 
0.40 g powdered NaOH and dissolve it in 100 ml water.

	 5.	 Chromium-removing solution: weigh 25 g ceric ammonium 
nitrate ((NH4)2Ce(NO3)6), and dissolve it in 117  ml water 
added with 4.5 ml glacial acetic acid (see Note 2).

2.2  Solutions 
and Samples

Yi Chen et al.
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	 6.	 Chemical etching solution: mix 20 volumes of concentrated 
HF with 14 volumes of HNO3 and 66 volumes of water  
(see Note 3).

	 7.	 Piranha solution: prepare the solution just before use by slow 
addition of 30 % H2O2 into 98 % sulfuric acid at a volume ratio 
of 1:3 (see Note 4).

3  Methods

Carry out all procedures at room temperature unless otherwise 
specified.

	 1.	 Mix 20 μl FITC labeling solution with 20 μl sample solution 
of an individual amino acid or peptide.

	 2.	 Keep the mixture in dark at room temperature for 12 h to 
complete the reaction.

	 3.	 Dilute the reacted mixture 100–1,000 times with 5  mM 
Na2B4O7 buffer just before use.

	 4.	 Mix up the individual FITC-amino acid solutions or FITC-
peptide solutions at an equal volume to form various mixed 
samples.

	 5.	 Dilute the mixed sample solution to the desired concentration 
with an appropriate volume of 5 mM Na2B4O7 buffer.

	 1.	 Warm a round-bottomed flask in a water bath at 25 °C.
	 2.	 Add 73.8 ml ethanol, 10.8 ml water, and 9.8 ml ammonium 

hydroxide (28 %) into the flask via magnetic stirring.
	 3.	 Quickly pour 5.6 ml TEOS (98 %) into the mixture.
	 4.	 Stir the mixed solution for 12 h until uniform silica nanopar-

ticle form.
	 5.	 Separate the particles from the suspension by centrifugation.
	 6.	 Wash the particles with pure ethanol 4 times.
	 7.	 Further clean the particles by washing them with water until 

pH 7.
	 8.	 Sinter the particles at 600 °C for 10 h 3 times [23].
	 9.	 Re-disperse the sintered silica particles in water at 10 % (w/v) 

for long-term storage.
	10.	 Characterize the synthesized particles by scanning electron 

microscopy (SEM) to observe and measure the particle shape 
and size as shown in Fig. 2.

3.1  Labeling 
of Samples

3.2  Synthesis 
of Silica 
Nanoparticles [22]
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A simplified photolithographic technique (see Note 5) is adopted 
to fabricate a glass chip, with somewhat detailed steps as follows:

	 1.	 Select a photomask with two crossly patterned micro channels 
(50 μm wide) (see Notes 1 and 6) with the cross point set at 
5 mm to the inlet (1), injection (3), and waste (4) reservoirs 
and 15 mm to the outlet reservoir (2) as shown in Fig. 3.

	 2.	 Align a 1.7-mm-thick glass wafer coated with chromium and 
photoresist under the photomask (see Note 5).

	 3.	 Expose the photoresist to UV light through the mask for 
about 15 s (see Notes 5 and 7).

	 4.	 Develop the on-photoresist channel pattern in 0.4 % NaOH 
for 10 s (see Note 8).

	 5.	 Etch the uncovered Cr layer in the chromium-removing solu-
tion for 10 s (see Note 9).

	 6.	 Further etch the pattern into the glass wafer in the chemical 
etching solution to a depth of ca. 30 μm and width of ca. 
100 μm (for about 15 min in common) (see Note 6).

3.3  Fabrication 
of Glass Microchip

Fig. 2 SEM of a batch of laboratory-synthesized silica particles with expected 
diameter of 250 nm

Fig. 3 A photomask patterned with two channels crossing at 5 mm to (1) inlet, 
(3) sample, and (4) waste reservoirs and 15 mm to (2) outlet reservoir

Yi Chen et al.



125

	 7.	 Drill holes through the wafer at each channel end with a 
diamond-tipped drill bit (e.g., 0.5, 1.0, and/or 2.0  mm 
diameter) (see Note 10).

	 8.	 Remove the photoresist coating in acetone by sonication for 
ca. 1 min (see Note 11), and wash the wafer with water, and 
dry the wafer by a compressed air flow.

	 9.	 Clear off the chromium layer in the chromium-removing solu-
tion until the glass becomes totally transparent (for ca. 1 min).

	10.	 Wash the glass wafer with water, dry it with a compressed air 
stream, and further clean it in the piranha solution at 90 °C for 
about 30 min (see Notes 4 and 12).

	11.	 Wash the glass wafer with water 3 times and blow it to dryness 
with a compressed air flow.

	12.	 Thermally bond the cleaned glass wafer with another cleaned 
glass wafer (130 μm thick) (see Note 13).

	13.	 Store the bonded chips in a clean box set in a safe place.

	 1.	 Select a glass chip with two cross channels and four reservoirs 
as shown in Fig. 1 (see Notes 1 and 14).

	 2.	 Rinse the channels with 0.1 M HNO3 and water three times 
each.

	 3.	 Degas silica particle suspension by sonication for about 
30 min.

	 4.	 Fill 5 μl degassed suspension into the reservoir 2 and in turn 
into the channels (Fig. 4a) by making use of the surface ten-
sion or capillary force (see Note 15).

	 5.	 Fill the left reservoirs 1, 3, and 4 with the same suspension 
once all the channels are completely filled (see Note 15).

	 6.	 Blow the reservoirs 1, 3, and 4 all together with a hot airflow 
at 70 °C, while reservoir 2 is kept at room temperature and 
continuously supplied with the particle suspension (Fig. 4b) 
(see Notes 16 and 17).

	 7.	 Stop blowing reservoirs 1, 3, and 4 once the PC reaches a 
desired length or reaches the reservoir 2.

	 8.	 Fill reservoirs 1, 3, and 4 with 5 μl water each, and blow the 
channel end at reservoir 2 with the 70 °C hot air flow (Fig. 4c) 
until reservoir 2 is dried (ca. 3 min) to fix the silica PC in the 
end (see Note 17).

	 9.	 Remove the deposited silica particles in all the reservoirs and 
clean them with water.

	10.	 Fill the reservoirs with water, and seal the reservoirs with soft 
PDMS (Fig. 4d) to prevent the water from evaporating during 
storage (see Notes 18 and 19).

3.4  Assembly 
of Silica PCs 
in Microfluidic 
Channels
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	 1.	 Replace the water in the reservoirs with Na2B4O7 buffer  
(see Notes 20 and 23), and equilibrate the channels at 
100  V/cm until the current becomes stable. Repeat the 
replacement and equilibration three times (see Note 21).

	 2.	 Load reservoir 3 with a sample solution immediately after 
evacuation of its buffer.

	 3.	 Inject the sample solution into the channels by electric clip 
injection with application of 200 V, 200 V, 1,300 V, and 0 V 
(commonly grounded) potential at the reservoirs 1, 3, 2, and 
4, respectively (see Note 22).

	 4.	 Drive the clipped section of sample into the separation chan-
nel between the reservoirs 1 and 2, and separate it by applica-
tion of a voltage across the reservoirs 1 and 2, typically at 
1,000 V/cm along the channel (see Note 23), with a “pull-
back” voltage of 1,500 V applied to the reservoirs 3 and 4 to 
prevent the sample from leaking into the separation channel.

	 5.	 Detect the separated bands by a single-photon detector 
through collecting time-lapse intervals of 520-nm fluores-
cence images (excited at 470–495 nm) using a 10× objective 
lens with 0.3 numerical aperture (see Note 24).

3.5  Separation 
of Samples 
on a PC-Filled Channel

a d

c

PDMS

1,3,4

1,3,4 1,3,4

WaterSuspension
vapor

1
4

3
2

2 2

2

b Hot air flowHot air flow

Fig. 4 Key steps to fast assembly of silica particles in glass chip channels by heat-accelerated evaporation.  
(a) Fill the particle suspension into the channels via reservoir 2; (b) blow a hot air flow at 70 °C against the 
reservoirs 1, 3, and 4 all together; (c) blow the same hot air against only the reservoir 2 while the reservoirs 1, 
3, and 4 were supplied with water; (d) fill all the reservoirs with water after the removal of the particles in the 
reservoirs, and seal the reservoirs with a piece of soft PDMS for safe storage of a long time
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	 6.	 Analyze the imaging data with Andor SOLIS software (www.
andor.com) by summation of the fluorescent intensity values 
over a region of 50 μm (along channel) × 100 μm (wide) on 
the sequential images (see Note 24).

	 7.	 Plot the electrochromatogram by the summed data versus 
time (Fig. 5) (see Notes 25 and 26).

4  Notes

	 1.	 A commercial chip instrument can be selected if available, but 
the chip channel format may vary. In common, a chip with 
cross channels is the basic element for fabrication of complex 
microfluidic chips and can easily adapt to different commercial 
instruments. If not, one should use a chip adaptable to the 
instrument.

	 2.	 Ceric ammonium nitrate is an oxidant. Store it in a ventilated 
place isolated from reducers. Always wear eyeglasses and latex 
gloves when using it, and prepare the solution in a hood with 
a sash between you and the solution.
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Fig. 5 Ultrafast separation of (a) FITC-labeled amino acids along a 2.5-mm silica 
PC bed at 1,200 V/cm and (b) FITC-peptides along a 10-mm silica PC bed at 
1,000 V/cm using a running buffer of 20 mM Na2B4O7 at pH 10.02
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	 3.	 The concentrations of HF and HNO3 can be adjusted depend-
ing on the etching speed you need. Both HF and HNO3 are 
harmful and have to be used with protection, for example, 
wear eyeglasses and latex gloves, and perform the mixing pro-
cedure in a hood with the sash between you and the solution.

	 4.	 Piranha solutions are extremely energetic and may result in 
explosion and/or skin burns. It should be handled with great 
care! Always wear gloves and eye protection while using it! 
Piranha will melt plastics, and the solution has to be prepared in 
glass (preferably Pyrex) containers in a hood with the sash 
between you and the solution. When preparing the piranha solu-
tion, always add the peroxide to the sulfuric acid, not inversely!

	 5.	 The basic etching procedure is schematically illustrated in 
Fig. 6.

	 6.	 In order to etch a channel of 30 μm in depth and 100 μm in 
width, a ca. 50-μm-wide channel has to be patterned on a 
mask because the wet etching engraves not only the bottom 
side but also both the lateral surfaces of a channel. The etching 
speed is commonly controlled at about 2 μm/min. But for 
smooth channels, the etching speed has to be lowered, prefer-
ably at ca. 0.5 μm/min. The etched channels can be observed 
under a microscope.

	 7.	 This operation transfers the channel pattern from the mask to 
the photoresist on the glass wafer. The exposure time depends 
on the photoresist and instrument you are using. Please refer 
to the related specifications and/or manuals of your own 

Under-mask-exposure

Develop channel pattern

Wet etching of Cr layer

Wet etching of glass wafer

Drill holes at channel ends

Clean the glass

Bond thermally

MaskPhotoresist
Cr

Glass wafer

UV

Fig. 6 Basic procedure for preparation of a glass chip by photolithography
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instrument and photoresist. Commonly, a certain photoresist 
needs a fixed exposure dose, but the UV lamp mounted in the 
exposure instrument decreases its power gradually. The expo-
sure time or lamp voltage thus needs to increase after use for a 
certain amount of time. It is better to measure the lamp illu-
mination intensity with an exposure meter before calculation 
of your exposure time or adjusting your instrument.

	 8.	 The developed channels are clearly brightened and can be 
viewed by naked eyes. The on-photoresist channel traces are 
better observed under a microscope to check whether the devel-
opment is perfectly complete or not. If not, supplementary 
development should be conducted for several extra seconds.

	 9.	 The developed channels may not easily be observed by the 
naked eye because the color of the developing solution is fairly 
intense (orange red). The observation can be realized after 
washing the wafer with water, by preference under a micro-
scope. If the development is not complete, supplementary 
development has to be conducted for several extra seconds.

	10.	 Glass can be drilled using a diamond-tipped drill bit, with 
water as a coolant dropped on the drilling position. The drill-
ing edges may crack if glass is directly drilled, but cracks can be 
avoided by gluing? the glass to be drilled on another glass with 
melted colophony which will become solid again after cooling. 
After drilling, the solidified colophony can easily be cleaned 
with acetone followed by washing with water.

	11.	 The color of the acetone will change to orange red.
	12.	 The cleaning can also be performed at room temperature, but 

it takes ca. 12 h.
	13.	 To thermally bond two pieces of glass wafers, they are aligned 

layer by layer and heated up to a near-melting point or softening 
point and then cooled down gradually after they were kept at 
the softening point for a certain time. A practical program is as 
follows: the aligned glasses are pressed with a heavy corundum 
brick and heated in a muffle furnace at 10 °C/min first to 100 °C 
(maintained for 30 min) and then to 550 °C (maintained for 
30 min) and at 1 °C/min to 570 °C (maintained for 4 h). The 
temperature is then lowered to 300 °C in 2 h, followed by a 
natural cooling of the furnace to room temperature.

	14.	 A single channel can also be used, but the inlet has to be 
tapered and made hydrophobic to inject picoliters’ sample 
into the PC channel. More complicated channels are also 
usable depending on the chip instruments used.

	15.	 For chips with only a single channel, the silica particle suspen-
sion is added into the non-tapered end. For more complicated 
channels, the suspension is better added into a reservoir far 
from others, so that, later assembling steps can be conducted 
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more conveniently. The left reservoirs have to be added with 
the suspension after all the channels are fully filled with the 
suspension. If a chip has already been filled with water, evacu-
ation of the water is unnecessary, but the water in the reser-
voirs needs to be replaced with the particle suspension.

	16.	 This will assemble a layer (ca. 100 μm) of silica particles on the 
bottom of the reservoirs 1, 3, and 4, followed by a formation 
of silica PC along the channels by drawing the suspension 
from the reservoir 2. The heating can simply be achieved using 
a hair dryer, but a thermostated gas flow is more preferred for 
repeatable preparation.

	17.	 The heating helps to gel the silica particle surface with water. 
This will make the contacting particles connect into a particle 
network and fix them together after cooling. Thus, the heated 
part of the assembled silica PC at the channel ends will form a 
stable plug to block the inner PCs from moving out. This fixa-
tion is critical for efficient separation at high voltage. Figure 7a 
shows that, without any fixation, the PC will be unable to 
undergo an electric field even as low as 100 V/cm. For a PC 
fixed at only one end, it is stable if a positive voltage is applied 
at the fixed end, but it disbands quickly if the positive voltage 
is applied at the unfixed end (Fig. 7b). Completely different 
from the previous two cases, the PCs with two ends fixed can 
sustain high voltage, up to at least 2,000 V/cm, as illustrated 
by microscopic images in Fig. 7c, d. Furthermore, the relation-
ship of current vs. electric field maintains an excellent linearity 
(Fig. 7e, f), implying that Ohm’s law is well obeyed in this case.

	18.	 The reservoirs have to be filled with water to avoid their dry-
ing out during storage, which can be achieved easily by always 
supplying the reservoirs with water or by sealing the reservoirs 
with soft PDMS.  Alternatively, the filled chips can also be 
maintained wet for a long time by filling the reservoirs with 
water and storing in a sealed box which is pre-saturated with 
water vapor. In case some minor parts of the filled PCs are 
dried or contain bubbles, they may be recovered by filling the 
reservoirs with more water and subjecting to a low voltage 
between 100 and 300  V/cm for a certain time. It may be 
more effective to apply a gradient voltage across the channels, 
starting from 100 V/cm and ending at ca. 500 V/cm at a step 
increment of 20 V/cm every 30 min. Once the packed PCs 
are dried out largely and can never be recovered, they are 
detruded or evacuated for repacking (see Note 21).

	19.	 The prepared PCs in micro channels can be characterized by 
viewing their iris colors under natural light (Fig. 8a), by imag-
ing on scanning electric microscope or on laser-induced fluo-
rescent confocal microscope (Fig. 8b), and by measuring their 
reflection or transmission spectrum (Fig. 8c). Compared with 
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Fig. 8 A silica PC chip assembled from 266-nm silica particles having (a) various 
irised colors at different angles under the natural light, (b) well-ordered microstruc-
ture in laser-induced fluorescence confocal microscopic image, and (c) typical 
forbidden band at 584 nm in the reflection spectrum, agreeing well with theoretical 
calculation at an observation angle of 0° against the (111) face of PC
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SEM, the fluorescent imaging is easy in manipulation, which is 
conducted with FITC solution as an indicator. Figure 8a illus-
trates that the PC-packed chip reflects different colors at dif-
ferent observation angles, agreeing well with theoretical 
expectation. Figure 8b confirms that the assembled silica par-
ticles are well ordered in the channels, and Fig. 8c further con-
firms that the ordered particle beds have a typical forbidden 
band in the reflection spectrum that a PC should have. All the 
data imply that the assembled silica particles in the micro chan-
nels have significant PC features.

	20.	 The buffer should be selected according to the separation for-
mat adopted, which is dependent on the analytes to be sepa-
rated. Commonly, to separate FITC-amino acids, a 5 mM or 
10 mM Na2B4O7 buffer works well.

	21.	 The equilibration can be accelerated by application of a bit 
higher electric field, e.g., 200–500  V/cm, if the column is 
bubble-free. In case there are bubbles or the current is not 
stable, it is better to equilibrate the channels with the buffer by 
application of a gradient electric field between 100 and 300 V/
cm (see Note 18). If the equilibration cannot be achieved, the 
PC-filled chips are not useful anymore and have to be reas-
sembled. This can be achieved by evacuation of the channels 
and then reassembly with silica suspension as described in this 
chapter. The evacuation of the packed chip channels can be 
realized first by sonication to loosen the fixed PCs and then by 
application of a voltage across the chip channels to make the 
loosened particles migrate out of the channels.

	22.	 The clipped sample solution flow can be imaged under a fluo-
rescent microscope by using FITC as an indicator. It should be 
noted that FITC and its derivatives cannot be measured clearly 
at the first several injections, possibly due to their strong non-
specific adsorption. The quality of the detected signals will 
improve gradually after several injections of concentrated FITC 
solutions. With the indication of the fluorescent images, the 
clip injection can be optimized by adjusting the potential 
applied on each electrode. For only one channel chip, the injec-
tion can be achieved by contact of the tapered inlet with a sam-
ple solution by diffusion [24] or by electrokinetic injection.

	23.	 The higher the electric field applied, the better the theoretical 
efficiency (Fig.  9) obtained and the higher the separation 
speed (Fig.  10). Figure  9 shows that the theoretical plate 
height decreases very fast at the very beginning phase and then 
slows down gradually after the migration speed reaches 
0.5 mm/s. However, the electric field strength is better opti-
mized. In fact, ultrafast separation of some analytes is not too 
difficult while using PC beds after some optimization of run-
ning buffer, injection approach, and especially the separation 
length of PC and voltage applied.

Yi Chen et al.



Fig. 9 Impact of migration speed (parallel to applied electric field strength) on the 
theoretical plate height measured at 200–2,000 V/cm by migration of a plug FITC 
along 2.4-mm PC using 5 mM Na2B4O7 buffer at pH 9.20

Fig. 10 Electrochromatogram measured on a glass chip assembled with 460-nm 
silica particles (pre-sintered at 600  °C before assembly). The separation was 
achieved along a 15-cm (3 mm effective) × 75-μm × 20-μm PC with a running 
buffer of 10 mM Na2B4O7 at pH 9.2 at different electric fields as shown in the 
figures. Peak identity: (1) Arg, (2) Phe, (3) Gly, and (4) Glu
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	24.	 In order to save computer space, the collection size of the 
images should be reduced to a small region of 20 × 200–
200 × 200 μm2, which is enough to completely cover the chan-
nels. Commonly, narrowing the collection length along the 
channel will improve the speed and the peak resolution as well 
as reduce the signals. The speed and detection sensitivity have 
to be compromised, depending on different analytes. For fast 
separations, the digitalization of the fluorescent images should 
also be maintained at ∼10–25 Hz by using the Andor software 
introduced in this chapter.

	25.	 The electrochromatograms of amino acids and peptides shown 
in Fig.  5a, b, respectively, are typically ultrafast separation 
examples, where the baseline separation of the analytes is 
achieved at a level from seconds to tens of seconds. Ultrafast 
separation can be achieved after optimization of the separation 
conditions (see Note 23). If the resolution is very high, a very 
short PC will be enough to fully resolve some target analytes 
just as in the case of amino acids where only ca. 2-mm PC is 
sufficient to yield a baseline resolution. Shortening the injec-
tion length may further increase the separation efficiency.

	26.	 The separation on PC beds is highly reproducible. The run-
to-run standard deviation of migration time is less than 0.5 % 
measured by (Gly)5, and chip-to-chip standard deviation of 
migration time is below 8 %, which is much better than many 
routine separation methods. Figure 11 shows two examples of 
repeatable separations.

Fig. 11 Separation reproducibility of PC-filled chips measured from (a) a same PC and (b) different PCs

Yi Chen et al.
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    Chapter 12   

 Rapid Determination of Catecholamines 
in Urine Samples by Nonaqueous Microchip 
Electrophoresis with LIF Detection 

           Hongmei     Hu    ,     Yuanming     Guo,      and     Tiejun     Li   

    Abstract 

   Nonaqueous microchip electrophoresis (NAMCE), which makes use of an organic medium instead of a 
conventional aqueous buffer solution, is a promising separation method for analytical chemistry due to the 
enhanced solubility of hydrophobic analytes and tailored selectivity of separation. Here, we describe an 
NAMCE with LIF detection combined with a pump-free negative pressure sampling device for rapid 
determination of catecholamines (CAs) in urine samples, and the whole analysis time (including sampling 
time and separation time) was less than 1 min.  

  Key words     Catecholamines  ,   Microchip electrophoresis  ,   Nonaqueous  ,   Pump-free negative pressure 
sampling device  ,   Urine samples  

1      Introduction 

 Since the pioneering work of Manz et al. [ 1 ] and Harrison et al. 
[ 2 ] in 1992, microchip electrophoresis (MCE), which sets capil-
lary electrophoresis (CE) as core technique and microchip as 
platform, has generated considerable interest in a broad perspec-
tive application [ 3 ,  4 ]. Compared to CE, MCE has the advantage 
of higher degree of integration and portability, less consumption 
of solvent/reagent, higher performance and speed, and easier 
 minimization [ 5 ]. 

 Nonaqueous MCE (NAMCE), which uses organic solvents as 
background electrolytes, has been shown to offer several advan-
tages compared with MCE, including enhanced solubility of hydro-
phobic analytes (i.e., extended application range), tailored selectivity 
of separation (via changes in solvation or acid-base properties of 
analytes), and relative absence of interferences [ 6 – 9 ]. The fi rst use 
of a background electrolyte based on pure organic solvents was 
published when Walbroehl and Jorgensen reported the  separation 
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of quinoline derivatives in acetonitrile containing a tetraethylam-
monium perchlorate/hydrochloric acid electrolyte system [ 10 ]. 
In recent years, NAMCE has been successfully applied in the sepa-
ration of lipid mixtures [ 11 ], aliphatic amines [ 12 ], toxic metal ions 
[ 13 ], trinitroaromatic explosives [ 14 ], rhodamine dyes [ 15 ], etc. 

 It is well known that sample injection is crucial because it deter-
mines the quality and the shape of a sample plug, both of which are 
closely related to separation [ 16 ]. Our research group has proposed 
some bias-free negative pressure sampling devices in which negative 
pressure is generated by a syringe pump [ 17 ], a microvacuum pump 
[ 18 ], or a pipet bulb [ 19 ], which only need 0.5–2 s for sampling 
and are much shorter than the electrokinetically pinched injection 
[ 20 ,  21 ]. It has been reported that long sampling times, typically 
10–150 s, are required for sampling with the electrokinetically 
pinched scheme, which restricts the analytical speed [ 22 ]. 

 Because of the advantages of NAMCE over MCE and the 
superiority of negative pressure sampling discussed above, we have 
determined catecholamines (CAs) (norepinephrine (NE), epi-
nephrine (E), and dopamine (DA)) in urine samples in less than 
1 min by NAMCE with LIF detection combined with a pump-free 
negative pressure sampling device. In this analytical system, the 
sample loading and NAMCE separation can be easily controlled by 
switching a three-way valve with satisfactory sample throughput, 
analytical precision, and high sensitivity.  

2    Materials 

 Prepare solutions using organic reagents or ultrapure water (pre-
pared by purifying deionized water to attain a resistivity of 
18 MΩ·cm at 25 °C) and analytical grade chemicals and reagents. 
Prepare and store all reagents at room temperature (unless indi-
cated otherwise). Diligently follow all waste disposal regulations 
when disposing waste materials. 

      1.    Diluent for standards: 2.5 mM HCl in methanol ( see   Note 1 ). 
Add 10 μL HCl to a 50 mL volumetric fl ask. Make up to 
50 mL with methanol. Store at 4 °C.   

   2.    Standard stock solution: 200 mg/L NE, 200 mg/L E, 
200 mg/L DA. Weigh 2.0 mg NE, E, and DA, dissolve them 
with diluent for standards, and transfer to a 10 mL volumetric 
fl ask, respectively. Make up to 10 mL with diluent for stan-
dards. Store in the dark at 4 °C ( see   Note 2 ).   

   3.    Mixed standard solution: 80 mg/L NE, 40 mg/L E, 80 mg/L 
DA. Add 4 mL standard stock solution of NE, 2 mL standard 
stock solution of E, and 4 mL standard stock solution of DA 
to a 10 mL volumetric fl ask. Mix and make up to 10 mL with 
diluent for standards. Store in the dark at 4 °C.   

2.1  Standard 
Solutions, 
Derivatization 
Solution, 
and Derivatization 
Buffer
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   4.    Stock solution of 4-chloro-7-nitro-1,2,3-benzoxadiazole 
(NBD-Cl): 100 mM NBD-Cl in acetonitrile (ACN). Weigh 
0.04 g NBD-Cl, dissolve it with ACN, and transfer to a 2 mL 
brown volumetric fl ask. Make up to 2 mL with ACN. Store in 
the dark at 4 °C ( see   Note 3 ).   

   5.    Derivatization solution: 30 mM NBD-Cl in ACN. Add 0.3 mL 
stock solution of NBD-Cl to a 1 mL brown volumetric fl ask. 
Make up to 1 mL with ACN. Prepare it fresh before use and 
store in the dark at 4 °C ( see   Note 4 ).   

   6.    Stock solution of ammonium acetate: 200 mM ammonium 
acetate in DMSO. Weigh 0.1542 g ammonium acetate, dis-
solve it with DMSO, and transfer to a 10 mL volumetric fl ask. 
Make up to 10 mL with DMSO.   

   7.    Derivatization buffer: 20 mM ammonium acetate in ACN/
DMSO (3:2, v/v). Add 0.5 mL stock solution of ammonium 
acetate, 3 mL ACN, and 1.5 mL DMSO to a 5 mL volumetric 
fl ask. Prepare it fresh ( see   Note 5 ), fi lter it through a 0.45 μm 
polyvinylidene fl uoride membrane, and degas it in an ultra-
sonic bath prior to use ( see   Note 6 ).   

   8.    Stock solution of sodium tetraborate: 100 mM sodium tet-
raborate in methanol. Weigh 0.9534 g sodium tetraborate, 
dissolve it with methanol, and transfer to a 25 mL volumetric 
fl ask. Make up to 25 mL with methanol.   

   9.    Running buffer: 20 mM sodium tetraborate, 20 mM SDS, 
20 % ACN (v/v), 0.1 % glacial acetic acid (v/v) in methanol. 
Weigh 0.5758 g SDS; dissolve it with 20 mL stock solution of 
sodium tetraborate, 20 mL ACN, 0.1 mL glacial acetic acid, 
and 50 mL methanol; and transfer it to a 100 mL volumetric 
fl ask. Make up to 100 mL with methanol. Prepare it fresh ( see  
 Note 7 ), fi lter it through a 0.45 μm polyvinylidene fl uoride 
membrane, and degas it in an ultrasonic bath prior to use 
( see   Note 8 ).      

      1.    Developer solution: 0.5 % NaOH. Weigh 0.5 g NaOH; dis-
solve it with 100 mL ultrapure water.   

   2.    Chromium etchant: weigh 25 g ammonium cerium nitrate; 
dissolve it with 6.45 mL perchloric acid and 110 mL ultrapure 
water.   

   3.    Glass etchant: 2 M HF/2 M NH 4 F/3 M HNO 3  (2:1:1, v/v). 
Add 8 mL HF and 92 mL ultrapure water to a Tefl on bottle 
and mix to obtain 2 M HF. Weigh 7.4 g NH 4 F; dissolve it with 
100 mL ultrapure water to obtain 2 M NH 4 F. Add 20 mL 
HNO 3  and 82 mL ultrapure water to a glass bottle and mix to 
obtain 3 M HNO 3 . Take 100 mL 2 M HF, 50 mL 2 M NH 4 F, 
and 50 mL 3 M HNO 3 , mix, and transfer to a Tefl on bottle.   

2.2  Developer 
Solution, Chromium 
Etchant, Glass Etchant, 
Glass Substrate, 
and Polishing Glass 
Cover Plate

Nonaqueous Microchip Electrophoresis with LIF Detection
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   4.    Glass substrate (size: 63 mm × 63 mm × 1.7 mm, SG 2506, 
Shaoguang Microelectronics Corp., China) coated uniformly 
with 145 nm thick chromium and 570 nm thick Az-1805 pos-
itive photoresist. Store in the dark at 4 °C.   

   5.    Polishing glass cover plate (size: 63 mm × 63 mm × 1.7 mm, 
SG 2506, Shaoguang Microelectronics Corp., China).   

   6.    NaOH solution: 2 M NaOH. Weigh 4 g NaOH; dissolve it 
with 50 mL ultrapure water.       

3    Methods 

 Carry out all procedures at room temperature unless otherwise 
specifi ed. 

      1.    Design fi lm photomasks with CorelDRAW 9.0 (Fig.  1 ).    
   2.    Make fi lm photomasks with a high-resolution laser phototype -

setter.   
   3.    Transfer the profi le of designed fi lm photomasks by ultraviolet 

exposure lithography onto the glass substrate (Fig.  1 ). 
Exposure time is 45 s ( see   Note 9 ).   

   4.    Develop the photoresist in a developer solution for 30–40 s 
( see   Note 10 ), wash with tap water, and then hard bake for 
about 10 min at 110 °C.   

   5.    Eliminate the exposed chromium channel on the glass sub-
strate with chromium etchant for about 30 s ( see   Note 11 ), 
wash with tap water, and then cover the reverse side and 
exposed edges of the glass substrate with tape ( see   Note 12 ).   

   6.    Etch the channels in a well-stirred bath containing glass 
etchant at 40 °C for 20 min ( see   Note 13 ), wash with tap 
water, and remove the tape.   

3.1  Microchip 
Fabrication

  Fig. 1    Top view of the fi lm photomask ( left ) and the profi le of the designed fi lm photomask transferred by 
ultraviolet exposure lithography onto the glass substrate ( right )       
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   7.    Incise both the etched glass substrate and polishing glass cover 
plate to the size needed and drill holes at each main channel 
terminal on the etched glass substrate with a 1.2 mm diameter 
diamond-tipped drill bit.   

   8.    Eliminate the photoresist with ethanol and wash with tap 
water ( see   Note 14 ).   

   9.    Eliminate the exposed chromium out of the channels with 
chromium etchant and wash with tap water.   

   10.    Scrub the polishing glass cover plate with absolute ethanol, 
and dip the glass substrate and cover plate into a boiling 
NaOH solution for 15 min ( see   Note 15 ).   

   11.    Scrub both the glass substrate and cover plate with high-speed 
tap water and ultrapure water, in turn.   

   12.    Bond the glass substrate and cover plate in ultrapure water 
( see   Note 16 ), and clamp them with clips.   

   13.    Hard bake the microchip for about 30 min at 60 °C and then 
hard bake for 1 h at 110 °C.   

   14.    Put the microchip into the muffl e. Bond it for 2 h at 100 °C, 
then raise the temperature to 200 °C at 10 °C/min (hold 
10 min), then heat to 300 °C at 10 °C/min (hold 10 min), 
and fi nally, heat to 500 °C at 20 °C/min (hold 2 h).   

   15.    Turn off the muffl e, and let the bonded microchip cool to 
room temperature naturally.   

   16.    Join four 5 mm inner diameter and 30 mm tall micropipette 
tips on the microchip surface surrounding the four holes using 
epoxy resin.      

      1.    Collect urine samples from the volunteers.   
   2.    Filter the urine samples with a 0.45 μm fi lter to remove solid 

material.   
   3.    Add 0.4 mL urine sample and 0.8 mL ethanol to a 1.5 mL 

polypropylene tube, mix, and centrifuge at 6,000 rpm 
(3824 × g) for 5 min.   

   4.    Transfer the supernatant liquid to another 1.5 mL polypropyl-
ene tube and evaporate to dryness with a stream of nitrogen.   

   5.    Dissolve the residue with 20 μL diluent for standards.      

      1.    Add 20 μL mixed standard solution or treated urine sample, 
100 μL derivatization buffer, and 100 μL derivatization solu-
tion to a 500 μL microcentrifuge tube, and mix them 
thoroughly.   

   2.    Conduct the derivatization reaction at 60 °C for 20 min in a 
water bath in the dark.   

   3.    Add 180 μL derivatization buffer to the reaction vial.      

3.2  Sample 
Preparation

3.3  Derivatization

Nonaqueous Microchip Electrophoresis with LIF Detection
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      1.    Connect the pipet bulb (30 mL) to terminal c of the 3-way 
electromagnetic valve through a PTFE tubing of 0.8 mm id 
and 1.8 mm od, and seal the small gap between the hole and 
the PTFE tubing with epoxy glue (Fig.  2 ).    

   2.    Connect a PTFE tube to terminal b of the 3-way electromag-
netic valve, and insert the other end of the PTFE tube to an 
interfacing plug (10 mm length of silicone tubing of 1.6 mm 
id and 4.1 mm od).   

   3.    Switch the 3-way electromagnetic valve to connect terminal b 
to terminal c, and press out the air in the pipet bulb by hand via 
terminal b to create a subatmospheric pressure in the pipet bulb.   

   4.    Switch the 3-way electromagnetic valve to connect terminals b 
and a.   

   5.    Add 150 μL, 150 μL, and 15 μL running buffer to buffer res-
ervoir (B), buffer waste reservoir (BW), and sample waste res-
ervoir (SW), respectively. Add 30 μL sample solution to sample 
reservoir (S).   

   6.    Push fi t the interfacing plug into SW, and keep the end of the 
PTFE tubing about 3 mm above the liquid level.   

   7.    Apply a constant voltage of 1,500 V to B with BW grounded 
and S and SW fl oating in the whole analysis process (Fig.  2 ).   

   8.    Switch the 3-way electromagnetic valve to connect terminal b 
to c for 0.5 s.   

   9.    Switch the 3-way electromagnetic valve to connect terminal b 
to a, and at the same time, the data acquisition and processing 
system record the electropherogram.       

3.4  Nonaqueous 
Microchip 
Electrophoresis

  Fig. 2    Schematic diagram of the integrated NAMCE-LIF system (dimensions are given in millimeter)       
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4    Notes 

     1.    E, NE, and DA will be oxidized and lose their activities in 
neutral or alkaline solution; hence, they should be prepared in 
acidic solution.   

   2.    E, NE, and DA are sensitive to light.   
   3.    NBD-Cl is sensitive to light.   
   4.    We fi nd that it is best to prepare this fresh each time.   
   5.    We fi nd that it is best to prepare this fresh each time.   
   6.    The presence of gas will affect the derivatization as E, NE, and 

DA are sensitive to air.   
   7.    We fi nd that it is best to prepare this fresh each time.   
   8.    The presence of gas will affect the derivatization as E, NE, and 

DA are sensitive to air.   
   9.    45 s is suitable.   
   10.    30–40 s for developing is suitable.   
   11.    30 s is suitable.   
   12.    All surfaces except for the channels that will be exposed 

should be covered with tape to avoid being etched in the 
 following step.   

   13.    The length of etching time determines the channels’ dimen-
sions. In our experiment, the etching speed is 1 μm/min, and 
the depth of the channels is 20 μm, so 20 min is required.   

   14.    After eliminating the photoresist with ethanol and before 
eliminating the exposed chromium out of the channels, it is 
necessary to wash the microchip with tap water; otherwise, the 
ethanol will affect the chromium etchant.   

   15.    We fi nd that the effi ciency of boiling NaOH solution is best.   
   16.    Bonding of the glass substrate and cover plate must be performed 

in ultrapure water; otherwise, diffraction fringes may occur.         
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    Chapter 13   

 Carbon Nanotube-Based Separation Columns 
for Microchip Electrochromatography 

           K.    B.     Mogensen    ,     B.     Delacourt    , and     J.    P.     Kutter    

    Abstract 

   Fabrication of the stationary phase for microchip chromatography is most often done by packing of the 
individual separation channel after fabrication of the microfl uidic chip, which is a very time-consuming and 
costly process (Kutter. J Chromatogr A 1221:72–82, 2012). Here, we describe in detail the fabrication 
and operation protocols for devices with microfabricated carbon nanotube stationary phases for reverse- 
phase chromatography. In this protocol, the lithographically defi ned stationary phase is fabricated in the 
channel before bonding of a lid, thereby circumventing the diffi cult packaging procedures used in more 
conventional protocols.  

  Key words     Microchip electrochromatography  ,   Carbon nanotubes  ,   Nonaqueous separations  , 
  Microfabrication  

1      Introduction 

 Carbon nanotubes (CNTs) are considered to be discovered as early 
as 1952 [ 1 ,  2 ] and gained widespread popularity as a research sub-
ject after the report of Iljima in 1991 [ 3 ] due to their unique 
mechanical, electrical, and chemical properties. Carbon nanotubes 
have a very high surface to volume ratio and sorptive properties 
that make them very useful for analytical chemistry, such as stationary 
phase additives for reverse-phase liquid chromatography [ 4 – 7 ]. 
In the vast majority of work relating to separation science, the car-
bon nanotubes have been purchased as a powder and, in various 
ways, immobilized on the column, which is a procedure that is 
typically not amenable to mass fabrication and inherently a sto-
chastic process. 

 An additional advantage of carbon nanotubes is that they can 
be rapidly grown on a substrate by catalysis from, e.g., Fe or Ni 
nanoparticles in a furnace. This is exploited in the current method 
in order to take advantage of microfabrication techniques that 
allow parallel processing of many devices on a substrate with a very 
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high uniformity [ 7 ]. In this work, the carbon nanotubes are grown 
in hexagonal regions that mimic porous beads in packed bed col-
umns [ 8 ,  9 ]. 

 Carbon nanotubes are furthermore a very versatile stationary 
phase material in the sense that they can be functionalized to pos-
sess a wide range of surface groups, e.g., upon oxidation or reduc-
tion, the isoelectric point can be controlled in a pH range spanning 
from around 4 to 10, making it possible to control the zeta poten-
tial, so that a cathodic as well as an anodic electroosmotic fl ow 
should be feasible without further modifi cations [ 7 ]. The carbon 
nanotubes can also readily be chemically functionalized if desired 
by coupling to, e.g., carboxylic acids on oxidized nanotubes or by 
pi-stacking interactions [ 10 ]. 

 Here, the very high hydrophobicity of carbon nanotubes is 
exploited with the objective of performing nonaqueous separations 
of hydrophobic compounds. In this case, compounds can be sepa-
rated with 90 % organic modifi er contents in the buffer while 
showing no retention on a C18-functionalized column at 50 % 
organic modifi er contents [ 8 ]. This is a clear indication of the very 
hydrophobic nature of the column. 

 To date, only very few groups have presented microfl uidic 
devices with carbon nanotubes grown on the column comparable 
to what is described in this method [ 7 – 9 ,  11 – 14 ].  

2    Materials 

      1.    Silicon wafers (any brand), 500 μm thickness, single side 
polished.   

   2.    Borosilicate wafers (Pyrex, SCHOTT), 500 μm thickness, 
double side polished.   

   3.    Positive resist (e.g., AZ5214E, Clariant, Germany).   
   4.    Developer (e.g., AZ 300 MIF for 60s).   
   5.    Nitric acid (concentrated).   
   6.    5 % buffered hydrofl uoric acid (BHF).   
   7.    40 % hydrofl uoric acid.   
   8.    a-Si etching solution:  see   step 1  in Subheading  3.1.2 .   
   9.    Glass etching solution: three parts of 5 % BHF, one part of 

40 % hydrofl uoric acid.   
   10.    Piranha solution: three parts of sulfuric acid (concentrated), 

one part of hydrogen peroxide (concentrated).   
   11.    10 mm thick Tefl on plate.   
   12.    3.0 mm inner diameter/1.5 mm thickness o-rings (EP-70, 

M seals, Denmark).      

2.1  Microfabrication 
Materials

K.B. Mogensen et al.
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      1.    Separation buffer: 95 % acetonitrile, 5 % deionized water, 
50 mM ammonium acetate (pH = 9.0).   

   2.    Coumarin dyes C460 and C480 ( see   Note 1 ).   
   3.    Diode laser (CNI Laser, Shanghai Dream Lasers, China, 

 P  = 10 mW,  λ  = 377 nm) ( see   Note 2 ).   
   4.    Microscope equipped with a fl uorescence high-pass fi lter 

( λ  = 420 nm, NT46-426, Edmund Optics, USA) and a pho-
tomultiplier tube with I-V converter (e.g., Hamamatsu 
H10722, Japan).   

   5.    High-voltage power supply (e.g., UltraVolt, USA).   
   6.    LabJack U12 data acquisition card (LabJack Corporation, USA) 

and software.       

3    Methods 

      1.    Design the two photolithographic masks, where mask I 
contains the microfl uidic channel layout in a standard cross-
channel design for performing electrokinetic injections. Mask 
II is used for patterning of regions in the separation channel 
that are intended to contain the carbon nanotubes (Fig.  1 ) 
( see   Note 3 ).    

   2.    The starting material consists of 4 in. silicon wafers (500 μm 
thickness, single side polished) with a layer of around 10 μm 
pre-grown silicon dioxide (Fig.  2 ) ( see   Note 4 ).    

2.2  Chip Separation 
Materials and 
Instrumentation

3.1  Column Design 
and Microfabrication 
Procedure

  Fig. 1    ( Left  ) Mask I, showing the microfl uidic channel layout. ( Right  ) Sketch seen 
from the top of the pillar design (mask II), where the Ni catalyst is positioned ( dark 
regions  ). The length of the pillars (in the axial direction) is below 10 μm to avoid 
electrolysis of the aqueous buffer solution, while the inter-pillar distance is above 
2.5 μm to avoid carbon nanotubes from different pillar regions to overlap [ 7 ]       

 

Carbon Nanotube Based Micro-CEC
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   3.    Grow a 30–50 nm thick amorphous Si layer on the wafer for 
subsequent anodic bonding of a glass lid. This is done by, e.g., 
low pressure chemical vapor deposition or some other Si depo-
sition process ( see   Note 5 ).     

      1.    Treat the wafer with HMDS (hexamethyldisilazane).   
   2.    Spin coat a 1.5 μm layer of positive resist and prebake at 90 °C 

for 2 min.   

3.1.1  Photolithography 
Mask I: Microfl uidic 
Channel Network

Si substrate

SiO2

Si substrate

SiO2

Ni

Si substrate

SiO2

CNTs
Borosilicate lid

a

b

c

AlxOy

  Fig. 2    Cross-sectional view of the fabrication procedure at different stages of 
completion for integration of carbon nanotubes in electrically insulated microfl u-
idic channels. A thick silicon dioxide layer grown on the silicon wafer is used to 
allow high electrical fi elds for electroosmotic pumping of the liquid       
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   3.    UV expose the wafer (e.g., using 14 mW/cm 2  for 11 s).   
   4.    Dip the wafer in a suitable developer and rinse with water.      

       1.    Prepare the chemicals for a-Si and glass etching:     
 For the amorphous Si etch, mix the following in a plastic bea-
ker: 1:1 deionized water (DIW)/nitric acid (concentrated). 
Let it cool down for 15–30 min, and then add 5 vol% of 5 % 
buffered hydrofl uoric acid (BHF). 
 For the glass etch, mix the following in a plastic beaker: 3:1 
of 5 % BHF/40 % hydrofl uoric acid to achieve ~14 % BHF 
( see   Note 6 ).

    2.    Hard bake the wafer on a hot plate for 2 min at 90 °C to 
improve resist adhesion.   

   3.    Apply a polymer lamination foil/tape on the back side and 
wafer edge to avoid etching of the backside a-Si (necessary for 
the anodic bonding of the lid later on in the process).   

   4.    Immerse the wafer for ~10 s in 5 % BHF to remove the native 
oxide.   

   5.    Transfer to a-Si etching solution for 30–60 s. A color change 
in the etched regions is an indication that the etch step is 
completed.   

   6.    Dip the wafer in the SiO 2  (glass) etching solution for around 
7 min in order to etch a 2.5–3.0 μm deep channel, then rinse 
in water for 2 min, and remove lamination foil.    

        1.    Deposition of 5 nm aluminum by e-beam evaporation 
( P  = 2 × 10 −6  mbar).   

   2.    Metal lift-off in acetone.   
   3.    Clean in Piranha solution for 10 min to remove residual 

photoresist.   
   4.    Oxidize aluminum at 550 °C for 8 h.      

      1.    Treat the wafer with HDMS (hexamethyldisilazane).   
   2.    Spin coat a 1.5 μm layer of positive resist and prebake at 90 °C 

for 2 min.   
   3.    UV expose the wafer (e.g., using 14 mW/cm 2  for 8 s using the 

 λ  = 365 nm line) ( see   Note 7 ).   
   4.    Dip the wafer in a suitable developer and rinse with water.   
   5.    Remove residual resist by a low power oxygen plasma process 

( P  = 200 W, for 2 min, resist etch rate = 10–25 nm/min) 
( see   Note 8 ).      

3.1.2  Wet Etching 
of Amorphous Si (a-Si) 
and Glass Channels

3.1.3  Fabrication 
of Aluminum Oxide 
De-wetting Layer

3.1.4  Photolithography 
Mask II: Patterning 
of Catalyst Regions 
in the Channels

Carbon Nanotube Based Micro-CEC
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      1.    Deposit a 2 nm thick Ni metal catalyst layer using an evaporation 
rate of 1–2 Å/s ( P  = 2 × 10 −6  mbar).   

   2.    Lift off the resist by immersing the wafer in acetone. Gently 
use cleanroom paper to wipe the resist off the wafer, while it is 
immersed in the acetone. When the acetone becomes cloudy 
and/or polluted, move the wafer to a new petri dish with clean 
acetone and continue until all resist is lifted off. Rinse the wafer 
with isopropanol and subsequently water, before drying 
( see   Note 9 ).   

   3.    Grow a 1–2 μm thick carbon nanotube layer using thermal 
chemical vapor deposition. The best recipes are typically very 
dependent on the specifi c catalyst deposition conditions and 
on the furnace, which means that it needs to be optimized for 
each laboratory. Here, the following conditions were used 
( see   Note 10 ).   

   4.    Purge chamber three times with H 2  (60 sccm)/N 2  (40 sccm).   
   5.    Anneal samples at 630 °C for 5 min in a H 2  (60 sccm)/N 2  

(40 sccm) atmosphere in order to create the Ni catalyst 
nanoparticles.   

   6.    Grow carbon nanotubes at 630 °C by adding acetylene, C 2 H 2  
(1.5 sccm), for 15 min. The pressure during annealing and 
CNT growth is 20 mbar.   

   7.    Post anneal at 630 °C for 10 min in a H 2  (60 sccm)/N 2  
(40 sccm) atmosphere for the removal of amorphous carbon, 
also at a  P  = 20 mbar.      

      1.    Apply lamination foil on both sides of 500 μm thick double 
side polished borosilicate wafers and mark 1.5 mm diameter 
holes in the foil by CO 2  laser machining. The machined foil 
serves as a mask for sand blasting of the access holes in the glass 
lid.   

   2.    Sand blast holes in the glass using the lamination foil as a mask.   
   3.    Rinse thoroughly in water.   
   4.    Remove foil and sonicate in water for 15 min.   
   5.    Clean glass lids for 10 min in a 4:1 H 2 SO 4  (concentrated)/

H 2 O 2  (concentrated) solution ( see   Note 11 ).   
   6.    Dry lids and assemble with the bottom substrate.   
   7.    Align holes to the fl uidic channels and anodically bond the 

substrates together. Anodic bonding occurs at 400 °C, 900 V 
for 15 min in a nitrogen atmosphere ( see   Note 12 ).   

   8.    Oxidize the devices at 400 °C for 1 h in air ( see   Note 13 ).       

      1.    Mount chip in holder (Fig.  3 ) ( see   Note 14 ).    
   2.    Prepare separation buffer by mixing 95:5 acetonitrile/deionized 

water with 50 mM ammonium acetate (pH = 9.0) ( see   Note 15 ).   

3.1.5  Fabrication 
of Carbon Nanotubes

3.1.6  Fabrication 
of Borosilicate Lid 
and Bonding

3.2  Chip Operation 
Protocol

K.B. Mogensen et al.
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   3.    Prepare test analytes, e.g., coumarin C460 in 10–100 μM 
c oncentration in order to test and verify the column 
performance.   

   4.    Degas all analyte solutions under vacuum and ultrasonication 
for 5 min.   

   5.    Add acetonitrile to one reservoir of the chip/holder assembly 
and wait until the chip is fi lled by capillary action.   

   6.    Fill the rest of the reservoirs and remove the remaining air 
bubbles with suction or by applying pressure to the chip for 
around 10 min.   

   7.    Mount chip/holder assembly under a microscope equipped 
with a PMT and emission fi lter for collection of the fl uores-
cence signal.   

   8.    Adjust voltages for gated injection ( see   Note 16 ).   
   9.    After the experiment, rinse chip for at least 10 min in acetoni-

trile to remove the buffer salts and the analytes.   
   10.    If the chip is not going to be used for a week or more, then 

completely empty the reservoirs of all liquids and store it dry.   
   11.    In case the chip is used again within a couple of days, store 

the chip wet. Fill reservoirs and cover with Parafi lm. Store in 
the fridge at 5 °C for delayed solvent evaporation 
( see   Note 17 ).       

  Fig. 3    Chip mounted in a micromilled Tefl on holder. Five screws are holding the 
assembly together, and o-rings are used for leak-free connections to the fl uidic 
reservoirs located in the 10 mm thick Tefl on layer. Trenches are machined to hold 
the electrodes in place, and openings for optical detection with a microscope 
objective are included       
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4    Notes 

     1.    These analytes can be used for testing of the chromatographic 
column performance because they are neutral (non-charged) 
and highly fl uorescent upon excitation around  λ  = 375 nm.   

   2.    A  λ  = 405 nm laser diode can also be used, since it is much 
cheaper and more easily available. The overlap with the absorp-
tion band of the coumarin dyes is, however, not as good as 
with the  λ  = 375 nm diode laser.   

   3.    The column layout with respect to design of the pillar regions 
generally takes into account that keeping the length of the pil-
lars (in the axial direction) below 10 μm allows the use of an 
electrical fi eld strength of up to  E  = 1 kV/cm without risking 
bubble formation due to electrolysis of the aqueous buffer 
solution. The necessary inter-pillar distance depends on the 
length of the carbon nanotubes and should be large enough to 
avoid overlap between the CNTs of adjacent regions.   

   4.    Anodic bonding is used for the devices due to the high yield of 
this process and because it can be done without treating the 
carbon nanotube wafers (by, e.g., immersion in a Piranha solu-
tion), thereby maintaining the as-grown structural and chemi-
cal properties of the CNTs in the fi nal devices. This limits the 
substrates to materials that can be anodically bonded, such as 
borosilicate glass and silicon. Since the current carbon nano-
tube growth process takes place at 640 °C, only silicon can be 
used as a substrate for the CNTs in our case. If a low tempera-
ture CNT process is used (<550 °C), then borosilicate glass 
can also be used as a bottom substrate. Since electroosmotic 
fl ow is used in the devices, an electrically insulating oxide layer 
of around 10 μm is grown on the silicon substrate as the fi rst 
step. This takes around 2 weeks at 1,150 °C; however, a fur-
nace can be loaded with more than 150 wafers at the same time 
in order to have these substrates on stock.   

   5.    This process was initially developed [ 15 ] in order to fabricate 
electrically insulated channels in silicon with the use of anodic 
bonding. If the amorphous Si layer is thinner than around 
30 nm, then the yield of the process starts to decrease. When 
the a-Si layer is thicker than around 50 nm, it starts to become 
too conducting and will infl uence the electrical fi eld distribu-
tion across the electrolyte solution and may eventually result in 
gas bubble formation due to electrolysis of water. There are 
thus opposing requirements on the electrical properties of the 
a-Si layer. For the anodic bonding to work, it needs to have a 
high enough conductivity for the electrical potential from the 
bottom electrode to reach in between the two wafers. On the 
other hand, during operation of the devices (using electroos-
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motic fl ow), the conductivity of the a-Si layer needs to be low, 
in order not to affect the electrokinetics. Luckily, the a-Si layer 
is oxidized during bonding with a resulting increase in electri-
cal resistance (anodic oxidation), which means that there is a 
window in terms of a-Si thickness, where these seemingly 
opposing requirements can be met. 

 Bonding with, e.g., PDMS is not desirable for this applica-
tion, due to its tendency to absorb neutral hydrophobic 
compounds.   

   6.    The etching rate is too low in 5 % buffered hydrofl uoric acid in 
order to reach the desired channel depth before the resist starts 
to delaminate and fall off the wafer. Therefore, 40 % HF is 
added to increase the etching rate.   

   7.    A shorter exposure time (in this case 8 s) is used for the second 
mask layer compared to the fi rst mask, the reason being that 
overexposure in the second mask layer makes it hard to repro-
duce the hexagonal pillars that are spaced 2.5–3.0 μm apart, 
while this is noncritical for the fi rst layer.   

   8.    This step may not be necessary.   
   9.    This step is one of the most critical, the reason being that ultra-

sonication, which is normally used for metal lift-off, tends to 
also remove the very thin catalyst layer and can therefore not 
be applied. If a thicker catalyst layer can be used, e.g., 7–10 nm 
(if plasma-enhanced chemical vapor deposition is used for the 
growth of the carbon nanotubes [ 9 ]), then ultrasonication 
may give acceptable results.   

   10.    A cheap in-house built chemical vapor deposition system was 
put together that simply consists of a vacuum chamber 
equipped with a pump and mass fl ow controllers for control of 
the nitrogen, hydrogen, and acetylene fl ow rates. The heating 
is achieved using a graphite block with drilled holes in the sides 
for insertion of two light bulbs, which makes it possible to 
reach around 900 °C in 5 min. Low-voltage DC bulbs were 
used to avoid sparking in the system; hence, an 800 VA trans-
former (with rectifi er and capacitors) was assembled for 
 conversion of the voltage to DC. The voltage to the lamps was 
controlled manually by using an AC variable 220 V trans-
former, before conversion of the power to DC. Here, 160 V 
AC gave a temperature of 630 °C.   

   11.    The bottom substrate containing the carbon nanotubes is not 
treated with Piranha cleaning solution, because this would dis-
rupt the nanotubes.   

   12.    The devices are bonded by ramping up the voltage manually 
until just before electrical breakdown occurs. It is important to 
leave the wafers at the maximum voltage that can be applied 
(without breakdown) for about 15 min. This ensures that as 
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much as possible of the amorphous Si layer is oxidized during 
the bonding. Otherwise, gas bubble formation due to elec-
trolysis of the water in the channels can occur if the conduc-
tance of the Si layer is too high.   

   13.    Oxidation of the carbon nanotubes moves the isoelectric point 
to lower pH, so the acidic oxygen groups are deprotonated, 
when using a standard buffer solution in the pH range 7–10. 
This ensures that the carbon nanotubes have a negative zeta 
potential for generation of a cathodic electroosmotic fl ow.   

   14.    Initially, glass reservoirs were glued onto the lid of the devices 
over the access holes. The reservoirs, however, tended to fall 
off after a couple of hours due to dissolution of the glue in the 
acetonitrile-based buffer solution. Therefore, a Tefl on holder 
with fl uidic reservoirs micromilled into the Tefl on was made, 
which overcame this problem and made the chip operation 
much more convenient.   

   15.    Ammonium acetate can be chosen as the buffer salt for non-
aqueous separations due to its high solubility in acetonitrile 
compared to other commonly used salts. It, however, still has 
a low solubility at the 100 % acetonitrile level, which is why at 
least 5 % water needs to be added to the buffer. The elution 
strength of the buffer can be further increased, if desired, by 
adding tetrahydrofuran (THF) to a 95:5 acetonitrile/water 
mixture. With such a low water content, the current through 
the column is at least one order of magnitude lower (<100 nA) 
than typically encountered with standard aqueous buffers, 
which means that a much higher electrical fi eld strength can be 
applied before being limited by band broadening due to Joule 
heating.   

   16.    The gated injection scheme is described in, e.g., ref.  16 .   
   17.    Traditional chromatography columns are typically stored wet, 

when not in use. The reason for this is that repeated drying of 
the column may affect the integrity of the stationary phase 
material, which is also the case for microfl uidic columns. In 
traditional columns, end caps can be screwed on, which is not 
possible with typical CEC microfl uidic holder designs; there-
fore, the terminal openings are simply covered with Parafi lm, 
and the chip is stored in the fridge. Even slower solvent 
 evaporation can be obtained by fi lling the major part of the 
reservoirs with water. In this case, water should not be sucked 
into the channel network of the chip, but only be fi lled into the 
fl uidic reservoirs in the holder. The high hydrophobicity of the 
column material prevents the bulk part of the water from 
entering the column by capillary forces.         
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    Chapter 14   

 Electrochromatography on Acrylate-Based 
Monolith in Cyclic Olefi n Copolymer Microchip: 
An Attractive Technology 

           Y.     Ladner    ,     G.     Cretier    , and     K.     Faure    

    Abstract 

   Electrochromatography (EC) on a porous monolithic stationary phase prepared within the channels of a 
microsystem is an attractive alternative for on-chip separation. It combines the separation mechanisms of 
electrophoresis and liquid chromatography. Moreover, the porous polymer monolithic materials have 
become popular as stationary phase due to the ease and rapidity of fabrication via free radical photopoly-
merization. Here, we describe a hexyl acrylate (HA)-based porous monolith which is simultaneously in situ 
synthesized and anchored to the inner walls of the channel of a cyclic olefi n copolymer (COC) device in 
only 2 min. The baseline separation of a mixture of neurotransmitters including six amino acids and two 
catecholamines is realized.  

  Key words     Acrylate-based monolith  ,   COC microchip  ,   Electrochromatography  

1      Introduction 

 On the spur of the incredible number of applications developed in 
microfl uidic devices, such as extraction, microreaction, separation, 
and sample preparation [ 1 ], the implementation of porous solid 
supports becomes a requisite in the development of lab-on-chips 
[ 2 ]. Acrylate- or methacrylate-based monoliths are among the 
most popular materials used as stationary phase for electrochro-
matography (EC) in capillary format and microchip [ 3 ]. The main 
advantages of these monolithic supports are the ease and rapidity of 
preparation and the non-requirement of frits [ 4 – 6 ]. These porous 
solids are prepared via free radical photopolymerization which 
allows localization of the monolith in a specifi c separation area [ 7 ]. 

 Electrochromatography (EC) on a monolith support prepared 
within the channels of the microsystem is an attractive on-chip 
separation technique. It combines the separation mechanisms 
of electrophoresis (differences in electrophoretic mobility for ion-
ized analytes) and liquid chromatography (differences in specifi c 
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interactions between solute and stationary phase). This technique 
also allows the implementation of both injection and separation 
within the same device. Moreover, the driving force is generated by 
two electrodes and a power supply, which is easily portable. This 
chip- EC approach has been previously developed in glass microfl u-
idic devices [ 8 ,  9 ]. Recently, cyclic olefi n copolymer (COC) 
emerged as substrate allowing the fabrication of cost-effective and 
solvent- resistant devices [ 10 ]. 

 We previously showed that wall ruggedness was suffi cient to 
hold a non-anchored monolith in a COC device used in EC with-
out pressure, but separation effi ciency remained poor (about 
70,000 plates/m) [ 11 ]. Anchoring of acrylate monolith inside the 
COC microchip channel [ 12 ,  13 ] improves electrochromatographic 
effi ciency (up to 120,000 plates/m). The achievement of effi cien-
cies as high as the ones obtained in glass microchips for neutral 
solutes (e.g., 250,000 plates/m for PAH) requires  furthermore the 
optimization of light intensity during photopolymerization [ 14 ]. 

 Here, we describe an optimized hexyl acrylate (HA) monolith 
which is simultaneously in situ synthesized and anchored to the 
inner walls of the channel of a COC device in only 2 min.  

2    Materials 

 Prepare all solutions using ultrapure water (prepared with a 
PURELAB UHQ II system (Elga, France) to attain a resistivity of 
18 MΩ at 25 °C) and analytical grade reagents. Prepare all reagents 
at room temperature. Diligently follow waste disposal regulations 
when disposing waste materials. 

      1.    Monomers: hexyl acrylate, (HA), 1,3-butanediol diacrylate 
(BDDA), and 2-acrylamido-2-methyl-1-propanesulfonic acid 
(AMPS). Store at 4 °C.   

   2.    Photoinitiator: benzoin methyl ether (BME). Store at 4 °C.   
   3.    Solvents: acetonitrile (ACN) and ethanol, HPLC grade.      

      1.    NDA derivatization solutions: 2.5 mM of naphthalene-2,3- 
dicarboxaldehyde weekly prepared in ACN/water 50/50 v/v, 
43 mM of sodium cyanide (NaCN) weekly prepared in water. 
Store at 4 °C.   

   2.    100 mM pH 9 borate solution weekly prepared by mixing 
500 mM boric acid solution and 125 mM sodium tetraborate 
solution to obtain pH 9. Store at 4 °C.   

   3.    Aqueous solution of neurotransmitters: catecholamines (nor-
adrenaline and dopamine) and amino acids (arginine, 
α-aminobutyric acid (GABA), serine, glycine, glutamic acid, 
and aspartic acid) diluted in water. The concentration of each 
solute is 120 μM. Store at 4 °C.   

   4.    Solvents: acetonitrile (ACN) was HPLC grade.      

2.1  Monolith 
Synthesis

2.2  Primary Amine 
Derivatization
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      1.    Ammonium phosphate (NH 4 H 2 PO 4 ), orthophosphoric acid 
(H 3 PO 4 ), and lithium dodecyl sulfate (LiDS).   

   2.    Acetonitrile (ACN) was HPLC grade.      

      1.    Microfl uidic system: COC Topas 6013 microchips fabricated 
by microfl uidic ChipShop (Germany) exhibit only one 81 mm 
long, 75 μm deep, and 75 μm wide channel.   

   2.    Monolith synthesis system: a Bio-Link cross-linker (VWR 
International, France) equipped with fi ve 8 W UV tubes for 
UV irradiation at 365 nm and a UV radiometer (Vilber 
Lourmat, Germany) for light intensity measurements.   

   3.    Mobile phase preparation: a MeterLab pH meter (Radiometer, 
France) for pH value monitoring in the aqueous part.   

   4.    Electric fi eld application: μTK high power supply (Micralyne, 
Canada) to generate an electrical fi eld that induces electroos-
motic fl ow inside COC microchannels.   

   5.    Electrochromatographic separation monitoring: IX-71 
inverted fl uorescence microscopic system (Olympus, France) 
equipped with XF02-2 100 W mercury lamp (Omega, USA) 
and an excitation fi lter of 405 nm (collection above 500 nm) 
for NDA- labeled solutes (amino acids and catecholamines). 
A CCD camera was combined with NI Vision software 
(Alliance Vision, France) for detection processing.       

3    Methods 

      1.    Prepare the porogenic mixture by mixing 2.4 mL of ACN 
(54 % w/w), 800 μL of ethanol (23 % w/w), and 800 μL of 
water (23 % w/w).   

   2.    Prepare the monomer mixture by mixing 1.243 g of HA 
(66.4 % w/w) and 0.63 g of BDDA (33.6 % w/w).   

   3.    Mix the monomer mixture to the porogenic mixture with a 
monomer to porogen ratio equal to 34.5:65.5 w/w.   

   4.    Add 9.3 mg of AMPS (0.5 % w/w of monomers) to the 
polymerization mixture ( see   Note 1 ).   

   5.    Add 46.8 mg of BME (2.5 % w/w of monomers) to the 
polymerization mixture ( see   Note 2 ).   

   6.    Sonicate for 15 min.   
   7.    Introduce the polymerization mixture in the microchannel by 

pressure using a syringe.   
   8.    Place the microchip in the 365 nm illumination system at 

2.5 cm from the UV tubes. Control that the UV light inten-
sity is 4.7 mW/cm 2  on the UV radiometer ( see   Note 3 ).   

   9.    Apply a UV irradiation of 6 min (which corresponds to an 
energy of 1.9 J/cm 2  on the UV radiometer).   

2.3  Mobile Phase

2.4  Instrumentation

3.1  In Situ Synthesis 
of Monolith

Electrochromatography on Acrylate-Based Monolith in Cyclic Olefi n Copolymer…
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   10.    After irradiation, the monolith present in the reservoirs is 
scraped away.   

   11.    Fill all the reservoirs with ACN/water 70:30 (v/v) +2 mM 
NH 4 H 2 PO 4  + 5 mM LiDS ( see   Note 4 ).   

   12.    Apply an electric fi eld of 620 V/cm for 30 min for rinsing 
purposes ( see   Note 5 ).   

   13.    When not in use, immerse the HA-fi lled COC microchips in 
ethanol for conservation ( see   Note 6 ).      

      1.    Mix 50 μL of 100 mM pH 9 borate solution, 50 μL of 43 mM 
NaCN solution, and 250 μL of 2.5 mM NDA solution in a 
2 mL opaque plastic vial ( see   Note 8 ).   

   2.    Add 100 μL of aqueous solution of neurotransmitters to the 
previous NDA derivatization mixture.   

   3.    Shake rapidly the mixture to get NDA-labeled primary amines. 
Proceed at ambient temperature for 4 min before injection 
( see   Note 9 ).      

      1.    Introduce 2 μL of NDA-labeled primary amines in the inlet 
reservoir for the sampling step ( see   Note 10 ) (Fig.  1 ). Fill the 
outlet reservoirs with mobile phase (ACN/water 50:50 
(v/v) + 2 mM NH 4 H 2 PO 4  + 5 mM LiDS, pH adjusted to 4 
with H 3 PO 4 )   .    

3.2  Derivatization 
Protocol of Primary 
Amines with NDA 
( See   Note 7 )

3.3  Electro-
chromatographic 
Separations

  Fig. 1    Scheme    of the simple direct injection. (A) Sampling step, (B) injection step, 
(C) rinsing step, and (D) separation step (reproduced from [ 11 ] with permission)       
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   2.    Apply an electric fi eld of 125 V/cm for a 10 s injection time to 
introduce the solutes in the separation channel (step B).   

   3.    Wash the inlet reservoir with the mobile phase (step C).   
   4.    Apply an electric fi eld of 620 V/cm for separation (step D) 

( see   Note 11 ) (Fig.  2 ). The separation length is 7 cm.    
   5.    After the separation of eight neurotransmitters, rinse the sepa-

ration channel by application of 620 V/cm during 5 min.   
   6.    When not in use, immerse the HA-fi lled COC microchips in 

ethanol for conservation.       

4    Notes 

     1.    The charged monomer AMPS is added to generate a stable 
electroosmotic fl ow (EOF).   

   2.    The concentration of the photoinitiator BME is fi xed at 2.5 % 
of monomers to allow the synthesis of organic monolith and 
its anchoring to the COC channel walls in one step [ 9 ].   

   3.    In this position, the microchip is irradiated with a light inten-
sity of 4.7 mW/cm 2 , which is optimal for the chip used [ 14 ].   

   4.    LiDS is systematically added to mobile phases to improve the 
wettability of HA monolith with mobile phase containing 
high content of water. Adsorption of the surfactant on the 
surface of the stationary phase decreases the surface tension at 
the interface solid-liquid, which avoids stationary phase drying 
and subsequent current instability. This mechanism was 
reported to make EC analysis on particle columns easier [ 15 ].   

  Fig. 2    Separation of eight neurotransmitters labeled with NDA in HA-fi lled COC 
microchip. Solutes: 1 = arginine, 2 = noradrenaline, 3 = GABA, 4 = serine, 5 = gly-
cine, 6 = glutamic acid, 7 = aspartic acid, 8 = dopamine. Mobile phase: ACN/water 
50:50 (v/v) + 2mM NH 4 H 2 PO 4  + 5 mM LiDS, pH adjusted to 4 with H 3 PO 4 . Separation 
length: 7 cm. Injected concentration of each solute: 120 μM. Injection time: 10 s       
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   5.    The rinsing step allows removing any remaining reagent 
present in the channels fi lled with the HA-based monolith. 
It should proceed until current is stable.   

   6.    The microchip can be stored in ethanol during 3 months with-
out degradation of electrochromatographic performances of 
HA monolith.   

   7.    For fl uorescence detection, the primary amine function of the 
different solutes was labeled off-line with NDA before 
injection.   

   8.    The derivatization protocol is adapted from a previous work 
[ 16 ]. The storage in an opaque plastic vial prevents the degra-
dation of NDA-labeled primary amines under the infl uence of 
light.   

   9.    The stability of the NDA derivatization mixture is 2 h.   
   10.    Sample injection in the separation channel is performed by 

using the simple direct injection procedure introduced in a 
previous publication [ 11 ].   

   11.    At pH 4, the NDA-derivatized catecholamines with p K a of 
their catechol function of about 6–7 are undissociated and can 
be considered as neutral. Their migration in HA monolith 
entirely results from a chromatographic process. On the other 
hand, the carboxylic acid function of free alpha-amino acids is 
nearly totally dissociated (p K a = 2.1–2.4). So serine, glycine, 
glutamic acid, and aspartic acid are anionic, and interplay 
between electrophoretic and chromatographic processes con-
trols their migration. Since the carboxylic function of GABA 
exhibits a p K a of 4.2, and the electrolyte is not buffered, its 
migration time can vary and special attention should be paid 
for the preparation and replenishment of fresh mobile phase. 
With a p K a of 12.5, the guanidinium group of arginine is pos-
itively charged, and NDA-derivatized arginine is globally neu-
tral. But its high polarity results in a low retention on HA 
monolith. With no electrophoretic mobility and weak chro-
matographic retention, NDA-derivatized arginine almost 
migrates along the electroosmotic fl ow.         
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    Chapter 15   

 On-Chip Electromembrane Extraction for Monitoring 
Drug Metabolism in Real Time by Electrospray 
Ionization Mass Spectrometry 

           Nickolaj     J.     Petersen     ,     Henrik     Jensen    , and     Stig     Pedersen-Bjergaard   

    Abstract 

   Sample preparation is an essential step in any bioanalytical procedure and very often the most challenging step 
in method development. Most of the currently used methods require a relatively large amount of sample and 
are time consuming. Here, we describe a new approach based on electromembrane extraction (EME) inte-
grated in microfl uidic polymer chips. This procedure is fast, requires only small amounts of sample, and may 
thus be used for monitoring drug metabolism and the formation of metabolites in real time.  

  Key words     Electromembrane extraction  ,   Drug metabolism  ,   Mass spectrometry  

1      Introduction 

 The choice of sample preparation method is dependent on the ana-
lyte, sample matrix, and requirements for sensitivity, specifi city and 
speed. From a practical point of view, the ability to automate and 
integrate sample preparation with other parts of the analytical pro-
cedure is often an issue. The present chapter will focus on the coupling 
of electromembrane-based sample preparation in microfl uidic 
systems. Electromembrane-based sample preparation has been 
utilized in larger systems [ 1 – 3 ]. The electromembrane extraction 
(EME) system is composed of a donor phase (metabolic reaction 
mixture), an acceptor phase compatible with MS detection (10 mM 
formic acid), and an organic solvent (oil)-fi lled porous membrane 
(typically polypropylene with immobilized 2-nitrophenyl octyl 
ether) separating the two aqueous phases. An electric fi eld is 
applied across the membrane, which causes charged analytes to be 
transported from the donor to the acceptor phase across the mem-
brane. The extraction effi ciency of the analytes is dependent on the 
analyte charge, applied potential, and partition coeffi cient (Log  P ). 
Switching polarity of the applied potential will thus lead to 
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extraction of analytes with an opposite charge. The magnitude of 
the applied potential also affects the partitioning of the analyte ions 
into the membrane and may thus be used to discriminate between 
analytes of similar charge [ 4 ]. 

 Microfl uidic systems have a number of key advantages com-
pared to more established methods. In microfl uidics, generally, 
nanoliter- to microliter-sized samples are analyzed which are 
several orders of magnitude smaller than the sample volume 
requirements using other methods. Furthermore, several steps of 
the analytical method may be integrated on the microchip, such as 
electrophoretic separation and detection. The integration of the 
entire analytical method on a single microchip enables a high level 
of automation to be achieved. 

 Many biochemical reactions take place in highly complex 
matrices and therefore require an effective sample preparation of 
small amounts of material for a successful analysis. 

 The main advantage of the microchip EME setup is that we 
obtain online sample pretreatment that removes both small ions 
and proteins of the biological samples that otherwise will cause 
problems with MS detection and with electrophoretic separations, 
and at the same time the setup concentrates our analytes of 
interest. The shallow microchannels are only 50 μm deep and 
therefore allow fast extraction kinetics due to the short diffusion 
distances, and the low volume also minimizes sample and reagent 
consumption. The enrichment of the drugs and metabolites is eas-
ily controlled by the acceptor/sample solution fl ow rate. 

 Being able to monitor drug metabolism in real time will reveal 
if transient toxic drug metabolites are formed. From a drug devel-
opment point of view, there is for this reason an interest in new 
tools and technologies for monitoring drug metabolism and simul-
taneous quantifi cation of drug metabolites. 

 Here, practical considerations on chip fabrication, on-chip 
integration of EME-based sample preparation, and hyphenation to 
mass spectrometry-based detection are described.  

2    Materials 

 Prepare all solutions using deionized water (18 MΩ cm at 25 °C) 
and analytical grade reagents. 

      1.    1.0 M potassium phosphate buffer, pH 7.4 (stock solution) 
( see   Note 1 ). 

 Weigh 34.2 g potassium dihydrogen phosphate (KH 2 PO 4 ) 
in a 250 mL graduated cylinder or volumetric fl ask; add 
190 mL water. Dissolve and adjust pH to 7.4 with 5 M 
KOH. Fill up with water to 250 mL.   

2.1  Buffer 
and Reagents Used 
for the Metabolic 
Reaction Mixture
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   2.    100 mM potassium phosphate buffer. Dilute the 1.0 M 
potassium phosphate buffer tenfold.   

   3.    100 mM MgCl 2  (stock solution). Weigh 5.08 g magnesium 
chloride hexahydrate (MgCl 2 ·6H 2 O) in a 250 mL graduated 
cylinder or volumetric fl ask. Dissolve in approximately 200 mL 
water. Fill to the mark with water and mix.   

   4.    Acceptor solution: 10 mM formic acid. Fill approximately 
200 mL water in a 250 mL graduated cylinder or volumetric 
fl ask. Add 94 μL of concentrated formic acid (98–100 %). Fill 
to the mark with water and mix.   

   5.    10 mM β-nicotinamide adenine dinucleotide 2′-phosphate 
reduced tetrasodium salt hydrate (NADPH) (stock solution). 
Weigh approximately 25 mg of NADPH; dissolve in 0.12 mL 
water per mg of NADPH measured ( see   Note 2 ).   

   6.    1.00 mg/mL (3.19 mM) stock solution of amitriptyline 
hydrochloride. In the reaction mixture, the fi nal drug concen-
tration is 1–10 μM ( see   Note 3 ). Weigh 25.0 mg amitriptyline 
hydrochloride (MW 313.86 g/mol) in a 25.0 mL volumetric 
fl ask, dissolve in 10 mM formic acid, and fi ll to the mark 
( see   Note 4 ).   

   7.    35.0 μM stock solution of amitriptyline hydrochloride. From 
the 1.00 mg/mL drug solution, prepare a 35.0 μM stock 
solution in 100 mM phosphate buffer, pH 7.4. Add 1.5 mL of 
the 1.0 M potassium phosphate buffer, pH 7.4, to a 15 mL 
volumetric fl ask, add 165 μL of the 1.00 mg/mL amitriptyline 
hydrochloride stock solution, fi ll to the mark with water, and 
then mix.   

   8.    Rat liver microsomes (RLM) (male Sprague-Dawley, pooled) 
20 mg/mL, BD Biosciences (San Jose, CA, USA) ( see   Note 5 ).      

      1.    Polymethyl methacrylate (PMMA) plates Plexiglas ®  XT klar 
(Nordisk Plast A/S, Randers, DK), approximately 2 mm thick 
and cut in squares of 5 cm × 5 cm ( see   Note 6 ).   

   2.    Porous polypropylene membrane, 25 μm thick and having 
pore sizes of 0.21 × 0.05 μm and porosity of 55 % (Celgard 
2500 microporous membrane, Celgard, Charlotte, NC, USA).   

   3.    2-Nitrophenyl octyl ether (NPOE) obtained from Fluka 
(Buchs, Switzerland) was used for the supported liquid 
membrane (SLM).   

   4.    1.5 cm platinum electrode, 76 μm OD (Sigma-Aldrich, St 
Louis, MO, USA).   

   5.    CNC micro-milling machine (Folken M3400 E CNC mini 
mill, Folken Industries, Glendale, CA, USA).   

   6.    Mill and drill bits (KYOCERA Corporation Cutting Tool 
Group, Kyoto, Japan,   www.kyoceraMicroTools.com    ).   

2.2  Material for Chip 
Fabrication

On-Chip Electromembrane Extraction for Monitoring Drug Metabolism in Real Time…

http://www.kyoceramicrotools.com/


174

   7.    Vacuum sealer bag (FoodSaver ®  GameSaver ®  heat seal rolls, 
Jarden Corporation, Rye, NY, USA).   

   8.    Vacuum sealing device (FoodSaver ® ).      

      1.    Microsyringe pumps (KDS-100-CE syringe pump, KD 
Scientifi c, Holliston, MA, USA).   

   2.    Variable DC power supply (EL302T Triple power supply, 
Thurlby Thandar Instruments Ltd, Camps, UK).   

   3.    Overhead stirrer (IKA ®  EUROSTAR digital, IKA®-Werke 
GmbH & Co. KG, Staufen, Germany).       

3    Methods 

   The chip consists of the 25 μm thick porous polypropylene mem-
brane bonded in between two PMMA plates with channel struc-
tures facing the membrane. The channels in both the top and 
bottom substrates should be 2.0 mm wide and 6.0 mm long and 
approximately 50 μm deep ( see   Note 7 ):

    1.    The channels are milled using a CNC micro-milling machine 
( see   Note 8 ).   

   2.    For the fl uidic connections, 1.60 mm holes are drilled at the 
ends of the 6 mm channels.   

   3.    The access holes are then slightly tapered opposite to the 
channel structures using a 2 mm drill ( see   Note 9 ).    

    Bonding of the PMMA substrates with the shallow (50 μm deep and 
2.0 mm wide) channels is achieved by solvent-assisted bonding 
where the solvent (ethanol) slightly modifi es the PMMA surface and 
allows bonding well below the glass transition temperature of PMMA 
( see   Note 10 ). A clean environment is essential as particles and fi n-
gerprints will affect the bonding ( see   Note 11 ); hence, wear gloves:

    1.    Cut a piece of the porous polypropylene membrane 
( see   Note 12 ).   

   2.    To remove particles and debris, the PMMA substrates are 
cleaned under running deionized water, and then the surface 
is washed with ethanol.   

   3.    Place the cleaned membrane and milled substrates in an LAF 
bench (laminar fl ow cabinet) ( see   Note 11 ).   

   4.    Using a squirt bottle with ethanol, the plates are rinsed once 
again but now in the LAF bench to remove any leftover par-
ticles. Use compressed air to blow-dry the surface at a low 
angle to the surface.   

   5.    Allow the substrates to dry on clean room wipes.   

2.3  Material 
for Setting 
Up the Device

3.1  Chip Fabrication

3.1.1  Micro Milling

3.1.2  Bonding
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   6.    Cut a 1.5 cm piece of the 76 μm Pt wire and thread it through 
the 1.60 mm holes so that it lies in the milled microchannel 
( see   Note 13 ).   

   7.    Wet the membrane with ethanol and allow excess ethanol to 
drip off ( see   Note 14 ).   

   8.    Place the moist membrane on top of the substrate having the 
platinum electrode placed in the channel and then sandwich 
the cover substrate on top also having channels facing the 
membrane.   

   9.    Pull the two ends of the platinum electrode so that the elec-
trode lies straight into the channel.   

   10.    Press the sandwiched structure fi rmly together.   
   11.    Hold the device in an upright position, and using compressed 

air, gently blow with a distance of a few cm toward one of the 
reservoirs. This airfl ow causes the ethanol to be pushed/dried 
out of the microchannel, while the membrane is left moist 
where bonding is required. Apply this procedure from both 
sides of the device ( see   Note 14 ).   

   12.    Place the device in a vacuum sealer bag and vacuum seal. Press 
the device fi rmly together and inspect device visually through 
the transparent bag ( see   Note 15 ).   

   13.    Place the sealed bag with the sandwiched structure in a 70 °C 
oven for 10–15 min.   

   14.    Remove the bag from the oven and cut it open.    

        1.    The reaction chamber can be made from a 9 mm ID, polypro-
pylene test tube ( see   Note 16 ).   

   2.    The reaction chamber for the metabolic reaction is maintained 
at 37 °C by circulating water ( see   Note 17 ).       

       1.    Before connecting the reaction chamber and tubings to the 
extraction device, 0.2 μL NPOE is loaded directly onto the 
membrane from one of the reservoirs using a pipette. The 
NPOE will fi ll the nanoporous membrane in the extraction 
channel by capillary forces ( see   Notes 18 – 20 ).   

   2.    Standard HPLC tubing (stainless steel or PEEK) with an 
OD of 1/16 in. can be used for the fl uidic connections. 
The 1/16 in. OD tubing fi ts perfectly into the 1.60 mm ID 
access holes allowing almost zero dead volume in the connec-
tions ( see   Notes 21  and  22 ).   

   3.    The inlet at the acceptor channel is connected using standard 
HPLC steel tubing. The steel tubing allows for easy applica-
tion of the extraction voltage, Fig.  1  ( see   Notes 23  and  24 ).    

   4.    The outlet of the acceptor channel is coupled with a nanospray 
capillary compatible with the electrospray ionization (ESI) 

3.1.3  Reaction Chamber

3.2  Setup

3.2.1  Setting 
Up the Device
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source of the MS ( see   Note 21 ). The setup can be used with 
basically all MS instruments having a grounded electrospray 
needle ( see   Note 25 ).   

   5.    The tubing for the outlet channel of the sample side should 
preferably be a transparent tube to assure no leaks are present 
( see   Note 26 ). Since electrical contact is applied at the sample 
outlet, the tubing should have an internal electrode ( see   Notes 
23  and  24 ). Electrical contact can be applied at a steel union 
further down the tube (Fig.  1 ).   

   6.    The fl ow to the device is delivered by two microsyringe pumps. 
It is important to have leak-tight connections ( see   Note 22 ). 
Pumping is optimal for the system but not suitable for the 
given application ( see   Note 26 ).   

   7.    The electrodes are connected to a variable DC power supply. 
This power supply allows the cathode (acceptor side) to be 
connected to ground ( see  Fig.  1 ). +15 V is applied to the sam-
ple outlet ( see   Note 27 ).   

   8.    Stirring in the reaction chamber is performed with an over-
head stirrer ( see   Note 28 ).      

  The setup may as well be coupled with an autosampler instead of 
the reaction chamber. This is desirable if one would like to obtain 
standard curves for the model analytes ( see   Note 29 ).   

3.2.2  Interfacing 
with an Autosampler

  Fig. 1       Schematic illustration and photo of the on-chip system for real-time measurement of drug metabolism 
[ 5 ]. Reproduced with permission from the Royal Society of Chemistry       
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  Prior to each metabolic experiment, the EME chip should be 
connected with tubings, and the tubing on the acceptor side is 
fi lled with 10 mM formic acid, while the one on the sample side 
is fi lled with 100 mM potassium phosphate buffer ( see   Note 30 ):

    1.    Turn on the circulating water (37 °C) for the reaction 
chamber. Make sure all connections are leak tight.   

   2.    Fill 50 μL of 100 mM MgCl 2 , 100 μL 1.0 M potassium phos-
phate buffer (pH 7.4), and 600 μL deionized water into the 
reaction chamber and initiate the stirring at 800 rpm.   

   3.    Allow the system to temperature equilibrate (4 min).   
   4.    Turn on the acceptor solution fl ow 3 μL/min (syringe pump) 

and suction of the acceptor solution 20 μL/min (syringe 
pump) ( see   Note 31 ).   

   5.    Turn on the extraction voltage 15 V ( see   Note 27 ) and allow 
the MS signal to stabilize for a few minutes.   

   6.    Add 100 μL of 35.0 μM drug substance to the reaction 
chamber and wait for the MS signal for the drug substance to 
stabilize, Fig.  2a .    

   7.    Add 50 μL of 20 mg/mL rat liver microsomes to the reaction 
chamber (Fig  2b ). Allow the MS signal for the drug substance 
to stabilize.   

3.3  Metabolic 
Experiment

  Fig. 2    MS signal versus time for in-vitro metabolism of 10 μM amitriptyline by rat liver microsomes. (a) 
    t  = 4.0 min: 100 μL solution of 100 μM amitriptyline added to the reaction chamber. (b)  t  = 7.3 min: 100 mL 
solution of rat liver microsomes (10 mg protein per mL) added. (c)  t  = 12.7 min: 100 μL solution of 10 μM 
NADPH added. Supported liquid membrane: NPOE, sample fl ow, 20 μL/min; acceptor phase, 20 μL/min of 
10 mM HCOOH; extraction voltage, 15 V [ 5 ]. Reproduced with permission from the Royal Society of Chemistry       
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   8.    Add 100 μL of 10 mM NADPH as cofactor and the metabolic 
reaction is initiated (Fig  2c ). During the next 30–60 min 
( see   Note 32 ), operate the MS in the full scan mode to moni-
tor both the parent drug and the metabolites extracted by the 
EME device.   

   9.    The response time of the system can easily be observed from the 
time delay between changing the composition in the reaction 
chamber and the MS response. Part of this response time is the 
transport to the ESI after the extraction ( see   Note 33 ).    

4       Notes 

     1.    Cell-culturing buffers from major chemical suppliers at physi-
ological pH can also be obtained. These buffers may in addi-
tion to the buffer salts also contain variable amounts of NaCl, 
KCl, MgSO 4 ,  D -glucose, amino acids, and vitamins. Hanks’ 
balanced salt solution (HBSS), Williams’ medium E, and 
Dulbecco’s Modifi ed Eagle medium have all been tested with 
the microchip EME setup showing similar performance and 
without interfering ions in the MS signal [ 5 ].   

   2.    NADPH is stored at −20 °C. The gumlike consistence of 
NADPH makes it diffi cult to weigh a required predetermined 
amount if using a volumetric fl ask. For this reason and since 
NADPH is relatively expensive, we recommend to weigh a 
small portion and dissolve in an appropriate amount of water to 
achieve the desired concentration. The prepared solution can be 
divided in several Eppendorf vials and stored at −90 °C until use 
(100 μL 10 mM NADPH is required for each experiment).   

   3.    Other drug substances can be used in combination with the 
system, but may require optimization with regard to the 
organic liquid immobilized in the pores of the membrane and 
the extraction polarity and voltage [ 6 ].   

   4.    Preparing the drug solution in formic acid both enhances the 
solubility of the alkaline drug substance and allows the standard 
to be injected directly into the MS to obtain a standard curve.   

   5.    Rat liver microsomes are usually supplied in Eppendorf test 
tubes and stored at −90 °C. For each experiment, only 50 μL 
is needed, and to avoid unnecessary thawing and freezing of 
the RLM, the solution can be divided into individual test tubes 
and stored at −90 °C. After thawing and before dividing into 
the smaller volumes, the RLM is vortexed (using a vortex 
mixer) to get a homogeneous solution.   

   6.    The glass transition temperature of PMMA varies from sup-
plier to supplier (typically in the range from 85 to 160 °C), 
but this has no infl uence on our bonding method ( see   Notes 
10, 14,  and  15 ).   
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   7.    Several parallel extraction channels can be micro-milled on the 
same substrate. This saves time during the fabrication since the 
time-consuming step is the cleaning of the substrates before 
bonding. We make fi ve extraction channels separated 5.0 mm 
apart on each plate.   

   8.    The CNC milling station is operated with    8,000 rpm and a scan 
speed of 2 mm/s. While milling, the drill tool and PMMA surface 
are wetted with detergent solution to dissipate the heat generated. 
The channels are milled using a 2.00 mm end mill, and the 
through holes for the connections are made with a 1.60 mm drill.   

   9.    The through holes to the membrane were 1.60 mm ID and 
made a perfect fi t for standard 1/16 in. OD tubing. The tapering 
allows easy insertion of the tubes or sleeves. The tapering can 
be done by rotating the drill bit between two fi ngers while 
inserted into the 1.60 mm hole (NB! The tapering should be 
done on the opposite side of the channel structures).   

   10.    Heating the PMMA close to the glass transition temperature 
while the substrates are mechanically pressed together is typi-
cally used for bonding polymer devices (fusion bonding) with 
larger channel structures. For the current device, fusion bonding 
is not recommended since the 2 mm wide and only 50 μm 
deep channel may collapse.   

   11.    The LAF bench will minimize the amount of particles in the 
air that otherwise will affect the bonding of the device.   

   12.    Make a small cut at the edge of the membrane using scissors, and 
then one can easily tear the membrane to get a uniform width.   

   13.    The    platinum wire serves two purposes: fi rstly, it provides 
electrical contact for the EME extraction (donor side) and, 
secondly, it makes sure the fl exible membrane does not block 
the fl ow when suction is applied ( see   Note 26 ).   

   14.    Ethanol will facilitate the bonding by modifying the surface of 
the polymer. If ethanol is present in the channel, it may dissolve 
and redeposit PMMA in the channel which may both modify 
the channel geometry and lead to blocking of the channel.   

   15.    The vacuum sealer bag serves three purposes: fi rst of all, it 
works as a press holding the sandwiched structure in close con-
tact, required for the bonding. The clamping force (1 bar) is 
uniform on the whole surface. Second, the transparent bag 
allows easy visualization if particles or craters are present in the 
device before the actual bonding. If the visual evaluation shows 
particles close to the extraction channel, then the device can be 
disassembled and cleaned once again. Third, it makes the vapors 
of ethanol stay longer in between the plates required for the 
solvent-assisted bonding (vapor-assisted bonding). Using liq-
uid solvent-assisted bonding, the polymer may redeposit in the 
channels thereby modifying the channel dimensions or closing 
the channel, while the vapors have no such redeposit effect.   
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   16.    Polypropylene is the standard polymer for many laboratory 
vials and test tubes. It has the advantage of being slightly elastic 
and not being brittle. Drilling a 1.55 mm hole in the bottom 
and inserting a 1/16 in. OD PEEK tubing can provide a 
leak-tight connection that makes it possible to use a short 
connection tubing since no fi ttings are required. The short 
tubing will minimize the dead volume toward the SLM.   

   17.    A simple water jacket for the temperature control can be made 
from a plastic 10 mL syringe (Fig.  1 ); ask your local workshop 
for help.   

   18.    When fi lling the membrane with NPOE, the appearance of the 
porous membrane changes from white to transparent.   

   19.    If a part of a the channel is not being fi lled, the applied NPOE 
can be forced further down the channel by gently blowing 
with compressed air.   

   20.    The immobilized SLM can be used for many days if it is kept 
with aqueous solution on both sides of the membrane.   

   21.    Upchurch Scientifi c (IDEX Corporation, Oak Harbor, WA, 
USA) supplies NanoTigth™ Tefl on sleeves having 1/16 in. 
OD. These sleeves come with different IDs that can be used if 
special spray capillaries are used for the ESI.   

   22.    Leak-tight connections can be made in several ways by fabri-
cating a chip holder using commercial fi ttings. If no such 
holder is available, the simplest way is to glue the tubings to 
the device; however, in this case special care should be taken to 
the choice of the glue. Using NPOE as the SLM, we found 
that, even though the glue is not in direct contact with the 
SLM, components in the glue may modify the extraction per-
formance. This is most probably due to the different solvents 
and initiators in the different types of glue. It is recommended 
to use a hot melt glue which shows no interference with the 
extraction performance [ 7 ].   

   23.    The electrodes used for the electromembrane extraction 
should preferably be placed as close as possible to the SLM, to 
assure that the applied voltage drop mainly is applied across 
the membrane and not in the connection tubings.   

   24.    As in any electric system, reduction/oxidation will take place at the 
electrodes. The amount is proportional to the current in the 
system. Analytes have the risk of being oxidized or reduced in 
the system, but in most cases the most predominant redox 
process will be from the oxidation/reduction of water. In the 
double fl ow system, the possibility of electrochemical degrada-
tion of the sample is eliminated by having the electrode for the 
EME in the outlet of the donor channel (see Fig.  1 ). At the inlet 
reservoir on the acceptor side, standard HPLC steel tubing is 
used for the connection. The suggested electrode confi guration 
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will minimize problems of the analyte and metabolites being 
oxidized/reduced. If pronounced electrolysis takes place, the 
electrolysis may result in the formation of gas bubbles (H2 and/
or O2), which could block electrical contact.   

   25.    It is important that the spray needle for the MS is grounded 
for safety reasons so no high voltage can be delivered to the 
chip. The microchip EME setup has successfully been used in 
combination with Bruker Esquire LC-MS ion traps (model 
G1979A, Bruker Daltonics Inc., Billerica, MA) as well as 
Agilent. 1100 Series LC/MSD ion traps (G2445, Agilent 
Technologies, Santa Clara, CA, USA).   

   26.    Accurate fl ow rates are easy to apply using microsyringe 
pumps, but for the metabolic reaction mixture, this will not be 
suitable since oxygen is used for the metabolic reaction. To 
allow access to air/oxygen, the reaction solution is delivered 
to the EME channel by suction at the outlet reservoir. When 
applying suction, it is very important to have leak-tight con-
nections since air easily can get into the fl ow and modify the 
fl ow rate or disturb the electrical contact. Using transparent 
tubing at the outlet allows the user to observe if any bubbles 
are introduced in the system.   

   27.    Different compounds may have different voltage selectivity. 
In this description, 15 V was the optimum for amitriptyline and 
its metabolites. Usually the extraction reaches a plateau where 
an increase in voltage will not increase the extraction perfor-
mance. Preferably the voltage should be kept as low as possible 
since the current will increase with the applied voltage.   

   28.    Since the reaction chamber is placed on top of the microfl uidic 
EME chip, a traditional magnetic stirrer cannot be used since 
chamber and EME chip cannot be placed close to the magnet 
stirring bar.   

   29.    In the given EME setup, the acceptor solution is grounded, 
and the sample side of the chip is connected to the DC power 
supply for enhancing the extraction. Care should be taken if 
coupling an autosampler to the sample setup since the con-
fi guration may modify the actual extraction voltage across the 
membrane. The autosampler and loop are normally grounded 
and may therefore modify the extraction voltage depending 
on the actual confi guration. We have successfully coupled the 
autosampler to the system just by not grounding the autosam-
pler (using a power cable without ground connection).   

   30.    The same device can be used several days if the system is left 
wet with water in the channels. Care should be taken not to 
keep the extraction voltage on during storage since the steel 
tubing may corrode and block the tubing.   
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   31.    The ratio of the acceptor and sample fl ow will determine the 
possible concentration factor. The lower the acceptor fl ow, the 
higher the concentration of the extract. The spray stability and 
ionization effi ciency also depend on the fl ow rate delivered to 
the given ESI source and spray capillary. To obtain the highest 
sensitivity, one may optimize the acceptor fl ow in the range of 
3–20 µL/min while extracting the analyte and observing the 
MS signal.   

   32.    The required analysis time is dependent on the speed of the 
metabolism; with a sample fl ow of 20 µL/min, one can study 
the metabolism for 50 min.   

   33.    After the extraction, any further metabolism is prevented since 
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    Chapter 16   

 Sample Preparation for N-Glycosylation Analysis 
of Therapeutic Monoclonal Antibodies by Electrophoresis 

           Ákos     Szekrényes    ,     Jan     Partyka    ,     Csaba     Varadi    ,     Jana     Krenkova    , 
    Frantisek     Foret    , and     András     Guttman    

    Abstract 

   There are a considerable number of biopharmaceuticals that have been approved for clinical use in the past 
decade. Over half of these new generation drugs are glycoproteins, such as monoclonal antibodies or other 
recombinant glycoproteins, which are mostly produced in mammalian cell lines. The linked carbohydrate 
moieties affect not only their physicochemical properties and thermal stability but also crucial features like 
receptor-binding activity, circulating half-life, as well as immunogenicity. The structural diversity of these 
attached glycans can be manifested in altered monosaccharide composition and linkages/positions among 
the monosaccharide building blocks. In addition, as more and more biosimilar products hit the market, 
understanding the effects of their glycosylation modifi cation has become a recent target in effi cacy and 
safety issues. To ensure consistent quality of these products, glycosylation profi les have to be monitored 
and controlled in all steps of the manufacturing process, i.e., from clone selection to lot release. In this 
paper, we describe some of the recently introduced and commonly used sample preparation techniques for 
capillary electrophoresis (CE)-based profi ling and structural elucidation of N-glycans. The presented pro-
tocols include protein A affi nity partitioning of monoclonal antibodies (mAbs), enzymatic release of the 
N-linked glycans, labeling of the liberated carbohydrates, reaction mixture purifi cation techniques to 
remove the excess labeling reagent, and high-resolution and rapid capillary electrophoresis-laser-induced 
fl uorescence (CE-LIF)-based profi ling of the labeled and purifi ed N-glycans.  

  Key words     Biopharmaceuticals  ,   Therapeutic monoclonal antibody  ,   N-glycan analysis  ,   Fluorophore 
labeling  ,   Capillary electrophoresis  

1      Introduction 

 Glycosylation is one of the most important and complex posttrans-
lational modifi cations on the majority of new biotherapeutic drugs. 
Glycoproteins are typically produced as mixtures of different gly-
coforms having the same polypeptide backbone but differing in 
glycosylation site specifi city (macroheterogeneity) and in the struc-
tures at a same site (microheterogeneity) [ 1 ]. It is well known that 
these attached carbohydrate chains are very important from the 
point of view of quality by design (QbD) in biopharmaceutical 
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manufacturing because of their signifi cant infl uence on activity and 
effi cacy. Since glycan biosynthesis and processing are exquisitely 
responsive to the host cell type and growth environment, changes 
may occur in the glycosylation profi le of different production 
batches of the innovative drug but also in their follow-up versions 
(biosimilars) [ 2 ]. Meanwhile, there have been reports of adverse 
events caused by nonhuman glycosylation moieties due to the 
presence of immunogenic residues, such as α-1,3-Gal or 
N-glycolylneuraminic acid [ 3 ]. Therefore, it is crucial to maintain 
the carbohydrate distribution profi le of glycosylated biopharma-
ceuticals for effi cient and safe use [ 4 ,  5 ]. Advances are continually 
being made in the biotechnology industry to minimize glycan het-
erogeneity and improve the sensitivity and specifi city of the analyti-
cal assays used to identify and quantify possible glycosylation 
changes. In spite of the fact that several analytical techniques and 
assays have already been implemented and validated for the charac-
terization of these complex molecules, rapid and comprehensive 
profi ling and quantitation of all glycoforms are still a challenging 
task. One of the most powerful bioseparation techniques for 
detailed N-linked glycosylation analysis of biotherapeutics is capil-
lary electrophoresis combined with laser-induced fl uorescent 
(CE-LIF) detection [ 6 – 10 ]. Different CE-based assays can be used 
to characterize the drug during the manufacturing process, trou-
bleshoot production problems, and demonstrate biosimilarity or 
comparability. 

 In this protocol, we introduce some of the most effi cient sam-
ple preparation methods for CE-LIF analysis of complex carbohy-
drates. Usual protocols start with affi nity partitioning of the 
formulated or crude monoclonal antibody product using protein A 
resins. This step is essential for the complete removal of all addi-
tives and formulation ingredients, which can affect glycan labeling 
or the consequent CE-LIF analysis. Next, we describe some of the 
commonly used in-solution N-glycan release method using 
peptide- N-glycosidase F (PNGase F). The affi nity partitioning and 
glycan release steps are followed by fl uorophore labeling of the 
liberated glycans and the removal of the excess labeling material. 
Finally, we describe the optimal capillary electrophoresis analysis 
parameters for the labeled N-linked glycans in respect to regular 
profi ling (high resolution) and rapid screening (low resolution).  

2    Materials 

 Always use HPLC grade or ultrapure water (18 MΩ cm at 25 °C) 
for all solutions and buffers in all procedures. In addition, all 
reagents should be microbiology or HPLC grade unless otherwise 
stated. The use of powder-free, nitrile gloves for all sample  handling 
procedures is important too. Ensure that all glass, plasticware, 

Ákos Szekrényes et al.



185

and solvents are free of glycosidases and possible environmental 
carbohydrate contaminations. All procedures should be performed 
using appropriate personal safety protection, laboratory coat, 
eyeglasses, and nitrile gloves. The labeling reactions should be 
performed in a fume hood. 

      1.    Crude or formulated mAb sample.   
   2.    1× PBS buffer, pH 7.2.   
   3.    200+ PhyTip protein A columns with 5 μL bed volume 

(Phynexus Inc., San Jose, CA). 
 All PhyTip protein A columns are supplied with buffers and 

reagents including:
    Capture buffer : provided for those situations where additional 

buffer is needed to supplement sample volume and ensure 
correct capture pH.  

   Wash buffer I : phosphate buffer solution, pH 7.4.  
   Wash buffer II : saline solution.  
   Enrichment buffer : phosphate buffer solution, pH 2.5.  
   Neutralization buffer : Tris buffer solution, pH 9.0.      

   4.    Rainin PureSpeed (Rainin Instrument LLC, Oakland, CA, 
USA) electronic semiautomated multichannel pipette (8 or 12 
channels).   

   5.    96-well plate, 0.5 mL/well capacity.   
   6.    0.2-mL fl at cap PCR tubes.   
   7.    100 mM sodium carbonate buffer (pH 9.0) to replace the 

neutralization buffer.   
   8.    20 mM sodium carbonate buffer, pH 7.0.   
   9.    10 % acetic acid in water to replace the enrichment buffer.   
   10.    10 kDa cutoff spin fi lters (Nanosep 10k Omega, Pall, Port 

Washington, NY, USA).   
   11.    Microcentrifuge equipped with a rotor suitable for 2.0-mL 

microfuge tubes and capable to provide 17,200 ×  g .   
   12.    Centrifugal vacuum evaporator (e.g., SpeedVac).      

      1.    50 mM dithiothreitol (DTT) in water.   
   2.    50 mM iodoacetamide (IAM) in water.   
   3.    20 mM NaHCO 3 , pH 7.0.   
   4.    Peptide-N-glycosidase F (ProZyme, Hayward, CA, USA).   
   5.    0.2-mL fl at cap PCR tubes.   
   6.    PCR thermocycler or other general microvial-based heating 

devices capable to provide stable 65 and 37 °C temperature.   
   7.    15 % acetic acid in water.   

2.1  Protein A Affi nity 
Partitioning Using 
PhyTip 200+ Columns

2.2  In-Solution 
N-Glycan Release 
and APTS Labeling 
of N-Glycans

Sample Preparation for N-Glycosylation Analysis of Therapeutic Monoclonal…
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   8.    8-Aminopyrene-1,3,6-trisulfonic acid (APTS) (Beckman 
Coulter, Brea, CA, USA).   

   9.    1 M sodium cyanoborohydride in tetrahydrofuran (THF).   
   10.    10 mg/mL APTS solution in 15 % acetic acid.   
   11.    10 kDa cutoff spin fi lters (Nanosep 10 k Omega, Pall, Port 

Washington, NY, USA).   
   12.    Microcentrifuge equipped with a rotor suitable for 2.0-mL 

microfuge tubes and capable to provide 17,200 ×  g .   
   13.    Centrifugal vacuum evaporator.   
   14.    Vortex mixer.   
   15.    Pipettors and disposable pipette tips (P5/P10, P200, and 

P1000).   
   16.    Miscellaneous labware for buffers and dilutions.      

      1.    1000+ PhyTip normal phase columns with 20 μL bed volume.   
   2.    Rainin multichannel 100–1000-μL pipettor (8 channels).   
   3.    Acetonitrile (100 %, HPLC grade).   
   4.    20 % acetonitrile in water.   
   5.    95 % acetonitrile in water.   
   6.    96-deep-well plate 2 mL/well.   
   7.    Centrifugal vacuum evaporator.   
   8.    0.2-mL fl at cap PCR tubes.      

      1.    GlykoPrep Digestion Module (ProZyme) includes:
 ●    Digestion (RX) cartridges (24 cartridges).  
 ●   Immobilization reagent set.  
 ●   Denaturation reagent.  
 ●   Blocking reagent.  
 ●   Digestion reagent set.  
 ●   N-Glycanase.  
 ●   25× digestion buffer.  
 ●   Finishing reagent.  
 ●   Aluminum sealing fi lm.      

   2.    GlykoPrep APTS Cleanup Module (ProZyme) includes:
 ●    5× APTS sample loading buffer.  
 ●   Cleanup (CU) cartridges (24 cartridges).      

   3.    Acetonitrile (HPLC grade).   
   4.    Microcentrifuge (capable of 50–1,000 ×  g ) and rotor suitable 

for 1.5-/2.0-mL microcentrifuge vials.   
   5.    Heater and heating block accommodating 0.2-mL PCR tubes.   
   6.    Centrifugal vacuum evaporator.   

2.3  APTS Cleanup 
Using 1000+ PhyTip 
with 20 μL Normal 
Phase Resin

2.4  Sample 
Preparation Using 
GlykoPrep Rapid 
N-Glycan Preparation 
Platform
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   7.    Vortex mixer.   
   8.    Pipettors and disposable pipette tips (P5/P10, P200, and P1000).   
   9.    Miscellaneous labware for buffers and dilutions.      

      1.    Beckman Coulter PA 800  plus  Pharmaceutical Analysis System, 
equipped with LIF detection (solid-state 488-nm laser) and 
32 Karat software v.8.0 or higher.   

   2.    Carbohydrate separation buffer (Beckman Coulter).   
   3.    N–CHO-coated capillary, 50 μm ID (Beckman Coulter).   
   4.    Sample vials.   
   5.    2.0-mL plastic vials.   
   6.    Vial caps.   
   7.    Capillary cartridge equipped with N–CHO-coated capillary 

with a total length of 60.2 cm (effective length 50.2 cm).       

3    Methods 

      1.    Dilute the crude or formulated mAb sample to 2 mg/mL 
using the PBS buffer, pH 7.2 ( see   Note 1 ).   

   2.    Transfer 220 μL of capture buffer to the fi rst row of the 
96-well plate.   

   3.    Transfer 100 μL of diluted mAb sample and 120 μL of  capture 
buffer  to each well in the second row. Mix the sample gently 
by pipetting.   

   4.    Fill up the wells in the third row with 220 μL of  wash buffer I .   
   5.    Fill up the wells in the fourth row with 220 μL of  wash buffer II .   
   6.    Fill up the wells in the fi fth row with 25 μL of 10 % acetic acid.   
   7.    Conditioning (fi rst row): 200 μL of capture buffer over the 

resin bed for one cycle at a fl ow rate of 250 μL/min.   
   8.    Capture (second row): capture the IgG by passing 200 μL of 

sample solution through the resin bed in four cycles at a fl ow 
rate of 100 μL/min.   

   9.    Purifi cation (third and fourth row): pass 100 μL of protein A 
wash buffer I through the resin bed in one cycle at a fl ow rate 
of 250 μL/min followed by a second wash with 200 μL wash 
buffer II, passing through the resin bed in one cycle at a fl ow 
rate of 250 μL/min. It is essential to use wash buffer II as it 
exchanges the pH 7.4 buffer of wash buffer I and in doing so 
ensures effective low pH elution during the enrichment step.   

   10.    Enrichment (fi fth row): elute the captured IgG with 15 μL 
10 % acetic acid solution (pH ~2.5) passed through the resin 
bed in four cycles at a fl ow rate of 100 μL/min. Neutralize the 
sample by the addition of 175 μL of 100 mM sodium carbon-
ate buffer (pH 9.0).   

2.5  CE-LIF Analysis 
of APTS-Labeled 
N-Glycans

3.1  Protein A Affi nity 
Partitioning of mAbs

Sample Preparation for N-Glycosylation Analysis of Therapeutic Monoclonal…
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   11.    Wash the membrane of the 10 kDa cutoff spin fi lter with 
250 μL of water for 15 min at 17,200 ×  g .   

   12.    Pipette the sample onto the membrane and centrifuge for 
15 min at 17,200 ×  g .   

   13.    The sample is washed three times with 250 μL of water by 
spinning for 15 min at 17,200 ×  g  ( see   Note 2 ).   

   14.    The desalted proteins are recovered from the membrane by 
inversion of the cartridge—to a new tube—and centrifugation 
at 1,320 ×  g  for 4 min ( see   Note 3 ).   

   15.    To increase the recovery, invert the cartridge again—back to 
the original position—pipette 50 μL of water onto the mem-
brane, vortex it for 1 min, invert the cartridge, and centrifuge 
at 1,320 ×  g  for 4 min. Repeat this step two times ( see   Note 4 ).   

   16.    After the desalting step, dry the recovered mAb sample in the 
centrifugal vacuum evaporator (heat setting turned to the off 
position) using continuous vacuum.      

      1.    Dissolve the dry protein samples in 45 μL of 20 mM sodium 
carbonate buffer, pH 7.0.   

   2.    Add 5 μL of 50 mM dithiothreitol (DTT) to the sample and 
incubate at 65 °C for 15 min.   

   3.    After the incubation step, add 5 μL of 50 mM iodoacetamide 
(IAM) to the sample and keep in the dark for 10 min at room 
temperature (RT).   

   4.    Add 2 μL 2.5 U/mL of N-glycanase solution to the sample 
and incubate for 2 h to overnight at 37 °C.   

   5.    Wash the membrane of the 10 kDa cutoff spin fi lter with 
250 μL of water for 15 min at 17,200 ×  g .   

   6.    Pipette the sample onto the membrane and centrifuge for 
15 min at 17,200 ×  g  ( see   Note 5 ).   

   7.    Wash the membrane again with 50 μL of water for 15 min at 
17,200 ×  g .   

   8.    Collect the fl ow through and transfer it to a 0.2-mL clean 
PCR tube.   

   9.    Dry the clean released glycans in a centrifugal vacuum evapo-
rator (heat setting turned to off position).      

      1.    Dissolve the dry protein sample in 50 μL of 20 mM sodium 
carbonate buffer, pH 7.0.   

   2.    Add 50 μL of denaturation reagent to the protein solution. 
Mix well by pipetting up and down several times.   

   3.    Incubate at room temperature for at least 5 min.   
   4.    Nest the cartridge in a 0.5-mL screw cap microtube.   

3.2  In-Solution 
N-Glycan Release

3.3  N-Glycan 
Release Using 
GlykoPrep Digestion 
(RX) Cartridges
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   5.    Pipette 50 μL of 100 % acetonitrile into the sample cup of the 
RX cartridge.   

   6.    Place the tube in a centrifuge and spin at 300 ×  g  for 3 min.   
   7.    Pipette 150 μL of denaturation reagent into the sample cup of 

each cartridge.   
   8.    Spin at 1,000 ×  g  for 2 min.   
   9.    Empty the fl ow through by lifting each RX cartridge and 

removing the liquid collected in the microtube below. Dispose 
off this liquid and return the cartridge to the tube.   

   10.    Load 100 μL of the denatured mAb sample into the sample 
cup of each RX cartridge.   

   11.    Spin at 50 ×  g  until all sample cups are empty (~15 min).   
   12.    Empty the fl ow through as described in  step 9 .   
   13.    Pipette 50 μL of blocking reagent into the sample cup of each 

RX cartridge.   
   14.    Spin at 300 ×  g  for 3 min.   
   15.    Pipette 50 μL of digestion buffer (1× concentrated) into the 

sample cup of each RX cartridge.   
   16.    Spin at 300 ×  g  for 3 min.   
   17.    Prepare the digestion and elution assembly by nesting each 

PCR tube into 0.5-mL tubes and nesting that within a 2.0-mL 
microcentrifuge tube.   

   18.    Transfer the RX cartridge into the corresponding digestion 
and elution assemblies and return to the centrifuge. Dispose 
the microtubes and the fl ow through.   

   19.    Pipette 10 μL of enzyme solution (2.5 μL of N-glycanase and 
7.5 μL of 1× digestion buffer) into the sample cup of the RX 
cartridge.   

   20.    Spin at 300 ×  g  for 3 min; do not discard the fl ow through.   
   21.    Transfer the PCR tubes with the RX cartridges to a 45 °C 

PCR heat block and incubate for 30 min.   
   22.    Remove the PCR tubes with RX cartridges from the heat 

block and return to the digestion and elution assembly.   
   23.    Pipette 15 μL of fi nishing reagent into the sample cup of each 

RX cartridge.   
   24.    Spin at 300 ×  g  for 3 min.   
   25.    Remove RX cartridge from the PCR tube. The eluted 

N-glycans are now in the PCR tubes; do not discard.   
   26.    Open the PCR tubes, return them to the digestion assembly 

(minus the RX cartridge), and dry the N-glycans in a centrifu-
gal vacuum evaporator (heat setting turned to the off position) 
for 30 min or until fully dry.      

Sample Preparation for N-Glycosylation Analysis of Therapeutic Monoclonal…
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       1.    Add 4 μL of 10 mg/mL APTS (in 15 % acetic acid) to the 
dried sugars.   

   2.    Add 2 μL of 1 M NaBH 3 CN (in THF) to the sample ( see   Note 6 ).   
   3.    Incubate the reaction mixture at 37 °C overnight. For nonsi-

alylated glycoproteins, incubation at 55 °C for 2 h is suffi cient.      

      1.    Add 100 μL of water to the labeled samples and mix it by 
pipetting up and down several times. Transfer the mixture to 
the third row of the plate (Fig.  1 ) and add 900 μL acetonitrile 
to it. Mix the sample well again.    

   2.    Prepare the elution (20 % acetonitrile in water) and the wash-
ing solutions (95 % acetonitrile in water) and fi ll up the 
96-deep-well plate as shown in Fig.  1  ( see   Note 7 ).   

   3.    Insert the 1000+ DPA-6S normal phase PhyTip columns 
(20 μL bed volume) to the multichannel pipettor.   

   4.    Perform conditioning in the fi rst row (Fig.  1 ) by passing 
900 μL of elution solution through the resin bed four times.   

   5.    Equilibrate the columns by passing 900 μL of washing 
solution over the resin bed for four times in the second row 
in Fig.  1 .   

3.4  APTS Labeling 
of the Released 
N-Glycans

3.5  Removal 
of Excess APTS Using 
Normal Phase 
Columns

  Fig. 1    Reagent distribution in a deep-well plate for labeling reagent cleanup       
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   6.    Load the labeled glycans to the columns by pipetting 900 μL 
of sample mixture through the resin bed ten times (Fig.  1 , 
third row).   

   7.    Wash off the salts and excess labeling reagent by pipetting 
900 μL of washing solution through the resin bed ten times. 
Repeat this step six times, always using fresh solution in a new 
row (Fig.  1 , fourth to ninth row).   

   8.    Elute the APTS-labeled glycans by passing 180 μL elution 
solution through the resin bed three times. Repeat this step in 
the next two rows (Fig.  1 , 10th to 12th row).   

   9.    Collect the eluted sample from the elution positions to a 2.0- 
mL tube and dry it in a centrifugal vacuum evaporator (heat 
setting turned to the off position).   

   10.    Dissolve the dried samples in 25 μL HPCE grade water and 
proceed to capillary electrophoresis analysis.      

      1.    Prepare 5 mL of APTS sample load buffer by adding 1 mL of 
5× APTS sample load buffer to a small, glass graduated cylin-
der. Bring the volume up to 5 mL with 100 % acetonitrile.   

   2.    Dissolve the dried and labeled glycan samples in 200 μL of 
APTS sample load buffer. Pipette it up and down a couple of 
times to mix well.   

   3.    Add 200 μL of APTS sample load buffer to each N-glycan 
sample in the PCR tubes. Pipette up and down to mix.   

   4.    Transfer each N-glycan sample into the sample cup of a CU 
cartridge. Place the CU cartridge into a 0.5-mL tube by nest-
ing within a 2.0-mL microcentrifuge tube.   

   5.    Spin at 300 ×  g  for 3 min or until the sample cup of each CU 
cartridge is empty.   

   6.    Discard the fl ow through and spin at 300 ×  g  for 3 min again.   
   7.    Pipette 200 μL of APTS sample load buffer into the sample 

cup of each CU cartridge.   
   8.    Spin at 300 ×  g  for 3 min.   
   9.    Discard the fl ow through and repeat  steps 6  and  7  again.   
   10.    Place the CU cartridge to a clean 0.2-mL PCR tube and nest 

this back to the 2.0-mL microcentrifuge tube, which is already 
containing the 0.5-mL tube.   

   11.    Pipette 25–50 μL of ultrapure water into the sample cup of 
each CU cartridge.   

   12.    Spin at 1,000 ×  g  for 3 min. The PCR tube now contains the 
purifi ed labeled N-glycans; do not discard.   

   13.    N-Glycan samples are now ready for capillary electrophoresis 
analysis. If not analyzed immediately, store sealed at −20 °C in 
the dark.      

3.6  Cleanup 
of the Fluorophore-
Labeled Glycans by 
APTS Cleanup 
Modules
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       1.    Weigh and dissolve 5 mg of glucose ladder standard (G20, 
supplied with the N–CHO Carbohydrate Kit) in 80 μL deion-
ized water in 1.5-mL microcentrifuge tube. Sonicate if 
necessary.   

   2.    Aliquot at least ten 2 μL portions of the glucose ladder stan-
dard solution to 0.5-mL microcentrifuge vials and dry them in 
a centrifugal vacuum evaporator. The dried glucose ladder can 
be stored at room temperature or used immediately.   

   3.    Label the ladder standard as described under Subheading  3.4  
and proceed with sample cleanup.   

   4.    Transfer the APTS-labeled samples and standards to a 0.2-mL 
sample tube (Beckman Coulter), nest the tubes to 2-mL plas-
tic vials, and cap them tight. Place the sample vials to the sam-
ple tray and record their actual positions in the methods 
timetable.   

   5.    Fill the appropriate reagents into vials as follows:
 ●    1.5 mL of ultrapure water into H 2 O vial (four vials).  
 ●   1.5 mL of carbohydrate separation buffer into Gel-R vial 

(one vial).  
 ●   1.3 mL of carbohydrate separation buffer into Gel-S vial 

(two vials).  
 ●   0.8 mL of ultrapure water into waste vial (one vial).    

 Place the vials in the buffer tray and set up their actual 
 positions in the methods timetable.   

   6.    Set up the initial detection and separation parameters as 
follows:

 ●    Detection: laser-induced fl uorescence.  
 ●   Wavelength excitation, 488 nm; emission, 520 nm.  
 ●   Data rate: 4 Hz.  
 ●   Dynamic range: 100 RFU (relative fl uorescence units).  
 ●   Filter setting: normal.  
 ●   Peak width: 16–25.         

      1.    Rinse the capillary with buffer for 3 min at 30 psi from gel 
buffer (Gel-R vial for rinse) vial to waste vial.   

   2.    Inject the sample at 0.5 psi for 5 s from sample vial to buffer 
vial (Gel-S vial for separation).   

   3.    Wait for 0.2 min with vials fi lled with ultrapure water. This 
step dips the capillary in water to protect against sample car-
ryover. Change the rinse water vials if they are contaminated.   

   4.    Separation step: 20 min from gel buffer vial to gel buffer vial 
(Gel-S vial for separation). The applied voltage should be 
30 kV, with REVERSED polarity (anode at the detection side) 
with 0.17 min ramp time.   

3.7  CE-LIF Analysis 
of APTS-Labeled 
N-Glycans

3.7.1  Preparing 
the Glucose Ladder 
Standard (G20)

3.7.2  Performing 
the High- Resolution CE-LIF 
Analysis
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   5.    Autozero at 1.0 min.   
   6.    End at 20.0 min.   
   7.    An example of a high-resolution CE-LIF analysis of APTS- 

labeled IgG N-glycans performed on 50 cm separation length 
is shown in Fig.  2  with the corresponding glycan structures of 
the peaks.       

      1.    Rinse the capillary with buffer for 3 min at 30 psi from gel 
buffer (Gel-R vial for rinse) vial to waste vial.   

   2.    Inject the sample at 0.5 psi for 5 s from sample vial to buffer 
vial (Gel-S vial for separation). When injecting from the 10 cm 
effective length side of the capillary, make sure that the tray 
layout has changed accordingly.   

   3.    Wait for 0.2 min with vials fi lled with ultrapure water. This 
step dips the capillary in water to protect against sample car-
ryover. Change the rinse water vials if they are contaminated.   

   4.    Separation step: 5 min from gel buffer vial to gel buffer vial 
(Gel-S vial for separation). The applied voltage should be 
30 kV, with NORMAL polarity (cathode at the detection side) 
with 0.17 min ramp time.   

3.7.3  Performing 
the Rapid CE-LIF Analysis 
for High- Throughput 
Screening

  Fig. 2    High-resolution capillary electrophoresis profi ling of IgG N-glycans. Conditions: capillary, N–CHO neutral- 
coated capillary (effective length, 50 cm; total length, 60 cm); separation buffer, N–CHO carbohydrate separa-
tion buffer; applied electric fi eld, 500 V/cm; separation temperature, 25 °C; pressure injection, 6.89 kPa for 5 s. 
The different glycans have been represented with cartoons based on the Oxford symbol notation with embed-
ded linkage information [ 11 ]       
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   5.    Autozero at 1.0 min.   
   6.    End at 5.0 min.   
   7.    An example of a rapid CE-LIF analysis of APTS-labeled IgG 

N-glycans performed on 10 cm separation length is shown in 
Fig.  3  with the corresponding glycan structures of the peaks.         

4    Notes 

     1.    If the sample concentration is less than 2 mg/mL, pre- 
concentrate before starting the procedure.   

   2.    Make sure that all the liquid passed through the membrane 
after the last step. If not, spin it again.   

   3.    Never use higher  g -forces for the inverted cartridge as it can 
destroy the membrane.   

   4.    When vortexing, always hold the fi ltration device vertically.   
   5.    Do not discard the fl ow through because it contains the 

released N-glycans.   
   6.    Always work with NaBH 3 CN in the fume hood!   
   7.    Always prepare fresh acetonitrile solutions.         

  Fig. 3    Rapid capillary electrophoresis profi ling of IgG N-glycans. Conditions: same as in Fig.  2  with the effective 
separation length of 10 cm       
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